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His tory

The orig i nal notes were writ ten whilst work ing at King's Col lege Lon don to sup port my
C++ teach ing. I gave courses to

· Staff and re search post grad u ates as part of the nor mal Col lege train ing scheme;

· MSc stu dents in the De part ment of Math e mat ics do ing an MSc in Financial

Math e mat ics; 

· MSc stu dents in Com puter Sci ence;

· MSc stu dents in Elec tri cal En gi neer ing;

· Un der grad u ates in Me chan i cal En gi neer ing as a com po nent of a sec ond year

examinable course;

The notes have been re vised from my ex pe ri ence above and by giv ing com mer cial C++
courses ei ther di rectly for

· Re search post grad u ates in the Mechatronics and Med i cine Group at Im pe rial

Col lege in Lon don;

· Staff at Ox ford Uni ver sity;

· Staff at the Nu mer i cal Algorithms Group, Ox ford;

or in di rectly whilst teach ing on a num ber of C++ courses for PTR in Wokingham, in clud ing 
peo ple from Qinetiq, Vertu (I had no idea that a mo bile phone could cost £850,000!), AWE, 
Met Of fice, Vir gin Me dia, RAF Waddington. It has been fun! A short re vi sion his tory from
2014 on wards is given be low.

2024

Jan u ary. Up dated the win dows and linux batch and shell scripts used to com pile the ex am -
ples.

2023

De cem ber. Ti died up the ex am ples and batch and shell scripts.

Oc to ber. Up dated chap ter 38 en tries for the g++ com piler when us ing the Intel TBB li brary. 
This pro vides par al lel sup port in the STL par al lel sort ing rou tines. By de fault the g++ par al -
lel sort ing rou tines give se rial run times. You can in stall the Intel oneAPI toolkit to make
TBB avail able, or so a sep a rate TBB in stall. See the chap ter 38 for more in for ma tion.

Add a new chap ter on ac cess ing mem ory in for ma tion un der Win dows and Linux.

2022

No vem ber. Now us ing both the clas sic Intel com piler and the re place ment com piler to de -
velop and run ex am ples.

Oc to ber. Re placed an ex am ple in the ex cep tion hand ing chap ter due to the way that
compiler be hav iour has changed.

Oc to ber. Started to try com pil ing and run ning the ex am ples with the Intel re place ment com -
piler. Thanks to Santosh at Intel with help with the stack er rors with some of the ex am ples.

Oc to ber. Started to add prob lem so lu tions ex am ples to each chap ter. They are named
ch0xp0x.cxx, e.g. ch07p01.cxx. They are in the tar file, and are not listed in the notes.
Added a namespace ex am ple to the func tion chap ter. Cor rected some ex am ples. Thanks
Artur.



Oc to ber. Added an ex am ple on bit wise op er a tors in chap ter 4. Thanks Leon.

Sep tem ber. Up dated chap ter 38 ex am ples, due to in creased sup port in the STL for par al lel
al go rithms.

Jan u ary. Mi nor up dates and changes to re flect in put and com ments from Luke, Mi chael,
Niall and Scott (thanks) and the release of Vi sual Stu dio 2022. Added ad di tional ma te rial in 
chap ter 11 to il lus trate us ing header files and independently com piled im ple men ta tion files.

2021

De cem ber. Thanks to Michal and Fin for the in put and feed back. Re duced mem ory ver sions 
of some of the ex am ples have been writ ten to en able them to run on older Macs and older
ver sions of Win dows. The ping ex am ples in chap ter 39 (thread ing) have been re placed with 
curl and wget ex am ples. Mi nor cor rec tions and ad di tions else where. Add ing a sec tion on
clang-tidy. Ex am ples have been tested with Visual Stu dio 2022 and the lat est Intel oneAPI
kits. 

Oc to ber and November. Mi nor changes. Up dat ing to cur rent com piler ver sions.

July. Re ar ranged and con sol i dated some of the content to re duce rep e ti tion.

June. Up dated the web site. Scripts show ing how to com pile the ex am ples for both Win -
dows (Microsoft and Intel) and Linux (gfortran, nvidia) have been in cluded in the tar and
zip files. A spread sheet now sum ma rises the com pi la tion in for ma tion.

June. Up dated chap ter 1. Re moved ref er ences to the cygwin and equa tion.com gnu dis tri bu -
tions. Added cov er age of the Nvidia HPC of fer ings. Up dated the Microsoft vscode en try.
vscode com bined with the Microsoft C++ ex ten sions now works with the in stalled g++
com pil ers on some of the Linux dis tri bu tions I use. Up dated chap ter 30. Added an ex am ple
that ad dresses some of the is sues re gard ing stack sizes and com piler switches on Win dows
and Linux.

May. Up dated the boost chap ter to better doc u ment what to do with var i ous dis tri bu tions
and com pil ers.

May. Thanks to An thony and Matt for the cor rec tions and sug ges tions - you have keen
eyes! Up dates and cor rec tions in clude: cor rected 2 d <ar ray> ex am ple in chap ter 6; up dated 
Py thon ex am ple that gets the Met Of fice file to sort out new line is sues on Win dows; ad di -
tion of com piler flags to chap ter 16 to re solve stack size is sues; up dated ch2405 - miss ing
March;  Re solved (hope fully) all of the is sues with the in cor rect ex am ple files. Com plete
re write of the thread ing chap ter to in clude both Win dows and linux ex am ples. Changes to
the boost chap ter to pro vide more de tails on in stall ing. Hope you en joy the wine.

Jan u ary. Con tin u ing the up dates started in De cem ber. Ma jor em pha sis on par al lel pro gram -
ming.

2020

De cem ber 2020. Ma jor up date. Added cov er age of the Intel oneAPI prod uct. The com mu -
nity edi tion is free, and pro vides a C++ com piler, two For tran  com pil ers and an MPI li -
brary. Up dated the ex am ples to re flect the us age of the Intel C++ com piler. Added thread -
ing ex am ples. 

No vem ber. Ma jor up date. Added cov er age of C++ 2020. Up dated sev eral chap ters to re flect 
the use of the Intel com piler. Added more par al lel cov er age. Made the Boost in stal la tion
and test ing cov er age a sep a rate chap ter. Up dated an ex am ple in chap ter 5. Ad di tional two
ex am ples in the func tion chap ter - thanks to An ders at the Met Of fice for the idea for these



new ex am ples. With the ad di tion of stan dard con for mance com piler flags I've cor rected sev -
eral ex am ples, and re moved sev eral non-conformant ex am ples. Cor rected sam ple num ber ing 
to re flect the changes made in this set of up dates. Added scripts and batch files to the zip
and tar files to show how to com pile the ex am ples. Started re moval of char ac ter ar ray us age 
and re plac ing with strings.

July and Au gust. Draft. Changes brought about from a course for Aiden, Cuebong, Kerr and 
Tom. New chap ters on MPI and call ing com piled C++ rou tines in a dll on Win dows. Up -
dates to the Boost chap ter on in stal la tion. Ad di tional in for ma tion on stack and mem ory
man age ment. Cor rec tions and re or gani sa tion of the ex am ples on the web. Mi nor cor rec -
tions. Thanks for the feed back and sug ges tions.

July. Up dated the stan dards ref er ences and links. Up dated the words ex am ple to pro cess the 
new 350,000 +  en try words file. Re or gan ised the web site. Resequenced some of the chap -
ters. Re ran the spell ing check ing. Mi nor changes else where. Added a set ex am ple. Up dated
de tails of the com pil ers used and the ver sions used.

2019

No vem ber: Au to mated the gen er a tion of the source files from the chap ters, to en sure cor rect 
ex am ple num ber ing on the web site. This has meant up dates to many chap ters to achieve
this. 

July: Added the equa tion.com ref er ence. Corrected chap ter file names to en able au to matic
gen er a tion of ex am ples.

May: Split the con struc tor chap ter into two. The first looks at the ba sics, and the sec ond
looks at some of the is sues that arise when the class has dy namic al lo ca tion. Moved the
strings chap ter be fore the C style ar rays of char chap ter.

April: Ma jor re writes of the fol low ing chap ters: Arith me tic, ar rays, strings, func tions, 
<ar ray> and <vec tor>. Added new chap ter in the STL sec tion on C style ar rays.

March: Up dated num ber ing of the ex am ples to cre ate ta ble of con tent en tries, to make it
eas ier to re fer and cross re fer to in di vid ual ex am ples.

Cor rected c0609, c0610, c1108, c1203, c1210, c1309. Cre ated ex am ple files for chap ters 2
through 15. Con verted the rest of the chap ters to use the new pro gram para graph tag. Cre -
ated source files for all of the ex am ples.

Added an ex am ple that reads a csv file to chap ter 25.

2018

Au gust. Added ad di tional ma te rial about com pil ing and op ti mis ing. Added cov er age of the
Intel C++ com piler.

June. Cor rected an ex am ple in chap ter 7, moved some ma te rial, up dated the ma te rial in a
num ber of chap ters. Thanks to Mat thew. Added new ex am ples to the boost chap ter. Thanks
to the Boost list (Ste ven Watanabe, Wil liam Jagels)) for help get ting them to com pile and
run. Added ad di tional ma te rial to the openmp chap ter. Added <chrono> tim ing to some ex -
am ples. Re searched the stack size is sues with some of the ex am ples. Mi nor cor rec tions.

May. Mi nor up dates to help with spu ri ous blank pages when do ing pdf printing and cut and 
paste is sues with pro grams. 

April. Added de tails of the Intel com piler. This com piler now sup ports ad di tional C++17
fea tures and Par al lel STL sup port par al lel and/or vec tor ex e cu tion pol i cies. Added a ta ble of 2017

fea tures from the stan dard site.



2017

March - En try added for Vi sual Stu dio 2017. En try added for Ubuntu for Win dows. Up dates 
and cor rec tions to some ex am ples. Re or gan ised and resequenced some of the chap ters.

2016

Jan u ary - Added ref er ence to the Scott Meyer notes, and up dated the his tory ac cord ingly. 
Started up dat ing to in clude de tails of the C++ 14 stan dard; April - Up dated the first chap ter 
en try on down loading and in stall ing free C++ com pil ers. The cygwin in stall will also in stall 
C and For tran com pil ers. The Or a cle Stu dio down load and in stall will also in stall C and
For tran com pil ers. The Microsoft Vi sual Stu dio Com mu nity down load and in stall will also
the Vi sual Stu dio IDE, Vi sual Ba sic, C# and other Microsoft prod ucts; July - Added a 
chap ter briefly de tail ing the fea tures of C++11 and C++ 14. There is a sep a rate chap ter on
the timelines for C, Java and C#. There is a short chap ter on Boost with some ex am ples.

2015

Jan u ary - Up dated to in clude a timer class, us ing the <chrono> class from the C++11 li -
brary; mi nor cor rec tions; new templated ex am ple; in tro duc tion to openmp with a small
num ber of ex am ples; March - Cor rec tions: added us ing namespace std to all source pro -
grams where it was miss ing; corrected corrupted #in clude en tries; cor rected cross chap ter
pag i na tion er rors; cor rected first page of toc set ting er rors. Up dates: added more text to ex -
plain ar ray in dex ing in C++ better for com plete be gin ners; up dated prob lems to add tim ing
of light to travel in sec onds, and also added dis tances for a satellite, the moon and Mars;
changed font in the toc; No vem ber - Sev eral sets of changes made: com ments made by
Chris Nel son; up dates to the arith me tic chapter;  in te gra tion of  C++11 fea tures into early
sec tions of the notes in clud ing <ar rays>;  mi nor cor rec tions;  ad di tional prob lems; added
some I/O fea tures to ear lier chap ters to sim plify ex am ples and prob lems; added sim ple
pointer and dy namic ar ray ex am ples;

2014

Started up dat ing to in clude de tails of some of the fea tures of the C++11 stan dard, with ex -
am ples.
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‘The first thing we do, let’s kill all the lan guage law yers.’

Henry VI, part II

1 Overview
1.1 Aims

The aim of the notes are to pro vide an in tro duc tion to the C++ lan guage, which is one of
the ISO stand ard ised pro gram ming lan guages. ISO, the In ter na tional Or ga ni za tion for Stan -
dard iza tion, is an in de pend ent, non-gov ern men tal or ga ni za tion, the mem bers of which are
the stan dards or ga ni za tion of the 164 mem ber coun tries. It is the world's larg est de vel oper
of vol un tary in ter na tional stan dards. Two other ISO stand ard ised lan guages are For tran and
C. A de sign aim of the ISO stan dards is gen er ally to make each stan dard back wards com -
pat i ble. There are some mi nor ex cep tions. A pot ted his tory of the C++ stan dard de vel op -
ment is given in the next sec tion.

1.2 His tory

C++ was de signed to combine Simula's fa cil i ties for pro gram or gani sa tion with C's ef fi -
ciency and flex i bil ity for sys tems pro gram ming.

Stroustrup was work ing on a Ph.D at the Com put ing Lab o ra tory of Cam bridge Uni ver sity in 
Eng land. He was study ing al ter na tives for the or gani sa tion of sys tems soft ware for dis trib -
uted sys tems. The ini tial sim u la tor was writ ten in Simula and ran on an IBM 360/165 main -
frame. Be cause of per for mance prob lems the sim u la tor was re writ ten in BCPL. Stroustrup
com ments that:

...the ex pe ri ence of cod ing and debugging the sim u la tor in BCPL was hor ri ble. …

Upon leav ing Cam bridge I swore never again to at tack a prob lem with tools as un -

suit able as those I suf fered while de sign ing and im ple ment ing the sim u la tor…

Stroustrup iden ti fies three ma jor com po nents for a suit able for tool for soft ware de vel op -
ment which later show them selves in C++:

· … Simla's sup port for pro gram or gani sa tion - i.e. classes, some form of class hi -

er ar chy, some sup port for concurrency and strong (static) check ing of a type sys -

tem based on classes…

· ......should run as fast as BCPL and share BCL's abil ity to eas ily com bine sep a -

rately com bined pro gram units into a pro gram....

· … should al low for highly por ta ble im ple men ta tion…

For a full cov er age of the above see Stroustrup's book on the de sign and evo lu tion of C++.

Some of the early, pre stan dard, key dates are given be low:

· 1979-1982 C with Classes

· 1982-1984 The birth of C++

· 1984-1986 The C++ Pro gram ming Lan guage, First edi tion

· 1989 Re lease 2

· 1990 The An no tated C++ Ref er ence Man ual

Some of the key stan dards dates are given be low:
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· 9/89 USA re quested to sub mit C++ New Work Item Pro posal

· 4/91 Ap proved C++ NP 6/91 First meet ing of WG21

· 12/93 Cir cu late in for mal draft within SC22

· 7/94 Vote to reg is ter WD as CD; Mtg #10.

· 9/94 Com plete ed i to rial cor rec tions; pro vide WD to SC22.

· 10/94 Be gin CD reg is tra tion bal lot.

· 3/95 Com plete CD reg is tra tion bal lot res o lu tions; Mtg #12.

· 6/95 Be gin CD bal lot.

· 7/96 Com plete CD bal lot res o lu tion; Mtgs #14-16

· 9/96 Be gin sec ond CD bal lot

· 7/97 Com plete sec ond CD bal lot res o lu tion; Mtg #18, 19

· 9/97 Be gin FDIS bal lot

· 4/98 Com plete ed i to rial cor rec tions from DIS bal lot res o lu tion. Send IS to ITTF

(with fi nal re port).

· 9/98 ITTF to pub lish the In ter na tional Stan dard. 

Sub se quent stan dards

· 2003 - TC1, C++03 - a tech ni cal cor ri gen dum in stan dards speak. Mainly mi nor

bug fixes to C++98.

· 2005 - TR1 con tains li brary ex ten sions to the stan dard, ap prox i mately 14 new

com po nents.

· 2011 - C++0x, C++11, 1353 pages.

· 2014 - C++14 rat i fied, 1372 pages

· 2017 - C++ 17  rat i fied.

ISO/IEC JTC1/SC22/WG21 has pro duced the stan dard ISO/IEC 14882:2017 on the pro -
gram ming lan guage C++. It was pub lished 2017-12.

Drafts of the stan dards are avail able from:

http://www.open-std.org/jtc1/sc22/wg21/docs/stan dards

Here is some in for ma tion re gard ing the last three stan dards.

1.2.1 C++ 2011

Here is the wikipedia en try.

https://en.wikipedia.org/wiki/C%2B%2B11

Here is a cov er age from the ACCU.

https://accu.org/con tent/conf2012/DietmarC++2011.pdf

Here is a link

http://www.stroustrup.com/C++11FAQ.html

to a cov er age by Stroustrup.

1.2.2 C++ 2014

Here is the wikipedia en try.
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https://en.wikipedia.org/wiki/C%2B%2B14

1.2.3 C++ 2017

Here the Wikipedia en try for this stan dard.

https://en.wikipedia.org/wiki/C%2B%2B17

Here is a Microsoft en try on sup port for fea tures from C++ 2011, 2014 and 2017.

https://msdn.microsoft.com/en-us/li brary/hh567368.aspx

An other Microsoft link.

https://docs.microsoft.com/en-us/cpp/cpp-con for mance-im prove -
ments-2017

1.2.4 C++ 2020

Here is the Wikipedia en try.

https://en.wikipedia.org/wiki/C%2B%2B20

C++20 is the name for the re vi sion of the ISO/IEC stan dard for the C++ pro gram ming lan -
guage fol low ing C++17. The stan dard be came tech ni cally fi nal ized by WG21 at the meet -
ing in Prague in Feb ru ary 2020. C++20 is cur rently un der go ing fi nal ed i to rial work, af ter a
draft was ap proved on 4th Sep tem ber 2020.

C++20 adds more new ma jor fea tures than C++14 or C++17.

1.3 Web re sources

A copy of these notes can be found at:

http://www.rhymneyconsulting.co.uk/cpp/

Also have a look at

http://www.accu.org/

which is ded i cated to C and C++ pro gram mers, but also has cov er age of Java and C#. 

The ACCU is a non-profit or gani sa tion de voted to pro fes sion al ism at all lev els in C, C++
and Java. They re viewed over 2000 books. That ad dress is

http://www.accu.org/bookreviews/pub lic/in dex.htm

and the be gin ners’s book home page is

http://www.accu.org/bookreviews/pub lic/re views/0hr/be gin -
ner_s_c__.htm..

Visit

https://en.cppreference.com/w/cpp/links

for links to a va ri ety of doc u ments. I rec om mend get ting hold of the lat est draft stan dard at
least. It is a search able pdf. Here is a link.

https://isocpp.org/files/pa pers/N4868.pdf

The Stan dard C++ Foun da tion - Non-profit hub for C++ news, ar ti cles, and events

1.3.1 C++ FAQs

Here are the FAQs

· isocpp.org C++ FAQ - uni fied FAQ by the Stan dard C++ Foun da tion.

· Bjarne Stroustrup FAQ - An swers to the fre quently asked ques tions from the

cre ator of the lan guage
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· Bjarne Stroustrup C++11 FAQ - Ad di tional FAQ re gard ing the re cent changes to 

the C++ lan guage stan dards

· StackOverflow.com C++ FAQ - Best an swers to the fre quently asked C++ ques -

tions on the pro gram mers' Q&A website StackOverflow.com

· C++17 in Tony Ta bles New fea tures in C++17 with ex am ples.

1.3.2 C++ Lan guage and li brary ref er ences

The first link is to the stan dard. 

JTC1/SC22/WG21 - The C++ Stan dards Com mit tee, in cludes draft C++ lan guage stan dards, 
pro pos als, and de fect re ports

· n3337.pdf - C++11 first post-pub li ca tion draft

· n4140.pdf - C++14 fi nal work ing draft

· n4659.pdf - C++17 fi nal work ing draft

· n4860.pdf - C++20 fi nal work ing draft

· n4868.pdf - cur rent draft

eel.is/c++draft - HTML ver sion of cur rent draft

ansi.org Of fi cial C++ ISO/IEC 14882:2017 for pur chase

Apache - Ref er ence man ual for the Apache im ple men ta tion of the C++ stan dard li brary

IBM AIX 13.1.3 IBM zOS 2.3.0 Ref er ence man ual for the IBM im ple men ta tion of C and
C++ core lan guages

IBM AIX 13.1.3 Ref er ence man ual for the IBM im ple men ta tions of the C++ stan dard li -
brary

MSDN - Ref er ence man ual for the Microsoft im ple men ta tion of the C++ core lan guage

MSDN - Ref er ence man ual for the Microsoft im ple men ta tion of the C++ li brary

dinkumware - C++ Stan dard Li brary im ple men ta tion that ships with Microsoft Vi sual C++

GNU libstdc++ - Ref er ence man ual for the GNU im ple men ta tion of the C++ li brary

HP - Ref er ence man ual for the Dinkumware im ple men ta tion of the C++ li brary (as li censed 
to HP)

cplusplus.com - Un of fi cial C++ stan dard li brary ref er ence

SGI STL (hosted on rrsd.com) - Ref er ence for STL, the 1994 li brary that in tro duced many
con cepts later adopted by the C++ stan dard li brary.

1.3.3 C++ ABIs

Itanium C++ ABI de-facto C++ ABI stan dard, adopted by

· Sys tem V ABI

· ARM C++ ABI

1.3.4 Pat terns, id i oms, tips and tricks

C++ Core Guide lines by Bjarne Stroustrup and Herb Sutter

C++ Sam ples mod ern C++ ex am ples cre ated by the com mu nity

More C++ Id i oms at wikibooks.org

CeePlusPlusIdioms at c2.com

Wel come Back to C++ - Learn mod ern c++ ( MSDN )
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1.4 Free Com pil ers

The main free C++ com pil ers are cur rently (Oc to ber 2021)

· gnu C++ com piler

· Intel C++

· Microsoft C++ com piler

· Nvidia/PGI C++

· Sun Or a cle C++ compiler - development of the Sun Or a cle prod uct has now

stopped.

Intel now of fer a prod uct called Intel oneAPI which has a com mu nity edi tion which is free.
Visit 

https://soft ware.intel.com/con tent/www/us/en
/de velop/tools/oneapi.html#gs.491hms

for more de tails. Ver sions are avail able for Linux and Win dows.

Nvidia bought out PGI and now have a free of fer ing. Visit

https://de vel oper.nvidia.com/hpc-sdk

for more de tails. Only a Linux ver sion is avail able at this time.

1.5 Win dows com pil ers

A num ber of com pil ers are avail able for this plat form in clud ing

· g++ - free

· Intel C++ - com mer cial and also avail able via Intel oneAPI as a free com piler.

· Microsoft C++ - free and commercial

We will look at the free ver sions in what fol lows.

1.5.1 Microsoft C++

Microsoft pro vide Vi sual Stu dio Com mu nity, which is a free IDE. Visit

https://visualstudio.microsoft.com/vs/com mu nity/

This will down load and in stall the lat est Vi sual Stu dio IDE, which will in clude C++, C#,
Vi sual Ba sic and other prod ucts.

1.5.2 gnu C++ for Win dows

There are sev eral ways of run ning the gnu C++ com piler on a Win dows plat form. Here are
some of the options

· us ing WSL - the Win dows Sub sys tem for Linux

· Sev eral ver sions are avail able from the Microsoft site in -

clud ing ubuntu, SuSe and openSuSe. Visit 

https://www.microsoft.com/en-gb/store/apps/win dows

· for more in for ma tion.

· us ing Hy per-V

· Hy per-V en ables run ning virtualized com puter sys tems on

top of a phys i cal host. These virtualized sys tems can be

used and man aged just as if they were phys i cal com puter

Overview 27

© Ian D Chivers Chap ter 1



sys tems, how ever they ex ist in virtualized and iso lated en -

vi ron ment. Visit

https://docs.microsoft.com/en-us/virtualization/hy -
per-v-on-win dows/

· for more in for ma tion. 

We will look at each of these be low.

1.5.2.1 WSL op tions

Win dows Sub sys tem for Linux is a com pat i bil ity layer for run ning Linux bi nary
executables na tively on Win dows 10 and Win dows Server 2019. In May 2019, WSL 2 was
an nounced, in tro duc ing im por tant changes such as a real Linux ker nel, through a sub set of
Hy per-V fea tures

A num ber of Linux dis tri bu tions are avail able in clud ing and we have used the fol low ing

· ubuntu

· openSuSe

· SUSE Linux En ter prise Server 15

We rec om mend the ubuntu re lease as the eas i est to in stall and up date.

To in stall the gnu com pil ers un der ubuntu run the fol low ing com mands:

· sudo apt-get in stall gcc

· sudo apt-get in stall g++

· sudo apt-get in stall gfortran

· sudo apt-get  in stall libopenmpi-dev

· sudo apt-get  in stall openmpi-bin

You should then have ac cess to the gnu CC, C++ and For tran com pil ers, with sup port for
mpi pro gram ming. The above will take sev eral min utes.

1.5.3 Win dows and Hy per-V man ager

An other free op tion is to in stall Hy per-V man ager. Visit

https://docs.microsoft.com/en-us/virtualization/
hy per-v-on-win dows/

for a comprehensive cov er age. Here in ex tract from that site.

Many ver sions of Win dows 10 in clude the Hy per-V virtualization tech nol ogy. Hy -

per-V en ables run ning virtualized com puter sys tems on top of a phys i cal host. These 

virtualized sys tems can be used and man aged just as if they were phys i cal com puter

sys tems, how ever they ex ist in virtualized and iso lated en vi ron ment. Spe cial soft -

ware called a hypervisor man ages ac cess be tween the vir tual sys tems and the phys i -

cal hard ware re sources. Virtualization en ables quick de ploy ment of com puter sys -

tems, a way to quickly re store sys tems to a pre vi ously known good state, and the

abil ity to mi grate sys tems be tween phys i cal hosts.

We have in stalled a va ri ety of dis tri bu tions un der Hy per-V in clud ing

· centos 8

· fe dora 33

· openSuSe Leap 15.1
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· openSuSe Tumbleweed

· Redhat 8

· Redhat 9, beta

· ubuntu 18_04_3

· ubuntu 19_04

· ubuntu 20_04_02

· ubuntu 21_04

The ver sions of g++ vary quite a lot.

1.6 Intel com pil ers

Intel pro vide both For tran and C++ com pil ers. Re cent ver sions we have used in clud e Intel
oneAPI 2021 beta and Intel Par al lel Stu dio 2019 beta. They re leased a free com mu nity
prod uct called Intel oneAPI in late 2020. Visit 

https://soft ware.intel.com/con tent/www/us/en/de -
velop/tools/oneapi.html

for more information. We use this toolkit on both Win dows and Linux. Two ver sions of
their C++ and For tran com pil ers are avail able.

We cur rently use the fol low ing ver sions

· Na tive Win dows - Dell 5820, 10 Professional

· icl 2021.7.0

· icx 2022.2.0

· Na tive linux - Dell 5820, Ubuntu 20.04.4

· icpc

· icx

· hy per-v linux - Dell 5820, openSuSe 15.3

· icpc

· icx

· hy per-v linux - Dell 5820, Redhat 9.0

· icpc

· icx

· wsl linux - openSuSe tumbleweed

· icpc 2021.6.0

· icx 2022.1.0 -  com pi la tion fails

· wsl linux - ubuntu 22.04.1

· icpc - Not installed

· icx - not installed

Not all of the above com bi na tions com pile and run all of the ex am ples.
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1.7 Com piler ver sions and stan dard con for mance

A va ri ety of C++ com pil ers and ver sions will be in use in com pa nies and or gani sa tions. The 
two main com pil ers used in the de vel op ment of the notes be tween 1996 and 2020 were the
Microsoft C++ com piler and the gnu C++ com pil er. The Intel com piler joined the list in
2020 with the re lease of the Intel oneAPI toolkit. Here are de tails of some of the com pil ers
and versions I have used and are cur rently using:

· Microsoft

· Vi sual Stu dio 2015: 19.00.x

· Vi sual Stu dio 2017: 19.16.x

· Vi sual Stu dio 2019: 19.24.x

· gnu suite

· cygwin: 9.3.0

· equa tion.com: 10.2.0

· Hy per-V - Centos 7: 4.8.5

· Hy per-V - Redhat 8

· Hy per-V- Redhat 9, beta

· Hy per-V - ubuntu 18.04.3: 7.5.0

· Hy per V - ubuntu 20.10: 10.2.0

· openSuSe 15.2: 7.5.0

· WSL - ubuntu 18.04.3: 7.5.0

· WSL - SuSe En ter prise 15: 7.3.1

· Intel

· icl 2021.1 Build 20200827, Win dows and Linux.

· Sun/Or a cle

· SunStudio 12.5 and 12.6

Not all pro grams will run with out com piler op tions.

1.8 Us ing an IDE - Microsoft Vi sual Stu dio Code

On a Win dows plat form and us ing Microsoft Vi sual Stu dio Com mu nity Edi tion you have
the full Microsoft Vi sual Stu dio prod uct.

Microsoft also make avail able Microsoft Vi sual Stu dio Code. Visit

https://code.visualstudio.com/

Ver sions are avail able for

· macOS - Pack age

· Win dows 64 - In staller

· Linux 64n - both .deb and rpm for mat.

Here is the down load site.

https://code.visualstudio.com/#alt-down loads

The fol low ing ver sions are avail able
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· .deb - Debian, Ubuntu

· .rpm - Red Hat, Fe dora, SuSe

· .tar.gz

If you have trou ble get ting the spe cific in stal la tion to work down loading the .tar.gz ver sion
and man u ally ex tract ing the ver sion and in stall ing is straightforward.

Here are some of the op tions I've tried:

· centos 7, Hy per-V

· centos 8, Hy per-V

· openSuSe 15.2, na tive in stall. In stalled. Added Microsoft C++ ex ten sions. Works 

with in stalled ver sion of g++, in this case 7.5.0. In stall di rec tory is shown be low.

/opt/microsoft/VSCode-linux-64/bin/code

· openSuSe 15.2, Hy per-V. In stalled. Added Microsoft C++ ex ten sions. Works

with in stalled ver sion of g++, in this case 7.5.0. In stall di rec tory is shown be low.

/opt/microsoft/VSCode-linux-64/bin/code

· Redhat 8, Hy per-V. In stalled. In stall di rec tory is.

/opt/VSCode-linux-64/bin/code

· ubuntu 21_04, Hy per-V. In stalled and added the Microsoft C++ ex ten sions.

Works with the in stalled ver sion of g++, in this case 10.3.0.

When run ning VSCode I set the work ing di rec tory to

/home/ian/doc u ment/cpp/ex am ples

Then choosing

VSCode
Ter mi nal

Run Build Task

brings up sev eral op tions in clud ing

· /usr/bin/cpp

· /usr/bin/g++

· /usr/bin/g++-7

· /usr/bin/gcc

and choos ing the sec ond

· /usr/bin/g++

en ables you to com pile C++ pro grams. You can then run the ex am ples from a ter mi nal di -
rec tory.

Here is a sam ple task.json file from one of these sys tems.

{
"ver sion": "2.0.0",
"tasks": [
{
"type": "cppbuild",
"la bel": "C©++: g++ build ac tive file",
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"com mand": "/usr/bin/g++",
"args": [
  "-g",
  "-O3",
  "-fsplit-stack",
  "-fopenmp",
  "-std=c++1z",
  "${file}",
  "-o",
  "${fileDirname}/${fileBasenameNoExtension}"
],
"op tions": {
  "cwd": "${fileDirname}"
},
"problemMatcher": [
  "$gcc"
],
"group": {
  "kind": "build",
  "isDefault": true
},
"de tail": "com piler: /usr/bin/g++"

}
]

}

I've mod i fied the de fault task file to use ad di tional com piler op tions.

Other IDE's ex ist.

1.9 Na tive linux and C++ 

Most Linux dis tri bu tions of fer sup port for the gnu tool chain. One op tion is do ing a na tive
in stall on a sep a rate disk, and hav ing dual boots sys tems, where you can boot and run the
Linux dis tri bu tion of your choice. 

1.10 Com piler switches used

I have four de vel op ment sys tems with a va ri ety of op er at ing sys tems and com pil ers in -
stalled. Not all of the ex am ples will com pile. There are prob lems with

· gen u ine C++ er rors with ch2304 and ch2811;

· C style ar ray sizes;

· C++ <ar ray> sizes;

· stack size un der Win dows;

· stack size un der Linux;

· mpi sup port - chap ter 37;

· sup port for par al lel ism us ing <ex e cu tion>;

· sup port for some of the boost al go rithms (par al lel_sta ble_sort) used in ch3806

and ch4703;
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· <ar ray> size prob lems on an Ap ple imac run ning Si erra 10.13.6 with g++ 4.2.1,

even though the Mac has 16GB ram;

· Com pil ing ex am ples that use strcat and strcpy from within Vi sual Stu dio. Ex am -

ples can be found in chap ters 8, 19 and 39. You need to add the fol low ing line

to the start of the source file

#pragma warn ing(dis able : 4996)

to en able the suc cess ful com pi la tion of these ex am ples from within Vi sual Stu dio.

Here is the er ror mes sage the Microsoft com piler gives when try ing to com pile an <ar ray>
of dou bles of size 256 * 1024 * 1024.

cl test_ar ray.cxx
Microsoft ®) C©++ Op ti miz ing Com piler Ver sion 19.28.29910 for 
x64
Copy right ©) Microsoft Cor po ra tion.  All rights re served.
test_ar ray.cxx
C:\Pro gram Files (x86)\Microsoft Vi sual Stu dio\2019
\Com mu nity\VC\Tools\MSVC\14.28.29910\in clude\ar ray(584): 
er ror C2148: to tal size of ar ray must not ex ceed 0x7fffffff
bytes
test_ar ray.cxx(13): note: see ref er ence to class tem plate
instantiation 
'std::ar ray<dou ble,268435456>' be ing com piled

You will also need to set the stack size with large C style ar rays and C++ 11 style <ar -

ray>s. I nor mally choose 0xffffffff with the Microsoft com piler.

I have doc u mented some of the com bi na tions be low.

1.10.1 Microsoft C++

Here is the out put from the Jan u ary 2022 re lease of the prod uct.

cl -v
Microsoft ®) C©++ Op ti miz ing Com piler Ver sion 19.30.30709 for 
x64
Copy right ©) Microsoft Cor po ra tion.  All rights re served.

Here are the com mand line switches used by Microsoft when de vel op ing using Vi sual Stu -
dio 2022.

· /D "_CON SOLE" 

· /D "_DE BUG" 

· /D "_UNICODE" 

· /D "UNICODE" 

· /di ag nos tics:col umn 

· /EHsc 

· /errorReport:prompt 

· /Fa"x64\De bug\" 

· /FC 
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· /Fd"x64\De bug\vc143.pdb" 

· /Fo"x64\De bug\" 

· /Fp"x64\De bug\Project2.pch" 

· /Gd 

· /Gm- 

· /GS 

· /ifcOutput "x64\De bug\" 

· /JMC 

· /MDd 

· /nologo 

· /Od 

· /per mis sive- 

· /RTC1 

· /sdl 

· /W3 

· /WX- 

· /Zc:forScope 

· /Zc:inline 

· /Zc:wchar_t 

· /ZI 

Here are some of the com piler switches I use when com pil ing the ex am ples for the course.

· cl 

· /EHsc

· switches off some warn ings

· /F 0xffffffff

· set stack size

· /O2

· op ti mi sa tion level

· /openmp

· en able openmp

· /Qpar

· en able par al lel code gen er a tion

· /std:c++lat est

· ver sion of stan dard

· /Za

· dis able ex ten sions
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and

· %1.cxx 

· /Fe:%1.exe

when us ing batch files.

Here is a sam ple batch file (one_ms.bat) that I use to com pile the ex am ples us ing the
Microsoft com piler.

echo on
rem
rem en able large ar ray sup port
rem
cl /EHsc /F 0xffffffff /nologo /O2 /Za %1.cxx /Fe:%1_ms.exe
rem
rem en able par al lel code gen er a tion
rem
rem cl /EHsc /F 0xffffffff /nologo /O2 /Qpar /std:c++20 /Za %1.cxx /Fe:%1_ms.exe
rem
rem en able openmp sup port
rem
rem cl /EHsc /F 0xffffffff /nologo /O2 /openmp /Qpar /std:c++20 /Za %1.cxx /Fe:%1_ms.exe
rem
rem en able boost li brary sup port
rem
rem cl /EHsc /F 0xffffffff /nologo /O2 /Qpar /std:c++20 /Za
 /I "c:\lo cal\boost_1_77_0" %1.cxx /Fe:%1_ms.exe

The batch file is in cluded in the tar file.

1.10.2 Microsoft C++ and Boost

cl /EHsc /F 0xffffffff  /O2 /openmp /Qpar /std:c++lat est
   /Za /I "C:\lo cal\boost_1_76_0" %1.cxx /Fe:%1.exe

1.10.3 g++ - wsl ubuntu 18.04

7.5.0

g++ -O3 -fopenmp -std=c++17 -fsplit-stack

1.10.4 g++ - Hy per-V Centos 7

g++ -O3 -fsplit-stack -fopenmp -std=c++11 $1.cxx -o $1.out

1.10.5 g++ - Hy per-V ubuntu

g++ -O3 -fsplit-stack -fopenmp -std=c++17 $1.cxx -o $1.out

or for <ex e cu tion> ac cess

g++ -O3 -fsplit-stack -fopenmp -std=c++2a $1.cxx -o $1.out

You may also need

-lpthread

for the thread ing ex am ples.

1.10.6 g++ - openSuSe 15.2

g++ 7.5.0

g++ -O3 -fsplit-stack -fopenmp -std=c++1z $1.cxx -o $1.out

You may also need

-lpthread

for the thread ing ex am ples.
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1.10.7 g++ - Ap ple imac run ning High Si erra 10.13.6 

I have to re duce mem ory sizes to 1 * 1024 * 1024! Segfaults oth er wise.

Run ning

ulimit -a

shows a de fault stack size of 8192. I can in crease to 16384, and run ex am ples with 2 *
1024 * 1024. 

1.10.8 Intel - Win dows

icl 2021.2.0

The Intel com piler has the same up per bound on ar ray size as the Microsoft com piler. Here
is the Intel C++ com piler com mand line on Win dows.

icl /F0xffffffff /I "c:\lo cal\boost_1_77_0" /O2 /Qparallel
 /Qprec-div /fp:pre cise /Qopenmp /Qstd=c++20

1.10.9 Intel - Linux

Here is the Intel C++ com piler com mand line for Linux/

icpc -I "/opt/boost/boost_1_76_0" -O3 -par al lel -prec-div
  -fp-model pre cise -qopenmp -std=c++20

1.10.10 Intel - Ap ple imac run ning High Si erra 10.13.6 

I have to re duce mem ory sizes to 1 * 1024 * 1024! Segfaults oth er wise. See above g++ en -
try.

1.11 64 bit data mod els

The fol low ing ta ble has some back ground in for ma tion on 64 bit data mod els. 

Data

model

short int long long
long

point ers,
size_t

Sam ple op er at ing sys tems

ILP32 16 32 32 64 32 x32 and arm64ilp32 ABIs on linux; 
MIPS n32 ABI

LLP64 16 32 32 64 64 Microsoft Win dows (x86-64 and IA-64)
us ing Vi sual C++ and MinGW

LP64 16 32 64 64 64 Most Unix and Linux like sys tems. Linux,
BSD,  macOS, Win dows (cygwin), 

z/OS, Solaris

macOS, Win dows when us ing cygwin,
z/OS, Solaris

ILP64 16 64 64 64 64 HAL com puter sys tems port of 
Solaris to Sparc 64.

SILP64 64 64 64 64 64 Clas sic UNICOS

The fol low ing pa per has the his tory of the move to 64 bit com put ing.

https://queue.acm.org/de tail.cfm?id=1165766

and
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https://cacm.acm.org/mag a -
zines/2009/1/15667-the-long-road-to-64-bits/fulltext

has a more up to date ver sion.

1.12 C++ tools

A del e gate at the course in De cem ber 2021 men tioned Misra C++ (thanks Michal). Here is
a link.

https://www.misra.org.uk/misra-c-plus-plus/

Here is a quote from their site.

· In the be gin ning “C” was con sid ered un suit able for safety crit i cal and safety re -
lated sys tems, how ever, it was so used…

· In 1998, as a re sponse to this sit u a tion, MISRA pro duced MISRA C, a set of

guide lines to aid the de vel op ment of safety re lated sys tems in “C” in the au to -

mo tive world. Since then, MISRA C has been adopted by the wider em bed ded

sys tems com mu nity and has be come the dom i nant, in ter na tional cod ing guide -

lines for the use of “C” in crit i cal sys tems. The MISRA C guide lines are widely

ac cepted as ful fill ing the re quire ments for a lan guage sub set as re quired by both

the 1994 MISRA De vel op ment guide lines for ve hi cle based soft ware and IEC

61508.

· Things move on, and now C++ is in the po si tion once held by “C”; many peo ple 

be lieve that it should not be used for crit i cal sys tems, but its use within the field

is grow ing and that growth is with out a com mon set of guide lines. MISRA has

re cently com pleted work on the pro duc tion of a set of guide lines for the use of

C++ in crit i cal sys tems, the out put of which will be a set of guide lines sim i lar to 

those that were pro duced for “C”.

· The doc u ment, known as MISRA C++ Guide lines for the use of the C++ lan -

guage in crit i cal sys tems, was pub lished and of fi cially launched on 5 June 2008.

A free tool for use with C++ is clang-tidy. Visit

https://clang.llvm.org/ex tra/clang-tidy/

Here is an ex tract from their site.

· clang-tidy is a clang-based C++ “linter” tool. Its pur pose is to pro vide an ex ten -

si ble frame work for di ag nos ing and fix ing typ i cal pro gram ming er rors, like style 

vi o la tions, in ter face mis use, or bugs that can be de duced via static anal y sis.

clang-tidy is mod u lar and pro vides a con ve nient in ter face for writ ing new

checks.

We will look at us ing clang-tidy dur ing the course.

1.13 Books

The fol low ing are some of the sources I rec om mend. Don’t bother at all with older texts, as 
they won’t ad dress stan dard C++ in any real way.

· Josuttis N.M., Ob ject Ori ented Pro gram ming in C++, Wiley, ISBN: 0 470

84399 3

Very good cov er age of OOP in C++. Less wordy than the Deitel and Deitel

book.
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· Josuttis N.M., The C++ Stan dard Li brary: A Tu to rial and Ref er ence, Ad di son

Wes ley.

Very com pre hen sive cov er age of the li brary. If you are go ing to pro gram in

C++ then a book like this is es sen tial. The sec ond edi tion came out in 2012.

This book pro vides a re ally good broad cov er age of the C++11 li brary.

· Stroustrup, The C++ Pro gram ming Lan guage, Ad di son Wes ley.

I started learn ing C++ with the sec ond edi tion - not the eas i est of reads. The

third edi tion was a ma jor im prove ment and was one of my main ref er ence

texts on C++.

The fourth edi tion came out in hard back in Au gust 2013 in the UK. Don't

bother with the pa per back as most pub lish ers are cur rently sav ing money

with the pro duc tion of pa per backs that use glue, and fall apart with a rea son -

able de gree of use.

This edi tion is a very good tu to rial and ref er ence text. 

· Stroustrup, C++, HOPL.

His tory. Thoughts on the de vel op ment of the lan guage. With the ben e fit of

hind sight, but who likes to be wrong!

· Stroustrup, The De sign and Evo lu tion of C++, Ad di son Wes ley.

Pub lished book ver sion of the HOPL en try above.

· Scott Meyers, Ef fec tive C++: 55 Spe cific Ways to Im prove Your Pro grams and

De signs, Ad di son Wes ley, ISBN: 0321334876

Here is an Am a zon re view.

I'd rec om mend this book (and the sub se quent "More Ef fec tive C++) to any

se ri ous C++ de vel oper. It gives sage guidance in the most com mon ar eas in

which nov ice C++ pro gram mers make mis takes. If I were a C++ pro ject
man ager, I would en sure all of my de vel op ers read this book at least once.

Meyer's style is n't ev ery one's cup of tea - some times amus ing, some times te -

dious; but you sim ply can not fault the man on his mas tery of C++ Whilst

this book would al most cer tainly pro pel a C++ nov ice's code up to the next

level of qual ity, ex pe ri enced de vel op ers should know this stuff. How ever,

I've per son ally worked with sev eral 'ex pe ri enced' (> 2 years) C++ de vel op ers 

who ad mit ted that they had more than one 'light-bulb mo ment' af ter read ing

Meyer's books. This is a tes ta ment to Meyer's read able style and abil ity to

ex plain C++'s more es o teric el e ments (time for a cof fee break, per haps?).

The book works well as a ref er ence guide when de vel op ers have that "I

know there's a better way to do this..." feel ing. Over all, an ex cel lent buy -

well worth the money.

· Scott Meyers, More Ef fec tive C++: 35 New Ways to Im prove Your Pro grams

and De signs, Ad di son Wes ley, 020163371X 

Here is an Am a zon re view.

Scott Meyer's book tack les some of the more prob lem atic ar eas of the lan -

guage dis cuss ing do's and don'ts. This is achieved to some part by of fer ing

an in sight into the C++ com piler and how it pro cesses code. The books goes
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way be yond this be cause it cov ers the most re cent changes to the lan guage

and how they are sup ported by the com piler. It even of fers help and ad vice

(plus code frag ments) in sit u a tions when your com piler does n't yet sup port

the lat est C++ en hance ment. This book is packed with in for ma tion on ev ery

page and is a must to have for any one us ing C++.

I've got both books as a cd. A lot cheaper than the two books.

· Scott Meyers, Pre sen ta tion ma te ri als, Over view of the New C++ ©++11 and

C++ 14), April 2015, 409 pages. PDF

These are the of fi cial notes for Scott Meyers train ing course, Over view of

the New C++ ©++11/14) The course de scrip tion is at 

http://www.aristeia.com/C++11.html

Li cens ing in for ma tion is at 

http://aristeia.com/Li cens ing/li cens ing.html.

Here is an over view on the con tents.

In tro duc tion - His tory, vo cab u lary, 

quick C++98©++11 com par i son

Fea tures for Ev ery body - auto, range-based for,

 lambdas, threads, etc.

Li brary En hance ments - Re ally more fea tures for ev -

ery body; TR1-based func tion al ity, 

for ward_list, unique_ptr, etc.

Fea tures for Class Au thors - Move se man tics, per fect

for ward ing, del e gat ing/in her it ing ctors, etc.

Fea tures for Li brary Au thors - Variadic tem plates,

 decltype, align ment con trol, etc.

Yet More Fea tures

Re moved and Dep re cated Fea tures

Fur ther In for ma tion

I have the pdf ver sion. 

· Cline and Lomow, C++ FAQs.

Good pro gram ming prac tice. This is a pub lished book ver sion of the on-line

FAQs. It con tains roughly 5 times as much ma te rial as the on-line ver sion. A 

lot of why ques tions are an swered here. About 30 uk pounds. 
Slightly dated.

· Kernighan, C, HOPL.

His tory. One of the orig i nal C team. Again a must. Leave un til one has a rea -

son able ex pe ri ence of C++. 

· Barton J.B., Nackman L.R., Sci en tific and En gi neer ing C++, An In tro duc tion

with Ad vanced Tech niques and Ex am ples, Ad di son Wes ley.

Aimed at some one with a For tran back ground want ing to learn C++. The

edi tion I have dated 1994 is out of date as some of the so lu tions they have

would be done better us ing the fea tures as de fined in the C++ stan dard.
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Hope fully an up dated ver sion will be come avail able that uses vec tors and

valarrays. The com ments they make re gard ing For tran are a lit tle out of date

too. Take up of For tran 90 has im proved in the five years since the pub li ca -

tion of this book. Look at the pa per by the Com pu ta tional Sci ence Ed u ca tion

Pro ject for a more up to date com par i son. De tails are given in pre vi ous chap -

ter. This pa per com pares For tran 77, For tran 90, C and C++ us ing five cri te -

ria. The cri te ria are nu mer i cal ro bust ness, data par al lel ism, data ab strac tion,

ob ject ori ented pro gram ming and func tional pro gram ming. 

· Sedgewick R., Al go rithms in C++, Ad di son Wes ley.

A C++ ver sion of his al go rithms. Again worth get ting hold of to see how

best to use C++. This book is not a di rect hack from Pascal or Mod ula. The

C++ home page con tains a link to the Ad di son Wes ley home page. Old C

style.

I would rec om mend get ting cop ies of the fourth edi tion of the Stroustrup book and the sec -
ond edi tion of the Josuttis books.

The on-line FAQs on C++ also con tain much use ful in for ma tion. I’d get hold of these as
they rep re sent a very low cost source. Es sen tially just your time and ef fort get ting hold of
and print ing them. I would def i nitely read the HOPL ma te rial at some stage to gain an in -
sight. I would look at the var i ous comp.lang. newsgroups too.

1.14 Coda

Be pre pared to de vote some time to learn ing C++. You can’t gain an un der stand ing of 50
years of pro gram lan guage de vel op ment and a com plex lan guage like C++ with out some ef -
fort on your part. 

The course ma te rial and ex am ples have been de vel oped with the fol low ing guidelines:–

· to look at a set of com monly oc cur ring prob lems that need to be solved in most

pro gram ming lan guages, e.g.

· data types;

· ex pres sion syn tax;

· con trol struc tur ing;

· ar ray han dling;

· file i/o;

· to look at the ob ject ori ented fea tures of C++;

· to look at the fea tures in the lan guage that sup port ge neric pro gram ming;

· tem plates;

· the func tion al ity of fered by the stan dard tem plate li brary;

Some of the ma jor strengths of C++ lie in the lat ter ar eas, i.e. its sup port for ob ject ori ented 
pro gram ming, the func tion al ity pro vided by the stan dard tem plate li brary, and its sup port
for ge neric pro gram ming through the tem plate fa cil ity. 

There is also: 

· a brief cov er age of par al lel pro gram ming in C++ with openmp;

· a brief cov er age of what the Boost li brar ies can of fer;
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Work is also be ing done to parallelise the STL by the C++ community. We also look at
some par al lel ex am ples us ing the Boost li brary.

Mod ifying ex ist ing pro grams is a good place to start, and you can of ten can ni bal ise the ex -
am ples to solve some of the prob lems that you have. To de velop fur ther you have to get
hold of one of the ad di tional books and ex tend your knowl edge be yond the in for ma tion pro -
vided in these notes.

The con sen sus seems to be:–

· 10 * 3 hour ses sions – ba sic syn tax of C++;

· 3-6 months writ ing pro grams – ba sic ground ing in C++;

· 2-3 years, no ac cess to C++ class li brary guru, get ting started;

· 2-3 years, ac cess to class li brary guru, com pe tent C++ pro gram mer;

Be pa tient, Rome was n’t built in a day.

1.15 Course De tails

The course is or gan ised as a mix ture of lec tures and prac ti cals as the most ef fec tive way to
learn a pro gram ming lan guage is by us ing it. Prac tice is es sen tial. Think about how you
learn French, Ger man, etc.

It is im por tant for you to read the notes be tween the timetabled ses sions and also try com -
plet ing the ex am ples and prob lems set.

1.16 Prob lems

You will need ac cess to a sys tem run ning Win dows, Linux or Unix. You need ac cess to ei -
ther an IDE or sim ple com mand line ac cess to the com piler.
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‘Though this be mad ness, yet there is method in’t’

Shake speare.

‘Plenty of prac tice’ he went on re peat ing, all the time that Al ice was get ting him on his feet 
again. ‘plenty of prac tice.’

The White Knight, Through the Look ing Glass and What Al ice Found There, Lewis
Carroll.

2 An Introduction to C++
In this chap ter we will look at some sim ple pro gram ex am ples. We will also look at some
of the syn tax of C++ pro grams. 

There is also a cou ple of ex am ples il lus trat ing the syn tax used in C++ prior to the first 1998 
stan dard. 

2.1 El e ments of a pro gram ming lan guage

As with or di nary (so-called nat u ral) lan guages, e.g. Eng lish, French, Gaelic Ger man, etc.,
pro gram ming lan guages have rules of syn tax, gram mar and spell ing. The ap pli ca tion of the
rules of syn tax, gram mar and spell ing in a pro gram ming lan guage are more strict. A pro -
gram has to be un am big u ous, since it is a pre cise state ment of the ac tions to be taken.
Many ev ery day ac tiv i ties are rather vaguely de fined — Buy some bread on your way home
— but we are gen er ally suf fi ciently adapt able to cope with the vari a tions which oc cur as a
re sult. If, in a pro gram to cal cu late wages, we had an in struc tion De duct some money for
tax and in sur ance we could have an awk ward prob lem when the pro gram cal cu lated com -
pletely dif fer ent wages for the same per son for the same amount of work ev ery time it was
run. One of the im pli ca tions of the strict syn tax of a pro gram ming lan guage for the nov ice
is that ap par ently silly er ror mes sages will ap pear when first writ ing pro grams. As with
many other new sub jects you will have to learn some of the jargon to understand these
messages.

Pro gram ming lan guages are made up of state ments. We will look at the var i ous kinds of
state ments briefly be low.

2.1.1 Data de scrip tion state ments

These are nec es sary to de scribe what kinds of data are to be pro cessed. In the wages pro -
gram for ex am ple, there is ob vi ously a dif fer ence be tween peo ples names and the amount of 
money they earn, i.e. these two things are not the same, and it would not make any sense
add ing your name to your wages. The tech ni cal term for this is data type; a wage would be
of a dif fer ent data type (a num ber) to a sur name (a se quence of characters).

2.1.2 Con trol struc tures

A pro gram can be re garded as a se quence of state ments to solve a par tic u lar prob lem, and it 
is com mon to find that this se quence needs to be var ied in prac tice. Con sider again the
wages pro gram. It will need to se lect be tween a va ri ety of cir cum stances (say mar ried or
sin gle, paid weekly or monthly etc), and also to re peat the pro gram for ev ery body em -
ployed. So there is the need in a pro gram ming lan guage for state ments to vary and/or re peat 
a sequence of statements.
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2.1.3 Data pro cess ing state ments

It is nec es sary in a pro gram ming lan guage to be able to pro cess data. The kind of pro cess -
ing re quired will de pend on the kind or type of data. In the wages pro gram, for ex am ple,
you will need to dis tin guish be tween names and wages. There fore there must be dif fer ent
kinds of state ments to ma nip u late the dif fer ent types of data, i.e. wages and names.

2.1.4 In put and out put (I/O) state ments

For flex i bil ity, pro grams are gen er ally writ ten so that the data that they work on ex ists out -
side the pro gram. In the wages ex am ple the de tails for each per son em ployed would ex ist in 
a file some where, and there would be a re cord for each per son in this file. This means that
the pro gram would not have to be mod i fied each time a per son left, was ill, etc., al though
the in di vid ual re cords might be up dated. It is eas ier to mod ify data than to mod ify a pro -
gram, and less likely to pro duce un ex pected re sults. To be able to vary the ac tion there must 
be some mech a nism in a pro gram ming lan guage for get ting the data into and out of the pro -
gram. This is done us ing in put and out put state ments, sometimes shortened to I/O
statements.

2.2 Ex am ple 1 - Hello World

The fol low ing ex am ple is an im ple men ta tion of the clas sic hello world pro gram in C++.

#in clude <iostream>
us ing namespace std;
int main()
{
 cout << " Hello World " << endl;
 re turn(0);
}

Let us look at each line in turn.

#in clude <iostream>

C++ fol lows in the foot steps of C where there is the con cept of the ker nel of the lan guage
and an ad di tional set of li brary rou tines. The #in clude line is an in struc tion to the com -
piler to make avail able to the fol low ing pro gram unit what is de fined in iostream. There 
is the con cept of com piler pre pro cess ing in C and C++ pro grams. The # in di cates a pre pro -
cessor di rec tive. The <> char ac ters are used to in di cate a stan dard lan guage header file, in
this case iostream. The header file pro vides the in ter face to what is avail able in the iostream 
li brary. 

us ing namespace std;

The C++ stan dard has in tro duced the con cept of a namespace. Namespaces pro vide a way
of group ing re lated items. They are anal o gous to the func tion al ity pro vided by mod ules in
other pro gram ming lan guages. The above line makes avail able the stan dard namespace,
called std. 

2.3 Ex am ple 2 - sim ple vari a tion

With out this line the above pro gram would have to be rewritten as:–

#in clude <iostream>
int main()
{
 std::cout << " Hello World " << std::endl;
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 re turn(0);
}

Here we ex plic itly qual ify cout and endl to show that they are to be found in the stan dard
namespace.

int main()

The next line is the start of the pro gram it self. All pro grams are called main in C++. There
is also the con cept of ev ery pro gram unit be ing a func tion. Func tions in C++ ei ther re turn a 
value (and in this case we are de fin ing main to re turn an in te ger value) or not. If we do not
want a func tion to re turn a value (Pascal pro ce dure or For tran sub rou tine) we use void
rather than a data type in con junc tion with the func tion name to indicate this.

The next thing of in ter est is the { char ac ter which in di cates the start of the pro gram. 

The next state ment (pro nounced see out) prints some text to the stan dard out stream or
screen, in this case Hello World.

Text is de lim ited in C++ with " marks.

endl is pre de fined in C++ to gen er ate an end of line.

The << sym bols are clas si fied in C++ as an op er a tor. They are used to sep a rate items in the 
out put stream.

; is the state ment sep a ra tor in C++.

Fi nally the pro gram ter mi nates with the re turn(0) state ment. When call ing func tions
one is used to them re turn ing a value. In the case of the spe cial main func tion, the C++
lan guage re turns the value 0 to the op er at ing sys tem level. This is very use ful when the
over all prob lem may call for sev eral pro grams to work together.

The } char ac ter sig ni fies the end of the pro gram.

2.4 Ex am ple 3 - yet an other vari a tion

There is also an other vari ant of writ ing this pro gram and this is shown be low.

#in clude <iostream>
us ing std::cout ;
us ing std::endl ;
int main()
{
 cout << " Hello World " << endl;
 re turn(0);
}

In this ver sion we ex plic itly name the com po nents from the stan dard namespace that we are 
in ter ested in, i.e.

std::cout
std::endl

We will use the first form in most of the ex am ples.

2.5 Vari ables – name, type and value

The idea of a vari able is one that you are likely to have met be fore, prob a bly in a math e -
mat i cal con text. Con sider the fol low ing

· cir cum fer ence = 2 p r
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This is an equa tion for the cal cu la tion of the cir cum fer ence of a cir cle. The fol low ing rep re -
sents a trans la tion of this into a pro gram ming language.

· cir cum fer ence = 2 * pi * ra dius

There are a num ber of things to note about the above:

· Each of the vari ables on the right hand side of the equals sign (pi and ra dius)

will have a value, which will al low the eval u a tion of the ex pres sion. When the

ex pres sion is fully eval u ated the value is as signed to the vari able on the left

hand side of the equals sign.

· In math e mat ics the mul ti pli ca tion is im plied, in most pro gram ming lan guages we 

have to use the * op er a tor to in di cate that we want to mul ti ply 2 by pi by the

radius.

· We do not have ac cess to math e mat i cal sym bols like p in pro gram ming lan -

guages but have to use vari able names based on let ters from the Ro man

alphabet.

The whole line is an ex am ple of an arith me tic as sign ment state ment in C++.

The fol low ing arith me tic as sign ment state ment il lus trates clearly the con cepts of name and
value, and the dif fer ence be tween the = in math e mat ics and computing:

I = I + 1

In C++ this reads as take the cur rent value of the vari able I and add one to it, store the new
value back into the vari able I, i.e. I takes the value I+1. Al ge bra ically,

I = I + 1 

does not make any sense.

Vari ables can be of dif fer ent types, and Ta ble 2.1 shows some of those avail able in C++.

            Vari able Name                        Data Type                   Value Stored

            Tem per a ture                            FLOAT                                   28.55

            Num ber_of_Peo ple                 INT                                         100

            First_Name                             CHAR                                     J

Ta ble 2.1 Vari able, type and value

Note the use of capitalisation and un der scores to make the vari able names eas ier to read.

The con cept of data type seems a lit tle strange at first, es pe cially as we com monly think of
in te gers and reals as num bers. How ever, the ben e fits to be gained from this dis tinc tion are
con sid er able. This will be come ap par ent af ter writ ing several programs.

Nu meric data is nor mally stored in a for mat based on the IEEE 754 stan dard. This is cov -
ered in more depth in later chap ters. Floats are stored in 32 bits in a man tissa ex po nent for -
mat. Int is stored in a bi nary for mat in 32 bits.
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2.6 Ex am ple 4 - Sim ple text i/o us ing C++ style strings

This ex am ple uses the new stan dard conformant style, and uses the new data type – string.

#in clude <iostream>
#in clude <string>
us ing namespace std;

int main()
{
 string s;
 cout << " Type in your name " ;
 cin >> s ;
 cout << s << endl;
 re turn(0);
}

2.7 Ex am ple 5 - Sim ple nu meric i/o

This ex am ple reads in three num bers from the user and sums and av er ages them and then
prints out the sum and av er age.

#in clude <iostream>
us ing namespace std;

int main()
{
dou ble a,b,c,sum=0.0, av er age=0.0 ;
int n=3 ;
 cout << " Type in three num bers \n" ;
 cin >> a >> b >> c ;
 sum = a + b + c ;
 av er age = sum / n ;
 cout << " Num bers were " ;
 cout << a << " " << b << " " << c << " \n" ;
 cout << " Sum is " << sum << " \n" ;
 cout << " Av er age is " << av er age << "\n" ;
 re turn(0) ;
}

The first line #in clude <iostream> makes avail able cin and cout so that we can
in ter act with the pro gram.

The next line makes avail able the stan dard namespace.

The next line is the start of the pro gram.

The { in di cates the start of the dec la ra tion and ex e cut able part of the pro gram.

The next two lines de clare the vari ables we will be us ing within the pro gram and their
types. In this ex am ple we will be work ing with nu meric data, and thus we have a, b,
c, sum and av er age to be of real type, or dou ble in C++ ter mi nol ogy. n is of type
in te ger or int in C++ terminology.

The semi co lon ; is the state ment sep a ra tor.
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Note that we also pro vide ini tial val ues for sum, av er age and n within the dec la ra tions. The
= sym bol is an as sign ment operator.

cout << " Type in three num bers \n" prompts the user for in put. Note the
use again of \n to pro vide a newline.

cin >> a >> b >> c reads three num bers from the in put stream. Spaces are valid
sep a ra tors. Note the use of mul ti ple >> sym bols to break up the in put stream, not a comma
as in other lan guages.

sum = a + b + c adds the val ues of a, b and c to gether and as signs the re sult to sum.

av er age = sum / n cal cu lates the sum di vided by n and as signs the re sult to av er age.

cout << " Num bers were " prints out a text mes sage.

cout << a << " " << b << " " << c << " \n" echos the num bers back
to the user. Note that we use mul ti ple << sym bols to break up the out put stream, not a
comma as in other lan guages.

cout << " Sum is " << sum << " \n" prints out the sum.

cout << " Av er age is " << av er age << "\n" prints out the av er age.

re turn(0) ends the pro gram and re turns the value 0 to the op er at ing sys tem level.

} is the end of the pro gram.

We have the con ven tional use of + and / in arith me tic ex pres sions.
Ian@ro wan /cygdrive/d/doc u ment/cpp

2.8 Ex am ple 6 - Leg acy C style ar rays of char

#in clude <iostream>
us ing namespace std;
int main()
{
char name[20] ;
 cout << " Type in your name \n " ;
 cin >> name ;
 cout << name ;
 re turn(0);
}

We then have a vari able dec la ra tion. In this case we are de fin ing name to be a char ac ter
vari able and that it can hold up to 20 char ac ters. Note the use of [] in C++ in stead of () in
For tran. This helps func tions stand out quite clearly from ar rays.

State ments within the body of the pro gram (or func tion) are sep a rated by a semi co lon ;.

The next state ment cout prints some text to the screen. In this case the text Type in
your name will ap pear on the screen. The \n within the dou ble quotes gen er ates a new
line. This is an al ter nate way of gen er at ing a new line. This was in her ited from the C pro -
gram ming lan guage.

The next state ment cin (pro nounced see in) reads the text that the user types in and as -
signs it to the char ac ter ar ray name. A blank is a sep a ra tor, so the in put ter mi nates with the 
first blank char ac ter the user types.

The next cout state ment echos what the user has typed back to the screen.
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Fi nally the pro gram ter mi nates with the re turn(0) state ment. When call ing func tions
one is used to them re turn ing a value. In the case of the spe cial main func tion, the C++
lan guage re turns the value 0 to the op er at ing sys tem level. This is very use ful when the
over all prob lem may call for sev eral pro grams to work to gether.

The } char ac ter sig ni fies the end of the pro gram.

When run ning this ex am ple try typ ing in more than 20 char ac ters. It is quite likely that the
pro gram will al low you to type in more than 20 char ac ters and echo them back to you on
the screen. This means that an area of com puter mem ory has been over writ ten by these ex -
tra char ac ters, and no er ror has been re ported. This is one fea ture of C that makes it more
un re li able than other lan guages.

2.9 Some C++ Rules and Ter mi nol ogy

Sim ple pro grams have the fol low ing for mat:–

#in clude <iostream>
us ing namespace std;

int main()
{ //   dec la ra tions first

int I;       // I de clared as in te ger
dou ble d;    // f de clared as dou ble
char x[10];  // x de clared as an ar ray of char
string s;    // s de clared as a string

/*    ex e cut able state ments go next

*/

re turn(0);

}

Vari able dec la ra tions are nor mally grouped to gether at the be gin ning of the pro gram.

Two or three spaces are nor mally used to in dent sec tions of C++ code. 

Case is sig nif i cant in C++. 

There are two ways of pro vid ing com ments in a C++ pro gram. The first uses the // char ac -
ters and is re stricted to one line. The sec ond uses /* to in di cate the start of a com ment and
*/ to in di cate the end. The sec ond form can span sev eral lines.

An iden ti fier in C++ is a se quence of one or more char ac ters drawn from the let ters, dig its
and the un der score char ac ter (_). Case is sig nif i cant. They must start with a let ter or un der -
score char ac ter. There is no up per bound on the num ber of char ac ters al lowed in an iden ti -
fier. In prac tice given a screen width of 80 char ac ters 20 to 30 is a sensible upper bound.

White space char ac ters in clude blank, hor i zon tal and ver ti cal tab, form feed and new line
and com ments.

C++ keywords are given be low.
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2.10 Good Pro gram ming Guide lines

Ev ery lan guage has its own style. It is ad vis able to adopt a style that one is com fort able
with that draws on ones ex pe ri ence of other lan guages, and also is sim i lar to the no ta tional
style used by C++ texts. It is in ev i ta ble that one will end up work ing with al go rithms and
pro grams al ready writ ten in C++, and thus one has to be fa mil iar with the con ven tional
C++ style of writ ing pro grams. Use in den ta tion and white space to make a program more
understandable.

2.11 C++ Char ac ter Set

Sec tion r.2.4 of the stan dard only men tions the ASCII char ac ter set. In Eng lish coun tries it
is prob a bly safe to as sume the that this char ac ter set will be the one avail able. Fig ure 2
shows the ASCII char ac ter set.

A new stan dard is be com ing in creas ingly pop u lar where mul ti ple lan guage sup port is re -
quired. This is called UNICODE. This is a six teen bit char ac ter set. C++ of fers sup port in
this area via wide char ac ters. There is fur ther cov er age of this in the chap ter on string and
character data types.

EBCDIC is an other widely used char ac ter set, pre dom i nantly on IBM main frame sys tems
un der non UNIX op er at ing systems.

We will look into the whole area of char ac ters, char ac ter sets and strings in much greater
depth in a later chap ter.

2.12 Sum mary of Key Con cepts

The key con cepts in tro duced in this chap ter are sum ma rised be low.

2.12.1 Ba sic struc ture of a C++ pro gram

#in clude <iostream>
us ing namespace std;
int main()
{
 dec la ra tion 1;
 dec la ra tion 2;
 .
 ex e cu tion state ment 1;
 ex e cu tion state ment 2;
 .
 .
 re turn (0);
}

In Eng lish:–

there will nor mally be one or more #in clude lines;

the pro gram is al ways called main;

the body of the pro gram starts af ter the {;

there will nor mally be one or more declarations;

the ; is the state ment ter mi na tor;

there will nor mally be one or more ex e cut able state ments;

the pro gram will end with a re turn(0) typ i cally;
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the pro gram ends with the }

2.12.2 In den ta tion

In den ta tion is used to high light the struc ture of the pro gram and make it more read able by a 
hu man being.

2.12.3 Data Types

The fol low ing data types were in tro duced in this chap ter:–

· int – in te ger, i.e. no dec i mal point;

· dou ble – real or float ing point;

· char– char ac ter

· string– se quence of char ac ters;

We will look at these data types in more depth in later chap ters.

2.13 Prob lems

1. Com pile and run the ex am ples in this chap ter. The eas i est thing to do is cut and paste the 
pro grams from the notes into an ed i tor. You will in vari ably make mis takes do ing this. Look
at the er ror mes sages that the com pil ers give you. The com pil ers give er ror mes sages from
their view point. Make an at tempt to un der stand what this means.

Try the old and new style vari ants. This will pro vide some in for ma tion on how stan dard
conformant your com piler(s) is(are).

2. What hap pens with the ex am ples with char ac ters out side of the ASCII char ac ter set?

What hap pens when you type in more than 20 char ac ters? Why do you think that is? Is
there a com piler switch to trap er rors like this?

Does the screen rep re sen ta tion of these char ac ters match the printed rep re sen ta tion? Why
do you think that is?

With the string ex am ple how many char ac ters can you type in?

3. With the ex am ples what hap pens to so called white space, i.e spaces, tabs, and car riage
re turns?

4. With the last ex am ple ex per i ment with the num ber for mat, i.e. use in te gers, reals, ex po -
nen tial for mat. What happens?

Mod ify the pro gram to work with five num bers.

5. Write a pro gram that will read in your name and ad dress and print them out in re verse
or der.

How many lines are there in your name and ad dress? What is the max i mum num ber of
char ac ters in the lon gest line in your name and ad dress? What hap pens at the first blank
char ac ter of each in put line? Are there any char ac ters that can be used to en close each line
of text and hence not stop at the first blank character?
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3 C++ base types
This chap ter looks at the fun da men tal data types in C++, and a num ber of rules that ap ply
to their ef fec tive use. Quite a lot of tech ni cal ma te rial is in tro duced in this chap ter, so don't
panic if it does all make sense at first read ing. We will look at ex am ples through out the
notes that will hope fully clar ify things!

3.1 Dec la ra tion and In itial is ation

Be fore an iden ti fier or name can be used in C++ it must be de clared. The type is used by
the com piler to de ter mine valid op er a tions on the data.

A vari able can also be in itial ised at the time it is de clared.

C++11 also added the auto key word for type dec la ra tion. The type is in ferred from the
initialiser.

3.2 Con stants

C++ has two types of con stant. 

· const - do not mod ify in this scope

· constexpr - eval u ate at com pile time

constexpr was added with the C++11 stan dard. The aim was to en sure com pile time eval u a -
tion. A constexpr ex pres sion is an ex pres sion that the com piler can eval u ate.

There are a num ber of con straints on constexpr. They may be one of

· an in te gral value

· a float ing point value

· an  enu mer a tor

or expressons in volv ing these. 

3.3 Dec la ra tion and in itial is ation ex am ples

Here are some ex am ples of both dec la ra tions and initialisations.

int i;
int j=42;
int k(42);
int l{42};
auto m=42;
constexpr dou ble pi = 3.14159265358979324;

The first state ment de clares i to be a vari able of type int, and it has no ini tial value.

The next three state ments de clare in te ger vari ables j, k and l and use three dif fer ent in itial -
is ation syn taxes, with an in itial is ation to 42 (the se cret of life, the uni verse and ev ery thing - 
according to Douglas Ad ams!).

The last is a com bined dec la ra tion and in itial is ation, with the added constexpr key word so
that pi can't be changed dur ing the ex e cu tion of the pro gram.

We will look into this in much more depth through out the notes.

3.4 List in itial is ation

C++11 in tro duced a more con sis tent syn tax for in itial is ation and lists. Here are some ex am -
ples.
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int x[] {1,2,3};
std::vec tor<int> v {1,2,3,4,5};
std::vec tor<std::string> days 
{"Mon day","Tues day","Wednes day","Thurs day",
  "Fri day","Sat ur day","Sunday"};

An initialiser list forces value in itial is ation.

int I; // un de fined value
int j{}; // 0

There are more ex am ples through out the notes.

3.5 C++ types

The fol low ing sec tions looks at some of the in trin sic C++ types.

3.6 Boolean

A boolean vari able can have the val ues true or false. By definition true has the value 1 and
false has the value 0 (zero). When go ing in the other di rec tion (from in te ger to boolean)
non zero in te gers con vert to true and 0 con verts to false.

3.7 Char ac ter

A char ac ter vari able can hold char ac ters from the im ple men ta tion char ac ter set. A com mon
char ac ter set is ISO-646, 1983, or ASCII.

Com mon prob lems oc cur with the fol low ing char ac ters

[

]

{

}

|

\

on Eu ro pean key boards, where the key board pro vides ac cented Eu ro pean char ac ters in stead. 
C++ pro vides a set of di graphs and tri graphs to help out here.

Char ac ter    Di graph    Trigraph
[           <:        ??(
]           :>        ??)
{           <%        ??<
}           %>        ??>

Not a nice prob lem!

3.7.1 Char ac ter lit er als

A char ac ter lit eral or char ac ter con stant is a char ac ter en closed in sin gle quotes. An ex am -
ple is given in the dec la ra tion and in itial is ation be low.

char c='a';

Each char ac ter con stant has an in te ger value, and 'a' is 97 in the ASCII char ac ter set.

3.8 Nu meric types

The in te gral and float ing point types are called arith me tic types.
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3.8.1 In te ger types in C++

Most C++ com pil ers sup port

· 8 bit signed and un signed integers

· 16 bit signed and un signed in te gers

· 32 bit signed and un signed in te gers

· 64 bit signed and un signed in te gers

The fol low ing two programs pro vide some more in for ma tion about these types.

3.8.1.1 Ex am ple 1 - Us ing <climits>

<climits> pro vides ac cess to in for ma tion about the sup ported in te ger types.

The fol low ing pro gram

#in clude <iostream>
#in clude <climits>

us ing namespace std;

int main()
{
  cout  << " SCHAR_MIN   = " << SCHAR_MIN << endl;
  cout  << " SCHAR_MAX   = " << SCHAR_MAX << endl;
  cout  << " UCHAR_MAX   = " << UCHAR_MAX << endl;
  cout  << "  CHAR_MIN    = " << CHAR_MIN << endl;
  cout  << "  CHAR_MAX    = " << CHAR_MAX << endl;
  cout  << "  SHRT_MIN    = " << SHRT_MIN << endl;
  cout  << "  SHRT_MAX    = " << SHRT_MAX << endl;
  cout  << " USHRT_MAX   = " << USHRT_MAX << endl;
  cout  << "   INT_MIN     = " << INT_MIN << endl;
  cout  << "   INT_MAX     = " << INT_MAX << endl;
  cout  << "  UINT_MAX    = " << UINT_MAX << endl;
  cout  << "  LONG_MIN    = " << LONG_MIN << endl;
  cout  << "  LONG_MAX    = " << LONG_MAX << endl;
  cout  << " ULONG_MAX   = " << ULONG_MAX << endl;
  cout  << " LLONG_MIN   = " << LLONG_MIN << endl;
  cout  << " LLONG_MAX   = " << LLONG_MAX << endl;
  cout  << "ULLONG_MAX  = " << ULLONG_MAX << endl;
  re turn(0);
}

pro duces the fol low ing out put from the Microsoft C++ com piler.

 SCHAR_MIN   = -128
 SCHAR_MAX   = 127
 UCHAR_MAX   = 255
  CHAR_MIN    = -128
  CHAR_MAX    = 127
  SHRT_MIN    = -32768
  SHRT_MAX    = 32767
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 USHRT_MAX   = 65535
   INT_MIN     = -2147483648
   INT_MAX     = 2147483647
  UINT_MAX    = 4294967295
  LONG_MIN    = -2147483648
  LONG_MAX    = 2147483647
 ULONG_MAX   = 4294967295
 LLONG_MIN   = -9223372036854775808
 LLONG_MAX   = 9223372036854775807
ULLONG_MAX  = 18446744073709551615

Here is the out put from the g++ com piler.

 SCHAR_MIN   = -128
 SCHAR_MAX   = 127
 UCHAR_MAX   = 255
  CHAR_MIN    = -128
  CHAR_MAX    = 127
  SHRT_MIN    = -32768
  SHRT_MAX    = 32767
 USHRT_MAX   = 65535
   INT_MIN     = -2147483648
   INT_MAX     = 2147483647
  UINT_MAX    = 4294967295
  LONG_MIN    = -9223372036854775808
  LONG_MAX    = 9223372036854775807
 ULONG_MAX   = 18446744073709551615
 LLONG_MIN   = -9223372036854775808
 LLONG_MAX   = 9223372036854775807
ULLONG_MAX  = 18446744073709551615

and the re sults are the same.

3.8.1.2 Ex am ple 2 - us ing the sizeof() in trin sic

The fol low ing example uses the sizeof() in trin sic

#in clude <iostream>
us ing namespace std;
int main()
{

  char                c =42;
  signed char        sc =42;
  un signed char     usc =42;

  short int           si=42;
  un signed short int usi=42;

  int                  I=42;
  un signed int        ui=42;
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  long int            li=42;
  un signed long int  uli=42;

  long long int           lli=42;
  un signed long long int ulli=42;

  cout << " char                   " << c   << " " <<
sizeof(c) << endl;
  cout << " signed char            " << sc  << " " <<
sizeof(sc) << endl;
  cout << " un signed char          " << usc << " " <<
sizeof(usc) << endl;

  cout << " short int              " << si  << " " <<
sizeof(si) << endl;
  cout << " un signed short int     " << usi << " " <<
sizeof(usi) << endl;

  cout << " int                    " << I   << " " <<
sizeof(i) << endl;
  cout << " un signed int           " << ui  << " " <<
sizeof(ui) << endl;

  cout << " long int               " << li  << " " <<
sizeof(li) << endl;
  cout << " un signed long int      " << uli << " " <<
sizeof(uli) << endl;

  cout << " long long int          " << lli << " " <<
sizeof(lli) << endl;
  cout << " un signed long long int " << ulli << " " <<
sizeof(ulli) << endl;

  re turn(0);
}

Here is the out put from the Microsoft com piler.

 char                   * 1
 signed char            * 1
 un signed char          * 1
 short int              42 2
 un signed short int     42 2
 int                    42 4
 un signed int           42 4
 long int               42 4
 un signed long int      42 4
 long long int          42 8
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 un signed long long int 42 8

Here is the out put from the g++ com piler.

 char                   * 1
 signed char            * 1
 un signed char          * 1
 short int              42 2
 un signed short int     42 2
 int                    42 4
 un signed int           42 4
 long int               42 8
 un signed long int      42 8
 long long int          42 8
 un signed long long int 42 8

As you can see the re sults are the same.

3.8.1.3 In te ger lit er als

In te ger lit er als come in three forms

· dec i mal - base 10

· oc tal - base 8

· hex a dec i mal - base 16

Ex am ples are given be low:
                        Num ber           0          16        63
Dec i mal                                   0          16        63
Oc tal                                       00        020      077
Hex a dec i mal                           0x0      0x10    0x3f

The suf fices U and L can also be used, and 16 is a nor mal int, 16U is an un signed int and
16L is a long int.

3.8.2 Real types in C++

Most com pil ers sup port 

· 32 bit real num bers - C++ float

· 64 bit real num bers - C++ dou ble

Some com pil ers sup port one or more ex tended pre ci sion reals. These are typ i cally 80 bit or
maybe 128 bit.

3.8.3 float

This type is nor mally the IEEE float type.

Com monly in the range 10+-38, 6-9 dig its of pre ci sion, and ep si lon ~ 1.0e-7.

3.8.4 dou ble

This type is nor mally the IEEE dou ble type.

Com monly in the range 10+-308, 15-18 dig its of pre ci sion, and ep si lon ~1.0e-16.

3.8.5 long dou ble

This may be folded onto dou ble or be the Intel 80 bit type
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3.9 Ex am ple 3 - test ing float, dou ble and long dou bles

Here is a sim ple test pro gram.

#in clude <iostream>
#in clude <cfloat>
us ing namespace std;

int main()
{
  cout << FLT_MAX << " " << FLT_DIG 
      << " " << FLT_EP SI LON << endl;
  cout << DBL_MAX << " " << DBL_DIG 
      << " " << DBL_EP SI LON << endl;
  cout << LDBL_MAX << " " << LDBL_DIG 
      << " " << LDBL_EP SI LON << endl;
  re turn(0);
}

Here is sam ple out put from g++ un der Cygwin on Win dows.

$ ./a.exe
3.40282e+38 6 1.19209e-07
1.79769e+308 15 2.22045e-16
1.18973e+4932 18 1.0842e-19

Here is the out put from the same pro gram un der Vi sual C++ on the same pc.

C:\doc u ment\cpp\newbook>float_test.exe
3.40282e+038 6 1.19209e-007
1.79769e+308 15 2.22045e-016
1.79769e+308 15 2.22045e-016

Here is the out put of g++ un der SuSe linux.

:~/doc u ment/cpp/newbook> ./a.out
3.40282e+38 6 1.19209e-07
1.79769e+308 15 2.22045e-16
1.18973e+4932 18 1.0842e-19

Intel and Intel com pat i ble hard ware sup ports an 80 bit ex tended real type in hard ware. The
fol low ing ex tract is taken from Wikipedia.

A ded i cated float ing point unit (or chip) with 80-bit in ter nal reg is ters, the 8087, was de vel -
oped for the orig i nal 8086; later pro ces sors in cor po rated an ex tended but back wards com -
pat i ble ver sion of this func tion al ity on the same chip as the main pro ces sor. Mod ern x86 de -
signs con tain a fast 80387-com pat i ble float ing point unit as well as a SIMD-unit (see SSE
be low) where in struc tions works in par al lel on one or two 128-bit words, each con tain ing 2
or 4 float ing point num bers (64 or 32 bits wide), or, al ter na tively, 2,4,8 or 16 integers (each 
64,32,16 or 8 bits wide). 

I've heard from Intel em ploy ees that they would like to drop the ex tended 80 bit mode!

3.10 Sizes of the fun da men tal types

The sizeof op er a tor can be used to determine the sizes of the built in types.
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3.11 void

The void type de scribes an empty set of val ues. No vari able of type void can be spec i fied
— it is used pri mar ily to de clare func tions that re turn no val ues or to de clare ge neric point -
ers to untyped or ar bi trarily typed data. Any ex pres sion can be ex plic itly con verted or cast
to type void.

3.12 enu mer a tions

An enu mer a tion is a user-de fined type con sist ing of a set of named con stants called enu -
mer a tors. An ex am ple is given be low.

enum Suit
{
      Di a monds,
      Hearts,
      Clubs,
      Spades
};

This can be used to help pro gram card games! We will be look ing at com plete ex am ples of
enum us age in later chap ters.

C++11 in tro duced scoped enu mer a tions. Here is an ex am ple.

  enum class days : char 
  {Mon day,Tues day,Wednes day,Thurs day,Fri day,Sat ur day,Sunday};

We will look at ex am ples later in the book.

3.13 Point ers

A pointer dec la ra tion names a pointer vari able and spec i fies the type of the ob ject to which
the vari able points. A vari able de clared as a pointer holds a mem ory address.

There is a whole chap ter on point ers later in the notes.

3.14 con stants

When mod i fy ing a data dec la ra tion, the const key word spec i fies that the ob ject or vari able
is not mod i fi able. You saw an ex am ple ear lier with pi. There are also ex am ples through out
the notes.

3.15 ref er ences

A ref er ence is an al ter nate name for an ob ject. The main use of ref er ences is for spec i fy ing
ar gu ments and re turn val ues in func tions. 

3.16 Ex am ple 4 - ref er ence syn tax

Have a look at the fol low ing ex am ple.

#in clude <iostream>

us ing namespace std;

int main()
{
  int i=10;
  int& j=i;
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  cout << " i = " << i << endl;
  cout << " j = " << j << endl;
  j=20;
  cout << " i = " << i << endl;
  cout << " j = " << j << endl;
  re turn(0);
}

The key state ment is

  int& j=i;

This state ment declares j to be a ref er ence vari able and re fer to i.

Here is the out put from this pro gram.

$ ./a.exe
 i = 10
 j = 10
 i = 20
 j = 20

Al ter ing j al ters i, as j is a ref er ence to i. We will look into ref er ences in much greater depth 
in later chap ters.

3.17 auto

C++11 in tro duced the auto syntax for de clar ing vari ables. 

3.18 Ex am ple 5 - sim ple auto us age

We use the <typeinfo> header and typeid().name() method to dis play the type of the vari -
ables.

#in clude <iostream>
#in clude <string>
#in clude <typeinfo>

us ing namespace std;

int main()
{
  auto cc='i';
  auto ii=1;
  auto dd=1.2;
  auto ff=1.2f;
  auto ss="Ian"; 
  cout << " cc " << typeid(cc).name() << endl;
  cout << " ii " << typeid(ii).name() << endl;
  cout << " dd " << typeid(dd).name() << endl;
  cout << " ff " << typeid(ff).name() << endl;
  cout << " ss " << typeid(ss).name() << endl;
  re turn(0);
}

Here is the out put from the Microsoft com piler.

C++ base types 59

© Ian D Chivers Chap ter 3



 cc char
 ii int
 dd dou ble
 ff float
 ss char const * __ptr64

The type can be de ter mined from the in itial is ation ex pres sion.

3.19 Prob lems

Run the ex am ples in this chap ter on your sys tem and com pare the out put. You should get
sim i lar re sults.
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4 C++ op er a tors and ex pres sions
There are a be wil der ing num ber of op er a tors at first sight. A thor ough un der stand ing of
these op er a tors is es sen tial for suc cess ful use of C++. Per se vere! 

4.1 Op er a tors, Pre ce dence and As so cia tiv ity.

The fol low ing ta ble sum ma rises the rules con cern ing pre ce dence and as so cia tiv ity. All op er -
a tors as so ci ate left to right ex cept for those in the third and eigh teenth po si tion in the pre ce -
dence hi er ar chy, i.e. the unary and as sign ment op er a tors.

Op er a tor Sum mary

::                      scope res o lu tion                      class_name :: mem ber
::                      global                                      :: name

.                       mem ber se lec tion                    ob ject.mem ber
->                    mem ber se lec tion                    pointer -> mem ber
[]                     subscripting                            pointer [expr]
()                     func tion call                            expr (expr_list)
()                     value con struc tion                  type(expr_list)
++                    post in cre ment                        lvalue ++
—                    post dec re ment                        lvalue —

sizeof               size of ob ject                          sizeof expr
sizeof               size of type                             sizeof (type)
++                    pre in cre ment                          ++ lvalue
—                    pre dec re ment                         — lvalue
~                      com ple ment                            ~ expr
!                       not                                           ! expr
-                       unary mi nus                            - expr
+                      unary plus                               + expr
&                     ad dress of                                & expr
*                      dereference                             * expr
new                 cre ate                                       new type
de lete               de stroy                                    de lete pointer
de lete[]            de stroy ar ray                           de lete [] pointer
()                     cast                                          (type) expr

.*                     mem ber se lec tion                    ob ject.* pointer_to_mem ber
->*                  mem ber se lec tion                    pointer -> * pointer_to_mem ber

*                      mul ti ply                                   expr * expr
/                       di vide                                      expr / expt
%                     modulo or re main der              expr % expr

+                      plus                                         expr + expr
-                       mi nus                                      expr - expr
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<<                   shift left                                  expr << expr
>>                    shift right                                expr >> expr

<                      less than                                  expr < expr
<=                    less than or equal                    expr <= expr
>                      greater than                             expr > expr
>=                    greater than or equal               expr >= expr

==                    equal                                       expr == expr
!=                    not equal                                 expr != expr

&                     bitwise AND                           expr & expr

^                      bitwise ex clu sive OR             expr ^ expr

|                       bitwise in clu sive OR              expr | expr

&&                  log i cal AND                           expr && expr

||                       log i cal in clu sive OR               expr || expr

?:                     con di tional ex pres sion            expr ? expr : expr

=                      con ven tional as sign ment        lvalue = expr
*=                    mul ti ply and as sign                lvalue *= expr
/=                     di vide and as sign                    lvalue /= expr
%=                  modulo and as sign                  lvalue %= expr
+=                    add and as sign                        lvalue += expr
-=                    sub tract and as sign                 lvalue -= expr
<<=                 shift left and as sign                lvalue <<= expr
>>=                 shift right and as sign              lvalue >>= expr
&=                   AND and as sign                     lvalue &= expr
|=                     in clu sive OR and as sign         lvalue |= expr
^=                    ex clu sive OR and as sign        lvalue ^= expr

throw               throw ex cep tion                      throw expr

,                       comma                                    expr , expr

There will be more com plete ex am ples of each of the fol low ing in later chap ters.

4.1.1 :: [scope res o lu tion] class_name :: mem ber

This op er a tor al lows us to use a name de clared two or more times cor rectly within a name
space.

4.1.2 :: [global] :: name

This op er a tor al lows to use what would oth er wise be a hid den global name.
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4.1.3 . [mem ber se lec tion] ob ject.mem ber

This op er a tor al lows us to se lect a mem ber of a class.

4.1.4 -> [mem ber se lec tion] pointer -> mem ber

As above.

4.1.5 [] [subscripting] pointer [expr]

The nor mal ar ray subscripting op er a tor.

4.1.6 () [func tion call] expr (expr_list)

The func tion call op er a tor.

4.1.7 () [value con struc tion] type(expr_list)

Value con struc tion mech a nism.

4.1.8 ++ [post in cre ment] lvalue ++

In cre ment af ter use.

4.1.9 — [post dec re ment] lvalue —

Dec re ment af ter use.

4.1.10 sizeof [size of ob ject] sizeof expr

Used to de ter mine the mem ory size of an ob ject.

4.1.11 sizeof [size of type] sizeof (type)

Used to de ter mine the mem ory size of a type.

4.1.12 ++ [pre in cre ment] ++ lvalue

In cre ment be fore use.

4.1.13 — [pre dec re ment] — lvalue

Dec re ment be fore use.

4.1.14 ~ [com ple ment] ~ expr

One’s com ple ment op er a tor. The op er and must be of in te gral type. In te gral pro mo tions are
per formed.

Also used to iden tify a de struc tor.

4.1.15 ! [not] ! expr

Log i cal ne ga tion op er a tor.

4.1.16 - [unary mi nus] - expr

As stated.

4.1.17 + [unary plus] + expr

As stated.

4.1.18 & [ad dress of] & expr

The re sult of the unary & op er a tor is a pointer to its op er and.

4.1.19 * [dereference] * expr

The unary * op er a tor means in di rec tion, and the ex pres sion must be a pointer, and the re sult 
is an lvalue re fer ring to the ob ject to which the ex pres sion points.
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4.1.20 new [cre ate] new type

The new op er a tor at tempts to cre ate an ob ject of the type to which it is ap plied. This type
must be an ob ject type, and func tions can not be al lo cated in this way, though point ers to
func tions can.

4.1.21 de lete [de stroy] de lete pointer

The de lete op er a tor de stroys an ob ject cre ated by the new op er a tor.

4.1.22 de lete[] [de stroy ar ray] de lete [] pointer

This form is used to de lete ar rays. The ex pres sion points to an ar ray. The de struc tors (if
any) for the ob jects pointed to will be in voked.

4.1.23 () [cast] (type) expr

An ex plicit type con ver sion can be ex pressed us ing ei ther func tional no ta tion or the cast no -
ta tion.

4.1.24 .* [mem ber se lec tion] ob ject.* pointer_to_mem ber

The bi nary op er a tor .* binds its sec ond op er and, which must be of type pointer to mem ber
of class T to its first op er and, which must be of class T or of a class of which T is an un am -
big u ous and ac ces si ble base class. The re sult is an ob ject or a func tion of the type spec i fied
by the sec ond op er and.

4.1.25 ->* [mem ber se lec tion] pointer -> * pointer_to_mem ber

The bi nary op er a tor ->* binds its sec ond op er and, which must be of type pointer to mem ber 
of T to its first op er and, which must be of type pointer to T or pointer to a class of which T 
is an un am big u ous and ac ces si ble base class. The re sult is an ob ject or a func tion of the
type spec i fied by the sec ond op er and.

4.1.26 * [mul ti ply] expr * expr

Con ven tional arith me tic mul ti pli ca tion.

4.1.27 / [di vide] expr / expt

Con ven tional arith me tic di vi sion.

4.1.28 % [modulo or re main der] expr % expr

Re main der.

4.1.29 + [plus] expr + expr

Con ven tional arith me tic ad di tion.

4.1.30 - [mi nus] expr - expr

Con ven tional arith me tic sub trac tion.

4.1.31 << [shift left] expr << expr

Shift left. The operands must be of in te gral type and in te gral pro mo tions are per formed.

4.1.32 >> [shift right] expr >> expr

Shift right. The operands must be of in te gral type and in te gral pro mo tions are per formed.

4.1.33 < [less than] expr < expr

Con ven tional re la tional op er a tor.
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4.1.34 <= [less than or equal] expr <= expr

Con ven tional re la tional op er a tor.

4.1.35 > [greater than] expr > expr

Con ven tional re la tional op er a tor.

4.1.36 >= [greater than or equal] expr >= expr

Con ven tional re la tional op er a tor.

4.1.37 == [equal] expr == expr

Con ven tional re la tional op er a tor.

4.1.38 != [not equal] expr != expr

Con ven tional re la tional op er a tor.

4.1.39 & [bitwise AND] expr & expr

The usual arith me tic con ver sions are per formed: the re sult is the bitwise and func tion of the 
operands. The op er a tor ap plies only to in te gral operands.

4.1.40 ^ [bitwise ex clu sive OR] expr ^ expr

The usual arith me tic con ver sions are per formed: the re sult is the bitwise ex clu sive or func -
tion of the operands. The op er a tor ap plies only to in te gral operands.

4.1.41 | [bitwise in clu sive OR] expr | expr

The usual arith me tic con ver sions are per formed: the re sult is the bitwise in clu sive or func -
tion of the operands. The op er a tor ap plies only to in te gral operands.

4.1.42 && [log i cal AND] expr && expr

The operands are con verted to type bool. The re sult is true if both operands are true and
false oth er wise.

Left to right eval u a tion is guar an teed, and the sec ond op er and is not eval u ated if the first is
false.

All side ef fects of the first ex pres sion ex cept for de struc tion of tem po rar ies hap pen be fore
the sec ond ex pres sion is eval u ated.

4.1.43 || [log i cal in clu sive OR] expr || expr

The operands are both con verted to type bool. The re sult is true if ei ther of its operands is
true and false oth er wise.

Left to right eval u a tion is guar an teed, and the sec ond op er and is not eval u ated if the first is
true.

All side ef fects of the first ex pres sion ex cept for de struc tion of tem po rar ies hap pen be fore
the sec ond ex pres sion is eval u ated.

4.1.44 ?: [con di tional ex pres sion] expr ? expr : expr

The first ex pres sion is con verted to bool. It is eval u ated and if it is true the re sult of the
con di tional ex pres sion is the value of the sec ond ex pres sion, oth er wise that of the third.

All side ef fects of the first ex pres sion ex cept for de struc tion of tem po rar ies hap pen be fore
the sec ond or third ex pres sion is eval u ated.

4.1.45 = [con ven tional as sign ment] lvalue = expr

Con ven tional as sign ment.
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4.1.46 *= [mul ti ply and as sign] lvalue *= expr

Mul ti ply and as sign, e.g. a=a*ex pres sion

4.1.47 /= [di vide and as sign] lvalue /= expr

Di vide and as sign, e.g. a=a/ex pres sion

4.1.48 %= [modulo and as sign] lvalue %= expr

Modulo and as sign, e.g. a=a%ex pres sion

4.1.49 += [add and as sign] lvalue += expr

Add and as sign, e.g. a=a+ex pres sion

4.1.50 -= [sub tract and as sign] lvalue -= expr

Sub tract and as sign, e.g. a=a-expression

4.1.51 <<= [shift left and as sign] lvalue <<= expr

Shift left and as sign

4.1.52 >>= [shift right and as sign] lvalue >>= expr

Shift right and as sign

4.1.53 &= [AND and as sign] lvalue &= expr

AND and as sign

4.1.54 |= [in clu sive OR and as sign] lvalue |= expr

in clu sive OR and as sign

4.1.55 ^= [ex clu sive OR and as sign] lvalue ^= expr

ex clu sive OR and as sign

4.1.56 throw [throw ex cep tion] throw expr

throw ex cep tion

4.1.57 , [comma] expr , expr

A pair of ex pres sions sep a rated by a comma is eval u ated left-to-right and the value of the
left ex pres sion is dis carded. All side ef fects of the left ex pres sion are per formed be fore the
eval u a tion of the right ex pres sion. The type and value of the re sult are the type and value of 
the right op er and; the re sult is an lvalue if its right op er and is.

4.2 Ex am ple 1: the bit op er a tors &, | and ^

Here is the source code.

#in clude <iostream>

us ing namespace std;

/*

The & (bitwise AND) in C or C++ takes two 
num bers as operands and does AND on 
ev ery bit of two num bers. 

The re sult of AND is 1 only if both bits are 1.  
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The | (bitwise OR) in C or C++ takes two 
num bers as operands and does OR on 
ev ery bit of two num bers. 

The re sult of OR is 1 if any of the two bits is 1. 

The ^ (bitwise XOR) in C or C++ takes two 
num bers as operands and does XOR on 
ev ery bit of two num bers. 

The re sult of XOR is 1 if the two bits are dif fer ent.

*/

int main()
{

  int x1=1; //   001
  int x2=2; //   010
  int x3=3; //   011
  int x4=4; //   100

  int an swer;

  cout << "x1 op x2" << endl;
 
  an swer = x1 & x2;
  cout << " & " << an swer << endl;

  an swer = x1 ^ x2;
  cout << " ^ " << an swer << endl;

  an swer = x1 | x2;
  cout << " | " << an swer << endl;

  cout << "x1 op x3" << endl;

  an swer = x1 & x3;
  cout << " & " << an swer << endl;

  an swer = x1 ^ x3;
  cout << " ^ " << an swer << endl;

  an swer = x1 | x3;
  cout << " | " << an swer << endl;

  cout << "x1 op x4" << endl;
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  an swer = x1 & x4;
  cout << " & " << an swer << endl;

  an swer = x1 ^ x4;
  cout << " ^ " << an swer << endl;

  an swer = x1 | x4;
  cout << " | " << an swer << endl;

  re turn(0);

}

Here is some sam ple out put.

x1 op x2
 & 0
 ^ 3
 | 3
x1 op x3
 & 1
 ^ 2
 | 3
x1 op x4
 & 0
 ^ 5
 | 5

4.3 Sum mary

As Stroustrup states C++ is a gen eral pur pose pro gram ming lan guage; its core ap pli ca tion
do main be ing sys tems pro gram ming in the broad est sense. In ad di tion C++ is suc cess fully
used in many ap pli ca tion ar eas that are not cov ered by that la bel. This means that there is a
lot of func tion al ity within the lan guage and mas tery of it will take time.

C++ shares much in com mon with other pro gram ming lan guages used for nu meric pro -
gram ming. How ever there are a num ber of ar eas that are dif fer ent and you need to be care -
ful here.

4.4 Prob lems

1. There are no prob lems as so ci ated with this chap ter. It is a ref er ence chap ter and we will
use the in for ma tion in this chap ter through out the rest of the notes.
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Tak ing Three as the sub ject to rea son about — 
 A con ve nient num ber to state —
We add Seven, and Ten, and then mul ti ply out
 By One Thou sand di min ished by Eight. 
The re sult we pro ceed to di vide, as you see,
 By Nine Hun dred and Ninety and Two: 
Then sub tract Sev en teen, and the an swer must be
 Ex actly and per fectly true. 

Lewis Carroll, The Hunt ing of the Snark

Round num bers are al ways false.

Sam uel John son.

5 Arithmetic
This chap ter looks at arith me tic in C++. 

5.1 Ba sic nu meric types

C++ sup ports the two nu meric data types that are widely sup ported in gen eral pur pose pro -
gram ming lan guages - in te ger and real.

In the ex am ples in this chap ter we will con cen trate on the use of the stan dard math e mat ics
op er a tors for ad di tion, sub trac tion, mul ti pli ca tion and di vi sion. They are given be low.

          Math e mat i cal op er a tion              C++ sym bol

                        Ad di tion                                              +

                        Sub trac tion                                          -

                        Mul ti pli ca tion                                     *

                        Di vi sion                                              /
We will look at the use of the other C++ arith me tic op er a tors in later ex am ples.

5.2 Ex am ple 1 - type con ver sion and as sign ment

Con sider the fol low ing ex am ple.

#in clude <iostream>
us ing namespace std;
int main()
{
  dou ble a,b,c;
  int i;
  a=1.5;
  b=2.0;
  c=a/b;
  i=a/b;
  cout << a << endl;
  cout << b << endl;
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  cout << c << endl;
  cout << i << endl;
  re turn(0);
}

Here is the out put.

$ ./a.exe
1.5
2
0.75
0

What we have in this ex am ple is trun ca tion in volved due to the as sign ment from a dou ble
on the right hand side to an in te ger on the left hand side.

Here is the com pi la tion warn ing from the g++ com piler.

$ g++ arithmetic02.cpp
arithmetic02.cpp: In func tion `int main()':
arithmetic02.cpp:10: warn ing: con vert ing to `int' from `dou -
ble'

Here is the com pi la tion mes sage from Vi sual C++.

c:\doc u ment\cpp\newbook>cl arithmetic02.cpp
Microsoft (R) 32-bit C/C++ Op ti miz ing Com piler Ver sion
15.00.21022.08 for 80x86
Copy right (C) Microsoft Cor po ra tion.  All rights re served.

arithmetic02.cpp
c:\Pro gram Files (x86)\Microsoft Vi sual Stu dio 9.0\VC\IN -
CLUDE\xlocale(342) : war
ning C4530: C++ ex cep tion han dler used, but un wind se man tics 
are not en abled. Sp
ecify /EHsc
Microsoft (R) In cre men tal Linker Ver sion 9.00.21022.08
Copy right (C) Microsoft Cor po ra tion.  All rights re served.

/out:arithmetic02.exe

We will look at com piler op tions in more depth when we look at get ting good com pi la tion
er ror mes sages and good run time er ror mes sages when developing pro grams.

5.3 Ex am ple 2 - in te ger di vi sion in expressions

Now con sider the fol low ing ex am ple.

#in clude <iostream>
us ing namespace std;

int main()
{
  int i;
  int j;
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  int k;
  dou ble l;
  i=5;
  j=2;
  k=4;
  l=i/j*k;
  cout << i << endl;
  cout << j << endl;
  cout << k << endl;
  cout << l << endl;
  re turn(0);
}

With this ex am ple we get no com pi la tion warn ings. Here is the pro gram out put.

$ ./a.exe
5
2
4
8

In this ex am ple we have in te ger di vi sion and with i/j have 5/2 and the re sult of this is 2. We 
then mul ti ply by k, which is 4 and the an swer is 8. Care must be taken with in te ger di vi sion 
in ex pres sions in most pro gram ming lan guages.

5.4 Real Nu meric Type

There are three real nu meric types, float, dou ble and long dou ble. The stan dard does not re -
quire that they are dif fer ent from one an other. The stan dard header file <cfloat> con tains
de tails of what is avail able for an im ple men ta tion.

The stan dard states

The han dling of over flow and di vide check in ex pres sion eval u a tion is im ple men ta -

tion de pend ent. Most ex ist ing im ple men ta tions of C++ ig nore in te ger over flows.

Treat ment of di vi sion by zero and all float ing point ex cep tions vary among ma -

chines and is usu ally ad just able by a li brary func tion.

The fol low ing pro grams pro vide ex am ples of real arith me tic in C++.

5.5 Ex am ple 3 - or der of eval u a tion and brackets

A sim ple equa tion for in come tax is

tax pay able = gross pay - per sonal allowance * tax rate

In a pro gram ming lan guage we need to use brack ets to get the cor rect math e mat i cal re sult.
Mul ti pli ca tion and di vi sion have a higher pri or ity to ad di tion and sub trac tion. Here is a sim -
ple pro gram that il lus trates this.

#in clude <iostream>

us ing namespace std;

int main()
{
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  dou ble gross_pay;
  dou ble tax_pay able;
  const dou ble tax_rate = 0.25;

  const dou ble per sonal_al low ance = 12000.0;

  cout << "Type in your gross pay" << endl;
  cin >> gross_pay;
  tax_pay able = (gross_pay - per sonal_al low ance) * tax_rate;

  cout << " Tax pay able = " << tax_pay able << endl;

  re turn(0);
}

Note the use of brack ets in the cal cu la tion of tax pay able.

5.6 Ex am ple 4 - the roots of a qua dratic equation

The roots of a qua dratic equa tion ax bx c2 0+ + =  are given by .x
b b ac

a
=

- ± -2 4

2
.

Here is a pro gram that cal cu lates the roots.

#in clude <iostream>
#in clude <cmath>

us ing namespace std;

int main()
{

  dou ble a;
  dou ble b;
  dou ble c;

  dou ble x1;
  dou ble x2;

  dou ble term;
  dou ble a2;

  cout << " Type in the three co ef fi cients" << endl;
  cout << " One per line" << endl;
  cin >> a;
  cin >> b;
  cin >> c;

  term = b * b - 4.0 * a * c ;
  a2 = a * 2.0 ;
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  if ( term < 0.0 )
  {
    cout << " Roots are com plex" << endl;
    cout << " Cal cu la tion aban doned" << endl;
  }
  else if ( term > 0.0 )
  {
    term = sqrt(term);
    x1 = ( -b + term ) / a2;
    x2 = ( -b - term ) / a2;
    cout << " Roots are " << endl;
    cout << x1 << endl;
    cout << x2 << endl;
  }
  else
  {
    x1 = -b/a2;
    cout << " Roots are equal" << endl;
    cout << x1;
  }
  re turn(0);
}

We don't need brack ets in the cal cu la tion of term as mul ti pli ca tion has a higher pri or ity to
sub trac tion.   

We need the brack ets in the cal cu la tions for x1 and x2 as di vi sion has a higher pri or ity to
addition and sub trac tion.

5.7 Ex am ple 5 - time from Sun to Earth

This ex am ple cal cu lates the time that light takes to reach the earth from the sun.

#in clude <iostream>
#in clude <cmath>

us ing namespace std;

int main()
{
  dou ble light_min ute;
  dou ble dis tance;
  dou ble elapse;
  int   min ute;
  int   sec ond;

//                    12
// light year  9.46 * 10
//
// i.e. 9.46 * 10 to the power 12
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  const dou ble light_year=9.46*pow(10.0,12);
  light_min ute=light_year/(365.25*24.0*60.0);
  dis tance = 150.0 * pow(10.0,6);
  elapse   = dis tance/light_min ute;
  min ute   = elapse;
  sec ond   = (elapse-min ute)*60;

  cout << " Light takes " << min ute << "  min utes" << endl;
  cout << "             " << sec ond << " sec onds" <<
endl;
  cout << " to reach the earth from the sun." << endl;

  re turn(0);
}

There is no exponentiation op er a tor in C++ so we have to use the built in in trin sic maths
func tion pow, which has sev eral vari ants, and they are given at the end of this chapter. To
make this avail able to the pro gram we have to in clude <cmath>.

5.8 Ex am ple 6 - tem per a ture con ver sion, fahr en heit to centigrade

The fol low ing is an equa tion to con vert from fahr en heit to cen ti grade.

cen ti grade = 5/9*(fahr en heit-32)

The fol low ing is a pro gram that im ple ments this equa tion in C++.

#in clude <iostream>
us ing namespace std;

int main()
{
  dou ble c;
  dou ble f;
  f=-40;
  c=5/9*(f-32);
  cout << c << endl;
  re turn(0);
}

Com pile and run this ex am ple.

5.9 Ex am ple 7 - temperature con ver sion, cel sius to fahrenheit

The fol low ing is the corresponding equa tion to con vert from cen ti grade to fahr en heit.

fahr en heit = 32 + 9/5* cen ti grade

The fol low ing is a pro gram that im ple ments this equa tion in C++.

#in clude <iostream>
us ing namespace std;

int main()
{
  dou ble c;
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  dou ble f;
  c=-40;
  f=32+9/5*c;
  cout << f << endl;
  re turn(0);
}

This is the out put from gcc.

$ ./a.exe
-8

In fact -40 cen ti grade is equal to -40 fahr en heit. Both for mu lae have been trans lated sim -
plis ti cally into a pro gram, and give the wrong an swer. 5/9 in in te ger arith me tic is zero, and
9/5 in in te ger arith me tic is one. It is im por tant to have test data for a pro gram where one
knows the cor rect an swers.

The g++ com piler sup ports an ex tended float ing point pre ci sion. Have a look at <cfloat>
We will look at this again  in the chap ter on IEEE arith me tic.

5.10 Nu meric Type Con ver sion Rules

The fol low ing type con ver sion rules ap ply in mixed mode ex pres sions:–

· if ei ther op er and is of type long dou ble, the other shall be con verted to long dou -

ble

· oth er wise, if ei ther op er and is dou ble, the other shall be con verted to dou ble

· oth er wise, if ei ther op er and is float, the other shall be con verted to float

· oth er wise the in te gral pro mo tions (r4.5) shall be per formed on both operands

· then, if ei ther op er and is un signed long the other shall be con verted to un signed

long;

· oth er wise, if one op er and is a long int and the other un signed int, then if a long

int can rep re sent all the val ues of an un signed int, the un signed int shall be con -

verted to a long int; oth er wise both operands shall be con verted to un signed long 

int;

· oth er wise, if ei ther op er and is long, the other shall be con verted to long;

· oth er wise, if ei ther op er and is un signed, the other shall be con verted to un signed

5.11 Com plex

This is not pro vided in the base lan guage. It is avail able through <com plex> and we will
look at this later. 

5.12 Nu meric constants

An in te ger con stant is of the first type that can rep re sent that type.

A real con stant is of type dou ble by de fault. The stan dard maths li brary pro vided with C++
is of type dou ble through out.

5.13 Range, pre ci sion and size of num bers

The range on in te ger num bers and the the pre ci sion and the size of float ing point num bers
in com put ing is di rectly re lated to the num ber of bits al lo cated to their in ter nal rep re sen ta -
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tion. Ta bles 5.1 and 5.2 sum ma rizes this in for ma tion for the two most com mon bit sizes in
use for in te gers and reals, 32 bits and 64 bits. The first ta ble looks at in te ger num bers.

            N Bits                          Max i mum In te ger

            64        (2**63)–1       9,223,372,036,854,774,807    

            32        (2**31)–1       2,147,483,647

Ta ble 5.1 Word Size and In te gers Num bers

Here is the cor re spond ing ta ble for real num bers.

            N Bits              Pre ci sion                     Small est real
                                                                        Largest real

            64                    15-18                           ~ 0.5E–308

                                                                        ~ 0.8E+308

            32                    6-9                               ~ 0.3E–38

                                                                        ~ 1.7E38

Ta ble 5.2 Word Size and Real Num bers

Note that ac cess to what the hard ware sup ports is de pend ent on the op er at ing sys tem and
com piler as well.

Pre ci sion is not the same as ac cu racy. In this age of dig i tal time-keep ing, it is easy to pro -
vide an ex tremely pre cise an swer to the ques tion What time is it? This an swer need not be
ac cu rate, even though it is re ported to tenths (or even hun dredths!) of a sec ond. Do not be
fooled into be liev ing that an an swer re ported to ten places of dec i mals must be ac cu rate to
ten places of dec i mals. The com puter can only re tain a lim ited pre ci sion. When cal cu la tions 
are per formed, this lim i ta tion will tend to gen er ate in ac cu ra cies in the re sult. The es ti ma tion 
of such in ac cu ra cies is the do main of the branch of math e mat ics known as Nu mer i cal Anal -
y sis.

To give some idea of the prob lems, con sider an imag i nary dec i mal com puter, which re tains
two sig nif i cant dig its in its cal cu la tions. For ex am ple, 1.2, 12.0, 120.0 and 0.12 are all
given to two digit pre ci sion. Note there fore that 1234.5 would be rep re sented as 1200.0 in
this de vice. When any arith me tic op er a tion is car ried out, the re sult (in clud ing any in ter me -
di ate cal cu la tions) will have two sig nif i cant dig its. Thus:

            130 + 12 = 140 (round ing down from 142)
and sim i larly:
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            17 / 3 = 5.7 (round ing up from 5.666666...)
and:

            16 * 16 = 260
Where there are more in volved cal cu la tions, the re sults can be come even less at trac tive. As -
sume we wish to eval u ate:

            (16 * 16) / 0.14
We would like an an swer in the re gion of 1828.5718, or, to two sig nif i cant dig its, 1800.0. If 
we eval u ate the terms within the brack ets first, the an swer is 260/0.14, or 1857.1428;
1900.0 on the two digit ma chine. Thinking that we could do better, we could re-write the
frac tion as:

            (16 / 0.14) * 16 
This gives a re sult of 1800.0.

Al ge bra shows that all these eval u a tions are equiv a lent if un lim ited pre ci sion is avail able.

Care should also be taken when is one is near the nu mer i cal lim its of the ma chine. Con sider 
the fol low ing:

Z = B * C / D

where B, C and D are all 1030 and we are us ing 32 bit float ing point num bers where the
max i mum real is ap prox i mately 1038. Here the prod uct B * C gen er ates a num ber of 1060 – 
be yond the lim its of the ma chine. This is called over flow as the num ber is too large. Note
that we could avoid this prob lem by re typ ing this as:

Z = B * (C / D)

where the in ter me di ate re sult would now be 1030/1030, i.e. 1.

There is an in verse called un der flow when the num ber is too small, which is il lus trated be -
low:

Z = X1 * Y1 * Z1

where X1 and Y1 are 1020 and Z1 is 10-20. The in ter me di ate re sult of X1 * Y1 is 10 –40 –
again be yond the lim its of the ma chine. This prob lem could have been over come by re typ -
ing as:

Z = X1 * (Y1 * Z1)

This is a par tic u lar prob lem for many sci en tists and en gi neers with all ma chines that use
32-bit arith me tic for in te ger and real cal cu la tions. This is be cause many phys i cal con stants,
etc are around the lim its of the mag ni tude (large or small) sup ported by sin gle pre ci sion.
This is rarely a prob lem with ma chines with hard ware sup port for 64-bit arith me tic.

5.14 Ex am ple 8 - Real num bers get ting too big.

The fol low ing pro gram

#in clude <iostream>
us ing namespace std;

int main()
{
float f = 10.0f;
dou ble f_d = 10.0;
long dou ble f_l = 10.0;
  for (int i=0 ; i < 320 ; ++i)
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  {
    cout.width(12);cout.pre ci sion(9);
    cout << f << " "; 
    cout.width(24);cout.pre ci sion(18);
    cout << f_d << " "; 
    cout.width(24);cout.pre ci sion(18);
    cout << f_l << endl;
    f   = f*10;
    f_d = f_d*10;
    f_l = f_l*10;
  }
  re turn(0);
}

uses 3 types of reals and loops un til they all even tu ally get too big. Write the out put to a
file and ex am ine it within the ed i tor, e.g.

a.out > ch0508.txt

or

ch0508.exe > ch0508.txt

or

a.exe > ch0508.txt

de pend ing on whether you are run ning un der Win dows or Unix/Linux.

5.15 Ex am ple 9 - Real num bers get ting too small

The fol low ing pro gram

#in clude <iostream>
us ing namespace std;

int main()
{
float f = 10.0f;
dou ble f_d = 10.0;
long dou ble f_l = 10.0;
  for (int i=0 ; i < 350 ; ++i)
  {
    cout.width(12);cout.pre ci sion(9);
    cout << f << " "; 
    cout.width(24);cout.pre ci sion(18);
    cout << f_d << " "; 
    cout.width(24);cout.pre ci sion(18);
    cout << f_l << endl;
    f   = f/10;
    f_d = f_d/10;
    f_l = f_l/10;
  }
  re turn(0);
}
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uses 3 types of reals and loops un til even tu ally they get too small. 

5.16 Ex am ple 10 - <cfloat> in for ma tion

The fol low ing pro gram uses in for ma tion from FLOAT.H to pro vide de tails of the fol low ing

· min i mum - small est num ber for each real type

· max i mum - larg est num ber of each real type

· ep si lon - the dif fer ence be tween num bers of each type

· digts - the num ber of sig nif i cant dig its for each real type

We also use the sizeof in trin sic.

#in clude <iostream>
#in clude <cfloat>
us ing namespace std;

int main()
{

  float       f  = 1.0f ;
  dou ble      d  = 1.0  ;
  long dou ble ld = 1.0l ;
  
  cout << " Bytes     Ep si lon    Pre ci sion      Min i mum            
Max i mum" << endl;
  cout << "   " << sizeof(  f ) << "    " <<  FLT_EP SI LON  
<< "   " <<  FLT_DIG  << "              " <<  FLT_MIN 
<<"     " << FLT_MAX <<  endl;
  cout << "   " << sizeof(  d ) << "    " <<  DBL_EP SI LON  
<< "   " <<  DBL_DIG  << "             " <<  DBL_MIN  << 
"    " << DBL_MAX << endl;
  cout << "   " << sizeof( ld ) << "    " <<  LDBL_EP SI LON 
<< "   " <<  LDBL_DIG << "             " <<  LDBL_MIN <<
"    " << LDBL_MAX << endl;

  re turn(0);
}

Com pile and run this pro gram on your com puter sys tem and com piler to see what is sup -
ported.

Here is the out put from run ning the pro gram us ing sev eral com pil ers.

Microsoft.

 Bytes     Ep si lon    Pre ci sion      Min i mum           
Max i mum
   4    1.19209e-07   6              1.17549e-38    
3.40282e+38
   8    2.22045e-16   15             2.22507e-308   
1.79769e+308
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   8    2.22045e-16   15             2.22507e-308   
1.79769e+308

Intel, same sys tem un der Win dows.

 Bytes     Ep si lon    Pre ci sion      Min i mum           
Max i mum
   4    1.19209e-07   6              1.17549e-38    
3.40282e+38
   8    2.22045e-16   15             2.22507e-308   
1.79769e+308
   8    2.22045e-16   15             2.22507e-308   
1.79769e+308

g++, same plat form un der Ubuntu 18.04.

 Bytes     Ep si lon    Pre ci sion      Min i mum           
Max i mum
   4    1.19209e-07   6              1.17549e-38    
3.40282e+38
   8    2.22045e-16   15             2.22507e-308   
1.79769e+308
   16    1.0842e-19   18             3.3621e-4932   
1.18973e+4932

You will get sim i lar out put with g++ on other sys tems.

5.17 Ex am ple 11 - Base con ver sion.

The fol low ing pro gram il lus trates some of the prob lems in con vert ing be tween num ber
bases. The val ues of the vari ables in the pro gram are spec i fied in dec i mal to one digit. The
in ter nal rep re sen ta tion is bi nary. We then print the num bers back out as dec i mals.

#in clude <iostream>
us ing namespace std;
int main()
{
float x1=1.0f;
float x2=0.1f;
float x3=0.01f;
float x4=0.001f;
float x5=0.0001f;
  cout.width(15) ; cout.pre ci sion(9);
  cout << x1<< endl;
  cout.width(15) ; cout.pre ci sion(9);
  cout << x2<< endl;
  cout.width(15) ; cout.pre ci sion(9);
  cout << x3<< endl;
  cout.width(15) ; cout.pre ci sion(9);
  cout << x4<< endl;
  cout.width(15) ; cout.pre ci sion(9);
  cout << x5<< endl;
  re turn(0);
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}

Here is the out put from the gcc com piler.

$ ./a.exe
              1
    0.100000001
  0.00999999978
  0.00100000005
 9.99999975e-05

Here is the out put from the Microsoft com piler.

c:\doc u ment\cpp\newbook>arithmeticp06.exe
              1
    0.100000001
  0.00999999978
  0.00100000005
9.99999975e-005

What we have an ex am ple of here is go ing from dec i mal, to bi nary and back to dec i mal
again. Many real num bers have no ex act bi nary rep re sen ta tion.

5.18 Ex am ple 12 - subtractive can cel la tion

Sub trac tion of two sim i lar num bers in fi nite pre ci sion is sub ject to a rel a tively high er ror.

#in clude <iostream>
us ing namespace std;

int main()
{
float x=1.0002f;
float y=1.0001f;
float z;
  z=x-y;
  cout.width(15);cout.pre ci sion(10);
  cout << x << endl;
  cout.width(15);cout.pre ci sion(10);
  cout << y << endl;
  cout.width(15);cout.pre ci sion(10);
  cout << z << endl;
  re turn(0);
}

Here is the out put from the gcc com piler.

$ ./a.exe
    1.000200033
    1.000100017
0.0001000165939

Here is the out put from the Microsoft com piler.
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c:\doc u ment\cpp\newbook>arithmeticp07.exe
    1.000200033
    1.000100017
0.0001000165939

The pen cil and pa per an swer is

  1.0002
 -1.0001
========
  0.0001

and this gives quite a sur pris ing er ror when done us ing a com puter. The re sult is not pe cu -
liar to C++, but hap pens with any pro gram ming lan guage us ing IEEE 32 bit arith me tic.

You will get sim i lar re sults with 64 bit reals (dou bles).

5.19 Ex am ple 13 - ex pres sion equiv a lence.

In math e mat ics the fol low ing is true:

(x2-y2) = (x*x-y*y) = (x-y)*(x+y)

Con sider the fol low ing pro gram.

#in clude <iostream>
#in clude <cmath>
us ing namespace std;

int main()
{
float x=1.0002f;
float y=1.0001f;
float t1,t2,t3;
  t1=pow(x,2)-pow(y,2);
  t2=x*x-y*y;
  t3=(x+y)*(x-y);
  cout.width(15); cout.pre ci sion(10);
  cout << t1 << endl;
  cout.width(15); cout.pre ci sion(10);
  cout << t2 << endl;
  cout.width(15); cout.pre ci sion(10);
  cout << t3 << endl;
  re turn(0);
}

Here is the out put from the gcc com piler.

$ ./a.exe
0.0002000331879
0.0002000631939
0.0002000631939

Here is the out put from the Microsoft com piler.
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c:\doc u ment\cpp\newbook>arithmeticp08.exe
0.0002000331879
0.0002000631939
0.0002000631939

Solve the prob lem with pen cil and pa per, cal cu la tor and Ex cel.

The last three ex am ples show that you must be care ful when us ing a com puter to solve
prob lems.

5.20 Ex am ple 14 - char ac ter data as a form of in te ger data

C++ pro vides us with char ac ter data as a fla vour of in te ger data. This can be very use ful
when work ing with 8 bit data, e.g. sat el lite im age data, ex tended char ac ter sets. Char ac ters
may be signed or un signed. The fol low ing sim ple pro gram il lus trates the use of this data
type to re cover all of the print able ASCII char ac ters from a file. The pro gram was de vel -
oped in re sponse to us ers with cor rupt word-processing files. It pro vides a quick and dirty
way of re triev ing some of the user’s work. 

#in clude <iostream>
us ing namespace std;
int main()
{
un signed char c;
un signed int i=0;
 for (;;)
 {
 c=cin.get();
 if (cin.eof()) break;
 ++i;
 if ( c < 32 || c > 127)
 c = ‘ ‘;
 cout << c;
 if ( i > 60 && c == ‘ ‘)
 {
 cout << endl;
 i=0;
 }
 };
 re turn(0);
}

No tice the for loop.

for(;;)

This is an in fi nite loop. The loop will ac tu ally ter mi nate when end of file is reached, i.e. 

if (cin.eof()) break

We will look into this in more depth in the chap ter on io.

The next if test re places all non ascii char ac ters with blanks. The sec ond breaks the text
into 60 char ac ter lines.
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5.21 Se quence Points

Be cause of the na ture of C++ (and C) it is nec es sary to look at the con cept of a se quence
point. These are places in the code where all side ef fects of pre vi ous com pu ta tions have to
be com pleted. The fol low ing are se quence points:–

· af ter the com plete eval u a tion of each full-expression;

· when call ing a func tion af ter the eval u a tion of all func tion ar gu ments, and be fore 

the ex e cu tion of any thing in the func tion body;

5.22 Lvalue and Rvalue

There is the pos si bil ity in C++ to be able to al lo cate and use vari ables that don’t have
names, and we will look at this con cept again when we use ar rays and look at the way
point ers are used with ar rays in C++.

What this means is that we can ref er ence an ob ject in mem ory with out hav ing a name for it. 
The stan dard states an ob ject is a re gion of stor age: an lvalue is an ex pres sion re fer ring to
an ob ject or func tion.

The term lvalue orig i nally meant some thing that could ap pear on the left hand side of an as -
sign ment state ment. }

5.23 Ex am ple 15 - type con ver sion

In the pre vi ous chap ter we looked at writ ing mixed mode arith me tic ex pres sions and cov -
ered the type pro mo tions that took place au to mat i cally. There is also the need to cast be -
tween types, i.e. con vert one type to an other. This is done in C++ us ing the syn tax:–

· (type) ex pres sion

or

· type(ex pres sion)

The fol low ing pro gram is a com plete ex am ple.

#in clude <iostream>
us ing namespace std;
int main()
{
float a;
float b;
int i=0;

a=(float)i;
b=float(i);
cout << i << endl;
cout << a << endl;

 cout << b << endl;
 re turn(0);
}

The sec ond form is prob a bly the eas i est to read and un der stand. 

5.24 Ex am ple 16 - nu meric lit eral con stants

Here is an ex am ple that looks at var i ous nu meric lit eral con stants in a pro gram.
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#in clude <iostream>
#in clude <cmath>
us ing namespace std;
int main()
{
  float        f1 = 0.01f;
  float        f2 = 0.01 ;
  dou ble        d = 0.01 ;
  long dou ble ld1 = 0.01 ;
  long dou ble ld2 = 0.01l;
    cout << " float f1 is          " ;
    cout.width(30);cout.pre ci sion(25);
    cout <<   f1 << endl ;
    cout << " float f2 is          " ;
    cout.width(30);cout.pre ci sion(25);
    cout <<   f2 << endl ;
    cout << " dou ble is            " ;
    cout.width(30);cout.pre ci sion(25);
    cout <<   d << endl ;
    cout << " long dou ble ld1 is   " ;
    cout.width(30);cout.pre ci sion(25);
    cout <<   ld1 << endl ;
    cout << " long dou ble ld2 is   " ;
    cout.width(30);cout.pre ci sion(25);
    cout <<   ld2 << endl ;
    re turn(0);
}

Com pile and run it. Do you get any warn ings at com pile time about the type mis matches in
the as sign ment state ments?

5.25 Sum mary

As Stroustrup states C++ is a gen eral pur pose pro gram ming lan guage; its core ap pli ca tion
do main be ing sys tems pro gram ming in the broad est sense. In ad di tion C++ is suc cess fully
used in many ap pli ca tion ar eas that are not cov ered by that la bel. This means that there is a
lot of func tion al ity within the lan guage and mas tery of it will take time.

C++ shares much in com mon with other pro gram ming lan guages used for nu meric pro -
gram ming. How ever there are a num ber of ar eas that are dif fer ent and you need to be care -
ful here.

One prob lem lies in ex pres sion eval u a tion. As the stan dard states this is un de fined in many
cases. This is to pro vide the com piler writer with the op por tu nity to op ti mise the code. Note 
how ever that pro gram cor rect ness is more im por tant than pro gram ef fi ciency. The For tran
90 stan dard tack les this is sue with the con cept of an equiv a lent math e mat i cal ex pres sion.

An other prob lem co mes with un signed in te ger arith me tic, where over flow is not re garded as 
an er ror, and the cal cu la tions can con tinue.

An other prob lem is re ally a qual ity of im ple men ta tion is sue with re gard to float ing point er -
ror re port ing. Hope fully this will im prove with the pub li ca tion of the stan dard.
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5.26 Key Con cepts

5.26.1 Nu meric Data Types

5.26.1.1 In te ger

short int

int

long int

5.26.1.2 Real

float

dou ble

long dou ble

5.26.1.3 Com plex – sup ported via <com plex>

5.26.1.4 Char ac ter data as nu meric data

8 bit

signed  -128 to +127

un signed  0 to 255

5.26.2 Con stants – use the const at trib ute

5.26.3 Op er a tors – 45 but ef fec tively 57 with vari ants

5.26.4 Ex pres sions – the or der of ex pres sion eval u a tion is of ten un de fined

5.26.5 Por ta ble main()

The stan dard pro vides only two por ta ble ver sions of main and these are:

int main()
{
}

and

int main(int argc , char* argv[])
{
}

The re turn type int is re quired. C++ pro vides an im plicit re turn(0) at the end of main(). The 
ex am ples in these notes al ways pro vide an ex plicit re turn(0).

5.26.6 Sam ple lim its.h

#de fine CHAR_BIT <#if ex pres sion >= 8>
#de fine CHAR_MAX <#if ex pres sion >= 127>
#de fine CHAR_MIN <#if ex pres sion <= 0>
#de fine SCHAR_MAX <#if ex pres sion >= 127>
#de fine SCHAR_MIN <#if ex pres sion <= -127>
#de fine UCHAR_MAX <#if ex pres sion >= 255>
#de fine MB_LEN_MAX <#if ex pres sion >= 1>

#de fine SHRT_MAX <#if ex pres sion >= 32,767>
#de fine SHRT_MIN <#if ex pres sion <= -32,767>
#de fine USHRT_MAX <#if ex pres sion >= 65,535>
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#de fine INT_MAX <#if ex pres sion >= 32,767>
#de fine INT_MIN <#if ex pres sion <= -32,767>
#de fine UINT_MAX <#if ex pres sion >= 65,535>

#de fine LONG_MAX <#if ex pres sion >= 2,147,483,647>
#de fine LONG_MIN <#if ex pres sion <= -2,147,483,647>
#de fine ULONG_MAX <#if ex pres sion >= 4,294,967,295>

5.26.7 Sam ple float.h

#de fine FLT_RA DIX <#if ex pres sion >= 2>
#de fine FLT_ROUNDS <in te ger rvalue>
#de fine DBL_DIG <in te ger rvalue >= 10>
#de fine DBL_EP SI LON <dou ble rvalue <= 10^(-9)>
#de fine DBL_MANT_DIG <in te ger rvalue>
#de fine DBL_MAX <dou ble rvalue >= 10^37>
#de fine DBL_MAX_10_EXP <in te ger rvalue >= 37>
#de fine DBL_MAX_EXP <in te ger rvalue>
#de fine DBL_MIN <dou ble rvalue <= 10^(-37)>
#de fine DBL_MIN_10_EXP <in te ger rvalue <= -37>
#de fine DBL_MIN_EXP <in te ger rvalue>

#de fine FLT_DIG <in te ger rvalue >= 6>
#de fine FLT_EP SI LON <float rvalue <= 10^(-5)>
#de fine FLT_MANT_DIG <in te ger rvalue>
#de fine FLT_MAX <float rvalue >= 10^37>
#de fine FLT_MAX_10_EXP <in te ger rvalue >= 37>
#de fine FLT_MAX_EXP <in te ger rvalue>
#de fine FLT_MIN <float rvalue <= 10^(-37)>
#de fine FLT_MIN_10_EXP <in te ger rvalue <= -37>
#de fine FLT_MIN_EXP <in te ger rvalue>

#de fine LDBL_DIG <in te ger rvalue >= 10>
#de fine LDBL_EP SI LON <long dou ble rvalue <= 10^(-9)>
#de fine LDBL_MANT_DIG <in te ger rvalue>
#de fine LDBL_MAX <long dou ble rvalue >= 10^37>
#de fine LDBL_MAX_10_EXP <in te ger rvalue >= 37>
#de fine LDBL_MAX_EXP <in te ger rvalue>
#de fine LDBL_MIN <long dou ble rvalue <= 10^(-37)>
#de fine LDBL_MIN_10_EXP <in te ger rvalue <= -37>
#de fine LDBL_MIN_EXP <in te ger rvalue>

5.27 Prob lems

1. There is no exponentiation op er a tor in C++. You have to use a func tion. The head er
<cmath> pro vide the com monly used math e mat i cal func tions. There is a com plete cov er age 
in the chap ter on func tions. For the pur poses of the prob lems that fol low you will need the
pow func tion. The are two forms in the orig i nal C stan dard.:

· dou ble pow(dou ble x, dou ble y) – raise x to the power y
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· dou ble pow(dou ble x, in te ger i) – raise x to the power i

You will also need to add state ments that con trol the pre ci sion. You have seen ex am ples of
this al ready.

Here is more complete in for ma tion about the pow func tion re gard ing both C++ and C.

pow, powf, powl

dou ble pow(dou ble x, dou ble y);

float pow(float x, float y); [C++ only]

long dou ble pow(long dou ble x, long dou ble y); [C++ only]

dou ble pow(dou ble x, int y); [C++ only]

float pow(float x, int y); [C++ only]

long dou ble pow(long dou ble x, int y); [C++ only]

float powf(float x, float y); [re quired with C99]

long dou ble powl(long dou ble x, long dou ble y); [re quired with C99]

The func tion re turns x raised to the power y, x^y.

2. Try typ ing in and run ning the ex am ples given in this chap ter. Re mem ber that you need to 
gain fa mil iar ity with the C++ rules. You need to make mis takes and see what goes wrong. 

3. The fol low ing is a vari ant of an ear lier ex am ple.

#in clude <iostream>
#in clude <cmath>

us ing namespace std;

int main()
{
  dou ble light_min ute;
  dou ble dis tance;
  dou ble elapsed_time_in_sec onds;

//                      12
// light year  9.46 * 10
//
// i.e. 9.46 * 10 to the power 12

  const dou ble light_year = 9.46*pow(10.0,12);
  light_min ute            = light_year/(365.25*24.0*60.0);
  dis tance = 150.0 * pow(10.0,6);
  elapsed_time_in_sec onds = 60.0*dis tance/light_min ute;

  cout << " Time taken for light to reach the earth from
the sun." << endl;
  cout << " is " << elapsed_time_in_sec onds << " sec onds "
<< endl;

  re turn(0);
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}

Here are some other dis tances from the Earth

· geo sta tion ary sat el lite - 35,870 Km

· Moon - 384,400 KM

· Mars - 228 * 10 ** 6 Km

Mod ify the pro gram to cal cu late the times for light to travel from

· the Earth to a geo sta tion ary sat el lite

· the Earth to the Moon

· the Earth to Mars. The min i mum dis tance is (228-150) * 10 ** 6, and the max i -

mum dis tance is (228+150) * 10 ** 6

The time de lay for a round trip is twice this.

3. The body mass in dex (BMI) is a sta tis ti cal mea sure ment which com pares a per son's
weight and height. Though it does not ac tu ally mea sure the per cent age of body fat, it is
used to es ti mate a healthy body weight based on how tall a per son is. Due to its ease of
mea sure ment and cal cu la tion, it is the most widely used di ag nos tic tool to iden tify weight
prob lems within a pop u la tion, usu ally whether in di vid u als are un der weight, over weight or
obese. Body mass in dex is de fined as the in di vid ual's body weight di vided by the square of
his or her height.

Write a pro gram to cal cu late your own BMI value. The units must be  met ric. If you don't
know you height or weight use one set of val ues from the ta ble be low. These val ues are
from an un der grad u ate class of Me chan i cal En gi neer ing stu dents.

            Height             Weight
            1.85                 85
            1.80                 76
            1.85                 85
            1.70                 90
Here is a clas si fi ca tion of BMI val ues from the WHO.

            < 16.5                          Se verely un der weight
            16.5 to 18.4                 Un der weight 
            18.5 to 24.9                 Nor mal
            25   to 30                    Over weight
            30.1 to 34.9                 Obese I 
            35 to 40                       Obese II 
            > 40                             Obese III, mor bidly obese

There are vari a tions on the above for dif fer ent na tion al i ties.
4. Write a pro gram to cal cu late the pe riod of a pen du lum. Use the fol low ing for mula:–

  t=2*p*(length/9.81)1/2

Write two ver sions, one us ing float, the other us ing dou ble. The length is in metres and the
time is in sec onds. Choose a length of 10 metres.

What is a re al is tic value for p?

Now cal cu late us ing Ex cel and a hand held cal cu la tor. Do the an swers agree? 

5. Write a pro gram that tests the size and pre ci sion of num bers on the sys tem that you are
us ing. What is the word size? Ex per i ment with mul ti pli ca tion and di vi sion to see what mes -
sages you get when num bers be come too large (over flow) and too small (un der flow).
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If you have ac cess to an ther com piler and or plat form and com piler try the above out on
that sys tem.

5.28 Bib li og ra phy

Some un der stand ing of nu mer i cal anal y sis is es sen tial for suc cess ful use of a pro gram ming
lan guage. As Froberg says ‘nu mer i cal anal y sis is a sci ence – com pu ta tion is an art.’ The
fol low ing are some of the more ac ces si ble books avail able.

Bur den R.L., Douglas Faires J., Nu mer i cal Anal y sis, Brooks/Cole, 2001.

The cd has source code in C, For tran, Ma ple, Mathematica, Matlab and Pascal.

Good mod ern text.

Froberg C.E., In tro duc tion to Nu mer i cal Anal y sis, Ad di son Wes ley, 1969.

The short chap ter on nu mer i cal com pu ta tion is well worth a read, and it cov ers some 

of the prob lems of con ver sion be tween num ber bases, and some of the er rors that

are in tro duced when we com pute nu mer i cally. The Sam uel John son quote owes its

in clu sion to Froberg!

http://grouper.ieee.org/groups/754/

The work ing group we site.

IEEE, IEEE Stan dard for Bi nary Float ing-Point Arith me tic, ANSI/IEEE Std 754-1985, In -
sti tute of Elec tri cal and Elec tronic En gi neers Inc.

The for mal def i ni tion of IEEE 754.

Knuth D., Seminumerical Al go rithms, Ad di son Wes ley, 1969.

A more thor ough and math e mat i cal cov er age than Wakerly. The chap ter on po si -

tional num ber sys tems pro vides a very com pre hen sive his tor i cal cov er age of the

sub ject. As Knuth points out the float ing point rep re sen ta tion for num bers is very

old, and is first doc u mented around 1750 B.C. by Bab y lo nian math e ma ti cians. Very

in ter est ing and worth while read ing.

Sun, Nu mer i cal Com pu ta tion Guide, SunPro, 1993.

Very good cov er age of the nu meric for mats for IEEE Stan dard 754 for Bi nary

Floating-Point Arith me tic. All SunPro com piler prod ucts sup port the fea tures of the

IEEE 754 stan dard .

Wakerly J.F., Mi cro com puter Ar chi tec ture and Pro gramming, Wiley, 1981.

The chap ter on num ber sys tems and arith me tic is sur pris ingly easy. There is a cov -

er age of po si tional num ber sys tems, oc tal and hex a dec i mal num ber sys tem con ver -

sions, ad di tion and sub trac tion of non-decimal num bers, rep re sen ta tion of neg a tive

num bers, two’s com ple ment ad di tion and sub trac tion, one’s com ple ment ad di tion

and sub trac tion, bi nary mul ti pli ca tion, bi nary di vi sion, bcd or bi nary coded dec i mal

rep re sen ta tion and fixed and float ing point rep re sen ta tions. There is also cov er age of 

a num ber of spe cific hard ware plat forms, in clud ing DEC PDP-11, Motorola 68000,

Zilog Z8000, TI 9900, Motorola 6809 and Intel 8086. A lit tle old but quite in ter est -

ing nev er the less.

Wikipedia. There is a Wikipedia en try for IEEE 854.
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6 Ar rays and the <array> and <vector> 
classes in C++

Most pro gram ming lan guages have to include lan guage fea tures that pro vide ways of ma -
nip u lat ing tab u lar data. This is done most com monly by us ing ar rays.

The C++17 standard pro vides the fol low ing types of ar rays

· the <vec tor> class that was in tro duced in the first C++ stan dard in 1997. It is a

one di men sional resizeable ar ray. It's size can be spec i fied both at com pile time
and at run time.

· the <ar ray> class that was in tro duced in C++11. An ar ray is a fixed size se -

quence of el e ments of a given type where the num ber of el e ments is known at

com pile time. It can be re garded as a safe vari ant of the C style ar ray, which as

it is pointer based can cause problems for the be gin ner. There is no over head in

space or time in us ing an <ar ray> com pared to us ing the plain C style ar ray.;

· the plain old C style ar ray, based on point ers;

· the <valarray> class that was introduced in the first C++ stan dard in 1997. This

is now con sid ered a dep re cated part of the C++ stan dard;

In this chap ter the ma jor ity of the ex am ples us ing the <ar ray> and <vec tor> classes. There
are two leg acy C style ar ray ex am ples at the end of the chap ter. Here are some of the at trib -
utes of the <ar ray> and <vec tor> classes:

· <ar ray> and <vec tor> con tainer classes both sup port fast ran dom ac cess to the

el e ments;

· the el e ments of the <ar ray> class are contiguous in mem ory;

· <ar ray> does not sup port el e ment in ser tion or re moval;

· <vec tor> sup ports fast el e ment in ser tion or re moval at the end;

· both classes have con sid er able funtionality built in, mak ing them easy to use;

We will have a look at a small num ber of ex am ples to il lus trate ba sic <ar ray> and <vec tor> 
us age.

6.1 <ar ray> ex am ples

6.1.1 Ex am ple 1 - <ar ray> and con ven tional for loop

#in clude <iostream>
#in clude <ar ray>

us ing namespace std;

int main()
{
  const int n=12;
  int month ;
  dou ble sum=0.0,av er age=0.0 ;
  ar ray<dou ble,n> rain fall = 
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    { 3.1 , 2.0 , 2.4 , 2.1 , 2.2 , 2.2 ,
      1.8 , 2.2 , 2.7 , 2.9 , 3.1 , 3.1 };

    for (month=0;month < n ; ++month)
    {
      cout << month << "  " << rain fall[month] << " \n " ;
      sum = sum + rain fall[month];
    }

    av er age = sum/n;
    cout << " Av er age is " << av er age;
  re turn(0);
}

The first thing of in ter est is the

const int n=12

dec la ra tion. This sets the size of the ar ray to be 12, and we have made the vari able n a con -
stant - it val ues can not be changed in the pro gram. We use the value of n sev eral times in
the pro gram. We de clare once and use many times. 

The next thing of in ter est is the ar ray dec la ra tion. 

ar ray<dou ble,n> rain fall

This de clares the ar ray rain fall to hold n el e ments of type dou ble.

We then initialise the ar ray in the pro gram.

= { 3.1 , 2.0 , 2.4 , 2.1 , 2.2 , 2.2 ,
    1.8 , 2.2 , 2.7 , 2.9 , 3.1 , 3.1 };

We use a comma sep a rated list of val ues be tween {}.

The sec ond thing of in ter est is the ar ray in dex ing. This goes from 0 through 11. A lit tle odd 
at first, but don’t panic. 

Most people are used to ar rays start ing at 1 – nat u rally, this is the first el e ment. Zero did n’t
ex ist in math e mat ics for quite some time. How ever BA SIC is a pro gram ming lan guage that
of fers ar rays start ing at 0 and 1 as an op tion in most im ple men ta tions. 

Lets look now at the for loop in C++. The gen eral syn tax is 

for (
initial state ment;
ex pres sion 1;
ex pres sion 2
)
  state ment

· The ini tial state ment nor mally sets up an ini tial value for the loop coun ter. In

this case month.

· Ex pres sion 1 is the loop con trol mech a nism. In this case we are in ter ested in

stop ping once we have pro cessed all 12 months.

· Ex pres sion 2 is nor mally the loop coun ter in cre ment mech a nism. In this case in -

cre ment by one.
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· state ment is the state ment that will be ex e cuted whilst ex pres sion 1 is true.

A sum ma tion

                        x
n

1å
is of ten writ ten in a pro gram ming lan guage as a loop over an ar ray. In C++ we start at zero, 
rather than 1, and end at –1, rather than n.

We will look in more de tail at the for state ment in a later chap ter. Here is some data taken
from the monthly rain fall fig ures for Lon don.

Month Month as integer Index Rain fall value

January 1 0 3.1

February 2 1 2.0

March 3 2 2.4

April 4 3 2.1

May 5 4 2.2

June 6 5 2.2

July 7 6 1.8

August 8 7 2.2

September 9 8 2.7

October 10 9 2.9

November 11 10 3.1

December 12 11 3.1

The mea sure ments are in inches.

6.1.2 Ex am ple 2 - <ar ray> and range based for loop

C++11 in tro duced a range based for loop con struct. Here is a ver sion of the above pro gram
that uses this state ment.

#in clude <iostream>
#in clude <ar ray>

us ing namespace std;

int main()
{
  const int n=12;
  dou ble sum=0.0,av er age=0.0 ;
  ar ray<dou ble,n> rain fall = 
    { 3.1 , 2.0 , 2.4 , 2.1 , 2.2 , 2.2 ,
      1.8 , 2.2 , 2.7 , 2.9 , 3.1 , 3.1 };
  int month ;
  for (dou ble x : rain fall)
  {
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    sum = sum + x;
  }
  av er age = sum/n;
  cout << " Sum     = " << sum     << endl; 
  cout << " Av er age = " << av er age << endl;
 re turn(0);
}

It has the fol low ing syn tax

for ( dec la ra tion : col lec tion ) { state ment }

We will see this syn tax in some of the ex am ples.

6.2 <vec tor> ex am ples

In this sec tion we re write the above two ex am ples to use <vec tor>. The syn tax for the
<vec tor> ex am ples is very sim i lar to the syn tax us ing the <ar ray> class.

6.2.1 Ex am ple 3 - <vec tor> and con ven tional for loop

Here is the pro gram.

#in clude <iostream>
#in clude <vec tor>

us ing namespace std;

int main()
{
  const int n=12;
  int month ;
  dou ble sum=0.0,av er age=0.0 ;
  vec tor<dou ble> rain fall(n) ;
  rain fall = { 3.1 , 2.0 , 2.4 , 2.1 , 2.2 , 2.2 ,
             1.8 , 2.2 , 2.7 , 2.9 , 3.1 , 3.1 };

  for (month=0;month < n ; ++month)
  {
    cout << month << "  " << rain fall[month] << " \n " ;
    sum = sum + rain fall[month];
  }

  av er age = sum/n;
  cout << " Sum    = " << sum     << endl;
  cout << " Av er age = " << av er age << endl;
  re turn(0);
}

6.2.2 Ex am ple 4 - <vec tor> and range based for loop

Here is the pro gram.

#in clude <iostream>
#in clude <vec tor>
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us ing namespace std;

int main()
{
  const int n=12;
  int month ;
  dou ble sum=0.0,av er age=0.0 ;
  vec tor<dou ble> rain fall(n) ;
  rain fall = { 3.1 , 2.0 , 2.4 , 2.1 , 2.2 , 2.2 ,
               1.8 , 2.2 , 2.7 , 2.9 , 3.1 , 3.1 };

  for (dou ble x : rain fall)
  {
    sum = sum + x;
  }

  av er age = sum/n;
  cout << " Sum     = " << sum     << endl; 
  cout << " Av er age = " << av er age << endl;

  re turn(0);
}

6.3 Higher di men sion arrays

In this sec tion we look at some 2 d ex am ples us ing <ar ray> and <vec tor>.

6.3.1 Ex am ple 5 - 2 d us ing <ar ray>

#in clude <iostream>
#in clude <ar ray>

us ing namespace std;
int main()
{
  constexpr int nrows=2;
  constexpr int ncols=3;

  int n,r;
  int a[nrows][ncols] = { { 1,2,3 } ,
                       { 4,5,6 } };

  ar ray< ar ray< int , ncols > , nrows > x;

  for (r=0;r<nrows;r++)
    for (int c=0;c<ncols;c++)
      x[r][c] = a[r][c] ;

  for (r=0;r<nrows;r++)
  {
    for (int c=0;c<ncols;c++)
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      cout << x[r][c] << " ";
    cout << endl;
  }

  re turn(0);
}

The first thing of in ter est is the dec la ra tion for a two d <ar ray>

  ar ray< ar ray< int , nrows > , ncols > x;

where we have an <ar ray> of <ar rays>.

We then need to pro vide for loops to loop over both the rows and col umns.

  for (r=0;r<nrows;r++)
    for (int c=0;c<ncols;c++)
      x[r][c] = a[r][c] ;

We can in clude mul ti ple state ments in the for loops by us ing {}.

  for (r=0;r<nrows;r++)
  {
    for (int c=0;c<ncols;c++)
      cout << x[r][c] << " ";
    cout << endl;
  }

6.3.2 Ex am ple 6 - 2 d us ing <vec tor>

Here is the vec tor im ple men ta tion.

#in clude <iostream>
#in clude <vec tor>

us ing namespace std;

int main()
{
  constexpr int nrows=2;
  constexpr int ncols=3;

  int n,r;
  int a[nrows][ncols]=   { { 1,2,3 } ,
                       { 4,5,6 } };

  vec tor< vec tor<int> >  x( nrows , vec tor <int > (ncols) );

  for (r=0;r<nrows;r++)
    for (int c=0;c<ncols;c++)
      x[r][c] = a[r][c] ;

  for (r=0;r<nrows;r++)
  {
    for (int c=0;c<ncols;c++)
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      cout << x[r][c] << " ";
    cout << endl;
  }

  re turn(0);
}

The syn tax for the dec la ra tion for a two d vec tor is

  vec tor< vec tor<int> >  x( nrows , vec tor <int > (ncols) );

The loop con structs are the same as in the pre vi ous ex am ples.

6.4 Spec i fy ing the ar ray size at run time - dy namic al lo ca tion.

With the <ar ray> class the size must be spec i fied at com pile time. This is some times called
static al lo ca tion.

With the <vec tor> class we can spec ify the size at run time. Here are some ex am ples that
il lus trate this.

6.4.1 Ex am ple 7 - 1 d dy namic <vec tor> al lo ca tion

Here is the pro gram source.

#in clude <iostream>
#in clude <vec tor>

us ing namespace std;

int main()
{

  int n;
  int i;

  dou ble sum=0.0,av er age=0.0 ;

  cout << " Type in a value for n" << endl;
  cin >> n;

  vec tor<dou ble> x(n);

  for(i=0;i<n;i++)
  {
    x[i]=1.0;
    sum+=x[i];
  }

  av er age=sum/n;

  cout << " Sum     = " << sum<< endl;
  cout << " Av er age = " << av er age << endl;
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  re turn(0);
}

6.4.2 Ex am ple 8 - 2 d dy namic <vec tor> al lo ca tion

Here is the pro gram source.

#in clude <iostream>
#in clude <vec tor>

us ing namespace std;

int main()
{

  int nr;
  int nc;

  int r;
  int c;

  cout << " Type in the num ber of rows " << endl;
  cin >> nr;

  cout << " Type in the num ber of col umns " << endl;
  cin >> nc;

  vec tor< vec tor<int> >  x( nr , vec tor <int > (nc) );

  for(r=0;r<nr;r++)
  {
    cout << " Row = " << r << " : ";
    for(c=0;c<nc;c++)
    {
      x[r][c]=r+c;
      cout << x[r][c] << " ";
    }
    cout << endl;
  }
        
  re turn(0);
}

6.4.3 Ex am ple 9 - Lower di ag o nal matrix

Here is the pro gram source.

#in clude <iostream>
#in clude <vec tor>
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us ing namespace std;

int main()
{

  const int nrows=4;

  vec tor< vec tor <int> > v( nrows );

  int i,j;

  for (i=0;i<nrows;i++)
  {
    v[i]=vec tor< int > (i,0);
  }

  for (i=0;i<nrows;i++)
  {
    cout << " Row = " << i << " : " ;
    for (j=0;j<v[i].size();j++)
    {
      cout << v[i][j]  << " ";
    }
    cout << endl;
  }

  re turn(0);
}

Here is some out put.

C:\doc u ment\cpp\ex am ples>ch0609
 Row = 0 :
 Row = 1 : 0
 Row = 2 : 0 0
 Row = 3 : 0 0 0

6.4.4 Ex am ple 10 - Rag ged 2 d array

Here is the pro gram source.

#in clude <iostream>
#in clude <vec tor>
us ing namespace std;
int main()
{
  int nrows;
  int ncols;
  cout << " How many rows ?" << endl;
  cin >> nrows;
  vec tor< vec tor <int> > v(nrows);
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  int i,j;
  for (i=0;i<nrows;i++)
  {
    cout << " How many col umns in row " << i << endl;
    cin >> ncols ;
    v[i]=vec tor< int > (ncols,i);
  }
  for (i=0;i<nrows;i++)
  {
    cout << " Row " << i << " ";
    for (j=0;j<v[i].size();j++)
    {
      cout << v[i][j]  << " ";
    }
    cout << endl;
  }
  re turn(0);
}

Note that the num ber of col umns may be zero. Here is some sam ple out put.

 How many rows ?
6
 How many col umns in row 0
0
 How many col umns in row 1
1
 How many col umns in row 2
0
 How many col umns in row 3
3
 How many col umns in row 4
4
 How many col umns in row 5
1
 Row 0
 Row 1 1
 Row 2
 Row 3 3 3 3
 Row 4 4 4 4 4
 Row 5 5

6.5 Leg acy C style ar rays

Here are a small num ber of examples that use C style ar rays. Start ing writ ing code to day
we would chose the <ar ray> or <vector>classes. If you have to work with ex ist ing C and
C++ code you will prob a bly en coun ter this style of ar ray.

6.5.1 Ex am ple 11 - 1 d ar rays

#in clude <iostream>
us ing namespace std;
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int main()
{
  const int n = 12;
  int month;
  dou ble sum = 0.0, av er age = 0.0;
  dou ble rain fall[n] =
  { 3.1 , 2.0 , 2.4 , 2.1 , 2.2 , 2.2 ,
    1.8 , 2.2 , 2.7 , 2.9 , 3.1 , 3.1 };
  for (month = 0; month < n; ++month)
  {
    cout << month << "  " << rain fall[month] << " \n ";
    sum = sum + rain fall[month];
  }
  av er age = sum / n;
  cout << " Av er age is " << av er age;
  re turn(0);
}

6.5.2 Ex am ple 12 - 2 d ar rays

#in clude <iostream>
us ing namespace std;
int main()
{
  constexpr int nrows = 2;
  constexpr int ncols = 3;
  int a[nrows][ncols] = { { 1,2,3 },
                        { 4,5,6 } };
  for (int row = 0; row < nrows; row++)
  {
    for (int col umn = 0; col umn < ncols; col umn++)
      cout << a[row][col umn] << " ";
    cout << endl;
  }
  re turn(0);
}

6.6 Whole Ar ray Ma nip u la tion

The <ar ray> and <vec tor> classes pro vide whole ar ray ma nip u la tion. 

6.7 Ar ray El e ment Or der ing in C++

Ar rays are or dered by row in C++, un like For tran which or ders by col umn. Mixed lan guage 
pro gram ming re quires care there fore.

6.8 Sum mary

Mod ern C++ sup ports four types of ar rays

· C style ar rays, which are pointer based;

· <vec tors> which were in tro duced in the first C++ stan dard;

· <valarray> which was in tro duced in the first C++ stan dard;
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· <ar ray> which was in tro duced in TR 1 and be came part of stan dard C++ in

C++11

All but <valarray> (which was dep re cated in the C++ 14 stan dard) have their uses, it de -
pends on your ap pli ca tion.

6.9 Prob lems

1. Mod ify one of the rain fall ex am ples in this chap ter as shown be low.

  for (month=0;month < 20 ; ++month)
  {
    cout << month << "  " << rain fall[month] << " \n" ;
    sum = sum + rain fall[month];
  }

The key is sue with the changes is that we are ac cess ing mem ory out side of that al lo cated
for the ar ray. Do you get any er ror mes sages when run ning the pro gram?

Did the pro gram ac tu ally run to com ple tion? Here is sone sam ple out put.

C:\doc u ment\cpp\notes\ex am ples>c0605p
0  3.1
1  2
2  2.4
3  2.1
4  2.2
5  2.2
6  1.8
7  2.2
8  2.7
9  2.9
10  3.1
11  3.1
12  1.3341e-306
13  2.12781e-314
14  1.19012e-305
15  3.27644e-258
16  2.78984e-305
17  1.05632e-314
18  2.78984e-305
19  3.56099e-317
 Sum     = 29.8
 Av er age = 2.48333

What er ror op tions are there dur ing com pi la tion? 

2. Mod ify the rain fall pro gram (which as sumes that the mea sure ment is in inches) to con -
vert the val ues to centi metres. One inch equals 2.54 centi metres. Print out the two sets of
val ues as a ta ble.

Hint: Use a sec ond ar ray to hold the met ric mea sure ments.

3. In an ear lier chap ter we used the fol low ing for mula to cal cu late the pe riod of a pen du -
lum:
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T=2*p*sqrt(LENGTH/9.81)

Write a pro gram that uses a loop to make the length go from 1 to 10 metres in 1 metre in -
cre ments.

Pro duce a ta ble with 2 col umns, the first of lengths and the sec ond of pe ri ods.

4. The fol low ing are cor rected tem per a ture con ver sion equa tions taken from the ear lier
chap ter on arith me tic.

                        cen ti grade = 5.0/9*(fahr en heit-32)
                        fahr en heit = 32 + 9.0/5* cen ti grade
Use these equa tions as the ba sis of a pro gram to pro duce a ta ble sim i lar to the one be low. 

Cel sius T Fahr en heit
 -45.56 -50 -58.00
 -45.00 -49 -56.20
 -44.44 -48 -54.40
 -43.89 -47 -52.60
 -43.33 -46 -50.80
 -42.78 -45 -49.00
 -42.22 -44 -47.20
 -41.67 -43 -45.40
 -41.11 -42 -43.60
 -40.56 -41 -41.80
 -40.00 -40 -40.00
 -39.44 -39 -38.20
 -38.89 -38 -36.40
 -38.33 -37 -34.60
 -37.78 -36 -32.80
 -37.22 -35 -31.00
 -36.67 -34 -29.20
 -36.11 -33 -27.40
 -35.56 -32 -25.60
 -35.00 -31 -23.80
 -34.44 -30 -22.00

This en ables the mid dle col umn to be treated as ei ther Cel sius or Fahr en heit and the cor re -
spond ing tem per a ture read off eas ily.

Make the for loop for T go from -50 to +250. Use the fol low ing mod i fied equa tions in your 
pro gram.

                        cen ti grade = 5.0/9*(t-32)
                        fahr en heit = 32 + 9.0/5* t
Key tem per a tures are -40, 0, 32, 100 and 212.

Ver ify that your pro gram is cor rect by check ing the data at these points.

5. Write a pro gram to ei ther read the fol low ing data val ues into a 3*3 ar ray or as sign us ing
a con struc tor.

            1          2          3

            4          5          6

            7          8          9
Pro duce to tals for each row and col umn. The out put should be
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            1          2          3          6

            4          5          6          15

            7          8          9          24

            12        15        18
There are a va ri ety of ways of set ting up the vari ables to do this.

· One would to use 3 vari ables for the row sums, say r1,r2,r2, and an other 3 vari -

ables for the col umn sums, say c1,c2,c3.

· A sec ond would be to use 2 one di men sional ar rays rsum[3], csum[3]

There are a va ri ety of ways of ac tu ally sum ming also. 

· Hard code r1 as the sum of three ar ray ref er ences for the first row

· us ing loops for r over the ar ray x for the first row

For small scale prob lems you can get away with the hard coded ap proach. It does not scale
very well though!
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7 Text in C++: Strings
This chap ter looks at text han dling in C++ us ing <string>. There are quite a lot of string
meth ods. We will only look at a small sub set. One of the ap pen di ces has a com plete list of
the C++ string func tions.

7.1 Ex am ple 1 - Hello world

Here is the source code. 

#in clude <iostream>
#in clude <string>

us ing namespace std;

int main()
{
  string s = "Hello world";
  cout << s << endl;
  re turn(0);

}

In this ex am ple we de clare the vari able s to be of type string and give it an ini tial value. We 
then print the string out.

7.2 Ex am ple 2 - String constructors

Here is the source. This ex am ple il lus trates sev eral ways to in itial ise string vari ables.

#in clude <iostream>
#in clude <string>

us ing namespace std;

int main()
{
  string s1="Hello world";
  string s2("Hello world");
  string s3=s1;
  string s4(s2);
  cout << s1 << endl;
  cout << s2 << endl;
  cout << s3 << endl;
  cout << s4 << endl;
  re turn(0);
}

7.3 Ex am ple 3 - String comparison

Here is the source code. We look at com par ing strings.



#in clude <iostream>
#in clude <string>

us ing namespace std;

int main()
{
  string s1="Hello world";
  string s2("Hello world");
  string s3=s1;
  string s4(s2);
  if (s1==s2) 
    cout << "s1==s2" << endl;
  if (s1==s3) 
    cout << "s1==s3" << endl;
  if (s1==s4) 
    cout << "s1==s4" << endl;
  re turn(0);
}

Run the pro gram and look at the out put.

7.4 Ex am ple 4 - String length, size, capacity and max_size methods

Here is the source. The out put of this pro gram will vary with the com piler used. 

#in clude <iostream>
#in clude <string>

us ing namespace std;

int main()
{
  string s="Hello world";
  cout << " length    " << s.length() << endl;
  cout << " size      " << s.size() << endl;
  cout << " ca pac ity  " << s.ca pac ity() << endl;
  cout << " max_size  " << s.max_size() << endl;
  re turn(0);
}

Run the pro gram and look at the out put with your com piler(s).

7.5 Ex am ple 5 - String concatenation

Here is the source.

#in clude <iostream>
#in clude <string>

us ing namespace std;

int main()
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{

  string s1 = "A sim ple line of text.";
  string s2 = "Flann O'Brien: At-Swim-Two-Birds.";
  string s3 = "Queens Park Rang ers (QPR) FC. ";
  string s4 = s1 + " " + s2 + "\n" + s3;

  cout << s4 << endl;

  re turn(0);

}

The + is the string con cat e na tion op er a tor.

7.6 Ex am ple 6 - The find method

Here is the source. In this ex am ple we use the find method and look for blanks in the text.

#in clude <iostream>
#in clude <string>

us ing namespace std;

int main()
{

  string s1 = "A sim ple line of text.";
  string s2 = "Flann O'Brien: At-Swim-Two-Birds.";
  string s3 = "Queens Park Rang ers (QPR) FC. ";
  string s4 = s1 + " " + s2 + "\n" + s3;

  cout << s4 << endl;

  int start=0;
  int po si tion=0;
  cout << " Spaces found at " ;
  for (;;)
  {
    po si tion=s4.find(" ",start);
    if (po si tion <0) break;
    cout << po si tion << " ";
    start=po si tion+1;
  }
  cout << endl;  

  re turn(0);

}

Run the pro gram and ex am ine the out put.
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7.7 Ex am ple 7 - getline and substr methods

Here is the source.

#in clude <iostream>
#in clude <string>
#in clude <vec tor>

us ing namespace std;

int main() 
 {

  const int n=10;
  int i;

  vec tor<dou ble> heights(n);
  vec tor<dou ble> weights(n);

  string h,w; 

  string line;

  for (i=0;i<n;i++)
  {
    getline(cin,line);
    heights[i]=stod(line.substr( 2,4));
    weights[i]=stod(line.substr( 9,2));
  }

  cout << (" Heights and weights were") << endl;;
  for (i=0;i<n;i++)
  {
    cout << heights[i] << " " <<  weights[i] << endl;;
  }

  re turn 0;
}

Here is the text file we are try ing to read.

  1.85   85
  1.80   76
  1.85   85
  1.70   90
  1.75   69
  1.67   83
  1.55   64
  1.63   57
  1.79   65
  1.78   76
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01234567890

We have added an ex tra line to in di cate the col umn po si tions of the data. 

In this ex am ple we use the fol low ing parts of C++

· the getline method to read the whole line of text

· the substr method to ac cess the data on the line

· the stod method to con vert the string to dou ble data type

and read ing data from fixed po si tions in files is a com mon re quire ment in pro gram ming.

7.8 Ex am ple 8 - The ASCII char ac ter set

Here is the source.

#in clude <iostream>
#in clude <string>

us ing namespace std;

int main()
{
  int i;
  char c1;
  char c2;
  char c3;
  for (i=32;i<64;i++)
  {
    c1=(char)i;
    c2=(char)(i+32);
    c3=(char)(i+64);
    cout.width(6);cout << i  << " ";
    cout.width(2);cout << c1 << " ";
    cout.width(6);cout << (i+32) << " ";
    cout.width(2);cout << c2 << " ";
    cout.width(6);cout << (i+64) << " ";
    cout.width(2);cout << c3 << endl;
  }
  re turn(0);
}

Run the pro gram and ex am ine the out put. The ASCII char ac ter set is the most widely used
char ac ter set in com put ing and pro gram ming.

7.9 Ex am ple 9 - Find ing punctuation

Here is the source.

#in clude <iostream>
#in clude <string>

us ing namespace std;
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int main()
{

  string s1 = "A sim ple line of text.";
  string s2 = "Flann O'Brien: At-Swim-Two-Birds.";
  string s3 = "Queens Park Rang ers (QPR) FC. ";
  string s4 = s1 + " " + s2 + "\n" + s3;

  cout << s4 << endl;

  int l=s4.length();
  int i;
  cout << " Punc tu a tion found at " ;
  for (i=0;i<l;i++)
  {
    if ( ispunct(s4[i]) ) 
      cout << i << " ";
  }
  cout << endl;  

  re turn(0);

}

This pro gram uses the ispunct method to lo cate punc tu a tion in text.

7.10 Prob lems

1. The fol low ing pro gram

#in clude <iostream>
#in clude <string>
us ing namespace std;
int main()
{

  int i=33;
  int l;
  int nl=5;
  int nc;

  char c1;
  
  for(l=1;l<=nl;l++)
  {
    for (nc=1;nc<=20;nc++)
    {
      c1=(char)i;
      cout << c1;
      i++;
      if (i>126) break; 
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    }
    cout << endl;
  }
  re turn(0);
}

gen er ates the fol low ing out put.

!"#$%&'()*+,-./01234
56789:;<=>?@ABCDEFGH
IJKLMNOPQRSTUVWXYZ[\
]^_`abcdefghijklmnop
qrstuvwxyz{|}~

2. Us ing this pro gram as a start ing point mod ify it to gen er ate the following out put.

!
"#
$%&
'()*
+,-./
012345
6789:;<
=>?@ABCD
EFGHIJKLM
NOPQRSTUVW
XYZ[\]^_`ab
cdefghijklmn
opqrstuvwxyz{
|}~

3. Use the pro gram from prob lem 1 or prob lem 2 and mod ify it to gen er ate the following
out put.

          !
         "#$
        %&'()
       *+,-./0
      123456789
     :;<=>?@ABCD
    EFGHIJKLMNOPQ
   RSTUVWXYZ[\]^_`
  abcdefghijklmnopq
 rstuvwxyz{|}~

4. Break the fol low ing string into phrases:

The im por tant is sue about a lan guage, is not so
much what fea tures the lan guage pos sesses, but 
the fea tures it does pos sess, are suf fi cient, to 
sup port the de sired pro gram ming styles, in the
de sired ap pli ca tion ar eas.
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A phrase is de lim ited by a ‘,’ or a ‘.’

Out put:

The im por tant is sue about a lan guage
is not so much what fea tures the lan guage pos sesses
but the fea tures it does pos sess
are suf fi cient
to sup port the de sired pro gram ming styles
in the de sired ap pli ca tion ar eas

5. Mod ify the pre vi ous ex am ple to pro duce the fol low ing out put.

The im por tant is sue about a lan guage, is not so much what
fea tures the lan guage pos sesses, but the fea tures it does
pos sess, are suf fi cient, to sup port the de sired pro gram ming
styles, in the de sired ap pli ca tion ar eas.
217
The
im por tant
is sue
about
a
lan guage

is
not
so
much
what
fea tures
the
lan guage
pos sesses

but
the
fea tures
it
does
pos sess

are
suf fi cient

to
sup port
the
de sired
pro gram ming
styles
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in
the
de sired
ap pli ca tion
ar eas

6. Mod ify the pre vi ous ex am ple to pro duce the fol low ing out put.

The im por tant is sue about a lan guage, is not so much what
fea tures the lan guage pos sesses, but the fea tures it does
pos sess, are suf fi cient, to sup port the de sired pro gram ming
styles, in the de sired ap pli ca tion ar eas.
217
The 3
im por tant 9
is sue 5
about 5
a 1
lan guage 8
 0
is 2
not 3
so 2
much 4
what 4
fea tures 8
the 3
lan guage 8
pos sesses 9
 0
but 3
the 3
fea tures 8
it 2
does 4
pos sess 7
 0
are 3
suf fi cient 10
 0
to 2
sup port 7
the 3
de sired 7
pro gram ming 11
styles 6
 0
in 2
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the 3
de sired 7
ap pli ca tion 11
ar eas 5

i.e the words and their lengths.

7. Mod ify the pre vi ous ex am ple to pro duce the fol low ing out put.

Out put:

The im por tant is sue about a lan guage, is not so much what
fea tures the lan guage pos sesses, but the fea tures it does
pos sess, are suf fi cient, to sup port the de sired pro gram ming
styles, in the de sired ap pli ca tion ar eas.
217
0       5
1  a 1
2  is so it to in 5
3  The not the but the are the the 8
4  much what does 3
5  is sue about ar eas 3
6  styles 1
7  pos sess sup port de sired de sired 4
8  lan guage fea tures lan guage fea tures 4
9  im por tant pos sesses 2
10  suf fi cient 1
11  pro gram ming ap pli ca tion 2

7.10.1 Sum mary

It should be ob vi ous that the new C++ style strings of fer sub stan tial ad van tages over the old 
C style strings, and some rec om men da tions about us age in clude:–

· we can pass and re turn strings by value and let the sys tem man age mem ory

· we can use subscripting when we want range check ing – cov ered in the chap ter

on ar rays and vec tors;

· we can then catch ex cep tions – cov ered in more depth later;

· we can use iterators when we want speed – cov ered in the chap ter on the stan -

dard tem plate li brary;

Most of the older texts on C++ will use the old C style strings.
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8 Text in C++: Ar rays of char
This chap ter looks at text han dling in C++ us ing both C style ar rays of char and C++
<string>. We will only cover a small set of the func tion al ity avail able with <string>. We
will look into strings in more de tail when we look at the Stan dard Tem plate Li brary.

8.1 Char ac ter Data or Strings

Se quences of char ac ters or strings can be rep re sented in C++ in two ways. The first, old C
style, uses an ar ray of char ac ters ter mi nated with a null char ac ter. The sec ond treats strings
as ob jects.

8.1.1 C Style strings

8.1.1.1 Ex am ple 1 - sim ple char ac ter arrays

Note the val ues of the lengths of the two char ac ter ar rays when this pro gram is com piled
and ex e cuted. The an swer of 27 is not one that most peo ple would ex pect. Note also the
last char ac ter printed out in the loops.

#in clude <iostream>
us ing namespace std;
int main()
{
char up per case[]="ABCDEFGHIJKLMNOPQRSTUVWXYZ";
char low er case[]="abcdefghijklmnopqrstuvwxyz";
char ch;
int i;
int ic;
int usize=sizeof(up per case)/sizeof(char);
int lsize=sizeof(low er case)/sizeof(char);
  cout << " up per case ar ray size is " << usize << endl;
  cout << " lower case ar ray size is " << lsize << endl;
  for (i=0;i < usize-1 ; i++)
  {
    ch=up per case[i];
    ic=int(ch);
    cout << ch << " = " << dec << ic
             << " = 0" << oct << ic
             << " = 0x" << hex << ic << endl;
  }
  cout << endl;
  for (i=0 ;i < lsize-1 ;i++)
  {
    ch=low er case[i];
    ic=int(ch);
    cout << ch << " = " << dec << ic
              << " = 0" << oct << ic
              << " = 0x" << hex << ic << endl;
  }
  re turn(0);
}
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Note here the use of dec, oct and hex to write out in te ger val ues in dec i mal, oc tal or hex a -
dec i mal for mat.

We will not look at this way of do ing things in more depth un til we have cov ered point ers.

8.1.1.2 Ex am ple 2 - us ing strcpy and strcat

The fol low ing is an other ex am ple of C style string us age.

#in clude <iostream>
#in clude <string>
#in clude <cstring>
us ing namespace std;

int main()
{
char line[80];
  strcpy(line,"Ian");
  strcat(line," Da vid");
  strcat(line," Chivers");
  cout << line;
  re turn(0);
}

strcpy cop ies a string from the sec ond ar gu ment to the first. Not quite what some peo ple ex -
pect!

strcat con cat e nates the sec ond string to the first, tak ing care of the \0 ter mi na tor.

8.1.1.3 Ex am ple 3 - the first 128 characters

The fol low ing ex am ple prints the first 128 char ac ters. The pro gram is given be low.

#in clude <iostream>
us ing namespace std;
int main()
{
  char c;
  for (int i=0;i<128;++i)
  {
    c=char(i);
    cout << i << " " << c << endl;
  }
  re turn(0);
}

We con vert from an in te ger value to the cor re spond ing char ac ter with the state ment

  c = char(i)

What ac tu ally prints? Does the pro gram cause a noise to be made?

The fol low ing are some of the old C style string func tions.

8.1.1.4 strcpy(s1,s2)

Copy string s2 to string s1.

8.1.1.5 strcat(s1,s2)

Join string s2 to string s2.
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8.1.1.6 strcmp(s1,s2)

Com pare strings s1 and s2.

8.1.1.7 strlen(s)

Re turn the length of string s.

8.1.1.8 strchr(s,c)

Lo cate char ac ter c in string s.

What we have in the above is a syn tax that binds to gether data and an op er a tion. strcpy,
strcat, strcmp, strlen and strchr are the op er a tions or ac tions we want car ried out, and the
ar gu ments are the data. This is a syn tax that you should be fa mil iar with from your ex pe ri -
ence of func tions, pro ce dures or sub rou tines in For tran, Pascal etc.

8.1.1.9 Ex am ple 4 - us ing <cctype> toupper

Con sider the fol low ing pro gram.

#in clude <iostream>
#in clude <cctype>
us ing namespace std;

int main()
{
  char line[]="This is a line of text";
  char* ptr=line;
  while (*ptr)
  {
    *ptr=toupper(*ptr);
    ptr++;
  }
  cout << line << endl;
  re turn(0);
}

Here is the out put.

THIS IS A LINE OF TEXT

Here is a list of the func tions in <cctype> which pro vide some use ful text ma nip u la tion rou -
tines.

int isalnum(c) true if c is a let ter or digit. 

int isalpha(c) true if c is a let ter. 

int isblank(c) true if c is a blank or tab. 

int isdigit(c) true if c is a digit. 

int islower(c) true if c is a low er case let ter. 

int isupper(c) true if c is an up per case let ter. 

int isspace(c) true if c is whitespace char ac ter (space, tab, ver ti cal tab, form -

feed, car riage re turn, or newline). 

int tolower(c) re turns low er case ver sion of c if there is one, oth er wise it re -

turns the char ac ter un changed. 

int toupper(c)
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re turns up per case ver sion of c if there is one, oth er wise it re -

turns the char ac ter un changed. 

The pro gram also shows the cor re spon dence in C++ be tween point ers and ar rays, in this
case ar rays of char. We will look at point ers and point ers and ar rays in more depth in later
chap ters.

8.1.1.10 Ex am ple 5 - us ing strlen

The fol low ing pro gram uses the strlen func tion.

#in clude <iostream>
#in clude <cstring>
us ing namespace std;

int main()
{
  char t[]="This is some text";
  cout << strlen(t) << endl;
  re turn(0);
} 

What do you think the fol low ing pro gram does?

#in clude <iostream>
us ing namespace std;

int l(const char * s)
{

int l=0;
while(*s++)l++;
re turn(l);

}

int main()
{
  char t[]="This is some text";
  cout << l(t) << endl;
  re turn(0);
}  

We have not cov ered point ers or func tions yet, but this pro gram does il lus trate some of the
things that you can do in C++ us ing old C++ style strings!

Bear ing the above in mind what do you think the fol low ing pro gram does?

#in clude <iostream>
us ing namespace std;

int l(const char * s)
{

int l=0;
  while(*s)
  { 
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    if ( *s== ' ' ) l++;
    s++;
  }

re turn(l);
}

int main()
{
  char t[]="This is some text";
  cout << l(t) << endl;
  re turn(0);
}

Quite sur pris ing what you can do with point ers and ar rays of char in C++!

The next chap ter looks at strings in C++.

8.2 Prob lems

1. Type in the ex am ple one and look at the dec i mal, oc tal and hex a dec i mal out put. Is this
what you would have ex pected? Is this con sis tent with the ASCII char ac ter set?

2. Type in and run the sec ond ex am ple us ing strings. Use you own name. 
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3. Here is some sam ple out put from run ning ex am ple 3 and ar ranged in 4 col umn mode

to re duce the page count. Does yours match?

4. Con struct a string s1 "pro gram ming is fun ", and s2 "and is re ward ing."

Find the length of s1 (len1).

Find the length of s2 (len2).

Con cat e nate s1 and s2 and copy the re sult into s3.

Find the length of s3 (len3).

Out put char ac ter 10 in s3.

Change char ac ter 0 of s3 to P.

Copy the last len2 char ac ters in s3 to s4.

Now check that s4 and s2 are iden ti cal.
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0
1 ?
2 ?
3 ?
4 ?
5 ?
6 ?
7
8
9
10

11 ?
12 ?
13
14 ?
15
16 ?
17 ?
18 ?
19 ?
20 ¶
21 §
22 ?
23 ?
24 ?
25 ?
26 ?
27 28 ?
29 ?
30 ?
31 ?

32
33 !
34 "
35 #
36 $
37 %
38 &
39 '
40 (
41 )
42 *
43 +
44 ,
45 -
46 .
47 /
48 0
49 1
50 2
51 3
52 4
53 5
54 6
55 7
56 8
57 9
58 :
59 ;
60 <
61 =
62 >
63 ?

64 @
65 A
66 B
67 C
68 D
69 E
70 F
71 G
72 H
73 I
74 J
75 K
76 L
77 M
78 N
79 O
80 P
81 Q
82 R
83 S
84 T
85 U
86 V
87 W
88 X
89 Y
90 Z
91 [
92 \
93 ]
94 ^
95 _

96 `
97 a
98 b
99 c
100 d
101 e
102 f
103 g
104 h
105 i
106 j
107 k
108 l
109 m
110 n
111 o
112 p
113 q
114 r
115 s
116 t
117 u
118 v
119 w
120 x
121 y
122 z
123 {
124 |
125 }
126 ~
127 ¦



Sum ma ris ing: as a slow-witted hu man be ing I have a very small head and I had better learn 
to live with it and to re spect my lim i ta tions and give them full credit, rather than try to ig -
nore them, for the lat ter vain ef fort will be pun ished by fail ure.

Edsger W. Dijkstra, Struc tured Pro gram ming.

9 Control Structures
There are a rea son able range of con trol struc tures in C++. We need to re view a num ber of
other con cepts be fore look ing at them in depth.

9.1 Com pound State ment or Block

A com pound state ment or block of state ments is a se quence of state ments en closed in {}. A 
com pound state ment is treated as a sin gle item and may ap pear any where that a sin gle
state ment may oc cur.

9.2 Ex pres sion

An ex pres sion is made up of one or more op er a tions. They in turn are a mix ture of
operands and op er a tors. The eval u a tion of an ex pres sion typ i cally means that one or more
op er a tions are car ried out and a value is re turned.

9.3 Boolean

Re mem ber that within stan dard C++ boolean ex ists as a built in type and when we look at
cast ing to an in te ger 0 is re garded as false and 1 is re garded as true. Non zero val ues are
also re garded as true through back wards com pat i bil ity with C.

9.4 if (ex pres sion) state ment and if (ex pres sion) state ment; else state -
ment;

There are 3 main vari a tions on the if state ment, and they are

· if (log i cal ex pres sion) state ment;

· if (log i cal ex pres sion) state ment else state ment

· if (log i cal ex pres sion) state ment else if (log i cal ex pres sion) state ment;

The fol low ing ex am ple il lus trate all three.

9.4.1 Ex am ple 1 - solv ing the roots of a qua dratic equa tion

Here is the source.

#in clude <iostream>
#in clude <cmath>

us ing namespace std;

int main()
{
  int a;
  int b;
  int c;
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  dou ble x1;
  dou ble x2;

  dou ble term;
  dou ble a2;

  cout << " Type in the co ef fi cients a, b and c" << endl;
  cin >> a >> b >> c;
  
  term = b * b - 4.0 * a * c;
  a2 = a * 2;

  if ( term < 0.0 )
  {
    cout << " Roots are com plex. " << endl;
    cout << " Cal cu la tion aban doned" << endl;
  }
  else if ( term > 0.0 ) 
  {
    term = sqrt(term);
    x1 = ( -b + term ) / a2;
    x2 = ( -b - term ) / a2;
    cout << " Roots are " << x1 << " " << x2 << endl;
  }
  else
  {
    x1=-b/a2;
    cout << " Roots are coincedent at " << x1 << endl;
  }
  re turn(0);
}

In this ex am ple we have the

#in clude <cmath>

state ment which makes avail able a small set of math e mat i cal func tions. In this ex am ple we
will be us ing the sqrt (square root) func tion.

This ex am ple uses

  if ( log i cal ex pres sion )
    state ment
  else if ( log i cal expression ) 
    state ment
  else
    state ment

and uses {} to turn a sin gle state ment into mul ti ple state ments.
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9.5 switch (ex pres sion) state ment

This is best il lus trated with a sim ple ex am ple.

9.5.1 Ex am ple 2 - sim ple switch

#in clude <iostream>
us ing namespace std;

int main()
{
int i;

cout << " Type in an in te ger value " ;
cin >> i;
cout << endl;
switch (i)
{case 1 : cout << " one en tered " << endl;

break;
case 2 : cout << " two en tered " << endl;
break;

case 3 : cout << " three en tered " << endl;
break;

de fault: cout << 
" num ber other than 1,2 or 3 en tered " << endl;
break;

}
// note no ter mi nat ing semi-co lon

re turn(0);
} 

Note the use of the break state ment to exit from the switch state ment, oth er wise ex e cu tion
sim ply drops through! 

Equiv a lent to the case state ment in other lan guages.

9.5.2 Ex am ple 3 - more com plex switch

Have a look at the ex am ple be low.

#in clude <iostream>
#in clude <string>
us ing namespace std;

int main()
{
  string line;
  
  line+="This is !$ some text";
  line+=" and this is a bit @more";
  line+=" here is some 12345 punc tu a tion .,;:";

  int ndigits=0;
  int nvowels=0;
  int nconsonants=0;
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  int npunctuation=0;
  int nthrerest=0;
  int nblank=0;

  int i;
  int l;
  char c;
  
  l=line.length();

  cout << l << " char ac ters in the line " << endl;

  for (i=0;i<l;i++)
  {
    c=line[i];

    switch(c)
    {
      case 'a' : case 'A' : case 'e' : case 'E' :
      case 'i' : case 'I' : case 'o' : case 'O' :
      case 'u' : case 'U' :
        nvowels++;
        break;
      case 'b' : case 'B' : case 'c' : case 'C' :
      case 'd' : case 'D' : case 'f' : case 'F' :
      case 'g' : case 'G' : case 'h' : case 'H' :
      case 'j' : case 'J' : case 'k' : case 'K' :
      case 'l' : case 'L' : case 'm' : case 'M' :
      case 'n' : case 'N' : case 'p' : case 'P' :
      case 'q' : case 'Q' : case 'r' : case 'R' :
      case 's' : case 'S' : case 't' : case 'T' :
      case 'v' : case 'V' : case 'w' : case 'W' :
      case 'x' : case 'X' : case 'y' : case 'Y' :
      case 'z' : case 'Z' :
        nconsonants++;
        break;
      case '0' : case '1' : case '2' : case '3' :
      case '4' : case '5' : case '6' : case '7' :
      case '8' : case '9' :
        ndigits++;
        break;
      case '.' : case ',' : case '!' : case '"' :
      case ':' : case ';' : case '(' : case ')' :
        npunctuation++;
        break;
      case ' ' :
        nblank++;
        break;
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      de fault :
        nthrerest++;
    }  // switch loop

  }    // for loop

  cout << " dig its "      << ndigits      << endl;
  cout << " vow els "      << nvowels      << endl;
  cout << " con so nants "  << nconsonants  << endl;
  cout << " punc tu a tion " << npunctuation << endl;
  cout << " blanks "      << nblank       << endl;
  cout << " the rest "    << nthrerest    << endl;

  re turn(0);

}  

This ex am ple il lus trates the syn tax for com bining the match ing case val ues. 

9.6 while (ex pres sion) state ment

Con ven tional while state ment, i.e. state ment may never be ex e cuted. This ex am ple high -
lights both the if else state ment and the while state ment. It is a di rect trans la tion of the For -
tran 90 ex am ple.

9.6.1 Ex am ple 4 - sim ple while loop

#in clude <iostream>
us ing namespace std;

int main()
{
int a[11];
int mark;
int end;
int i;

cin >> mark;
cin >> end;
for (i=0; i < end ; ++i)
cin >> a[i];

i=0;
a[end]=mark;
while (mark != a[i]) ++i;
if (i == end )
cout << " Item not in list " << endl;

else
cout << " Item at po si tion " << i << endl;

re turn(0);
}

We will look at the use of a sen ti nel in a later ex am ple.
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9.7 do state ment while (ex pres sion);

Equiv a lent to re peat un til state ment, i.e. the loop is al ways ex e cuted at least once as the test 
is at the end of the loop. This ex am ple is the ex func tion taken from the For tran 90 course.

9.7.1 Ex am ple 5 - sim ple do while

#in clude <iostream>
us ing namespace std;

int main()
{
float term,x,etox;
int nterm;
const float tol=1.0E-6;

etox=1.0;
term=1.0;
nterm=0;
cin >> x;
cout << endl;
do
{nterm+=1;
term = (x/nterm) * term;
etox+=term;

}
while (term > tol);
cout << " eotx = " << etox << endl;
re turn(0);

}

9.8 for (init-statement;ex pres sion 1; ex pres sion 2) state ment

Equiv a lent to the DO loop in For tran or FOR loop in the Pascal fam ily of lan guages. Note
that {} must be used when mul ti ple state ments need to be ex e cuted.

init-statement may be dec la ra tion or an ex pres sion. This en ables us to in tro duce for loop
con trol vari ables at the time we set up the for loop. Some peo ple love the abil ity to in tro -
duce vari ables in this way, oth ers hate it. It is the way it is.

The fol low ing high light this point–

for (int i=0;

De clare i and in itial ise to 0. 

for ( i=0;

i must have been de clared prior to this state ment.

ex pres sion 1 is the loop con trol mech a nism. As long as this is true the for state ment will be 
ex e cuted.

ex pres sion 2 is eval u ated af ter each loop and is gen er ally used to mod ify the for loop con -
trol vari able.

9.8.1 Ex am ple 6 - simple for loop

This com plete pro gram il lus trates the above.
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#in clude <iostream>
us ing namespace std;

int main()
{
 float x[10];
 int i;
 cout << " Type in 10 num bers \n";
 for ( i=0 ; i < 10 ; i++)
 cin >> x[i];
 cout << " Num bers were \n ";
 for ( i=0 ; i < 10 ; i++)
 cout << x[i] << " ";
 cout << endl;
 re turn(0);
}

9.8.2 Ex am ple 7 - an other for loop

#in clude <iostream>
us ing namespace std;

int main()
{
 for (;;)
 cout << " Hello world \n " ;
 re turn(0);
}

What hap pens here?

9.9 Ex am ple 8 - Range based for loop

We in tro duced an ex am ple of this in the ar ray chap ter. Here is the ex am ple again.

#in clude <iostream>
us ing namespace std;

int main()
{
  int x[]={1,2,3,4,5,6,7,8,9,10};

  for ( int i : x )
  {
    cout << i << endl;
  }
  re turn(0);
}

This form of the for loop will it er ate over all el e ments of the given range, ar ray or col lec -
tion. It is called a foreach loop in some pro gram ming lan guages.

Here is the out put from run ning the pro gram.
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1
2
3
4
5
6
7
8
9
10

9.10 Ex am ple 9 - sim ple vari ant

Here is a sim ple vari ant that scales each el e ment of the ar ray x by 10.

#in clude <iostream>
us ing namespace std;

int main()
{
  int x[]={1,2,3,4,5,6,7,8,9,10};

  for ( int i : x )
  {
    cout << i << "  ";
  }
 
  cout << endl;

  for (int& i :x)
    i=i*10;

  for ( int i : x )
  {
    cout << i << " ";
  }
  
  cout << endl;

  re turn(0);
}

The key state ment is

  for (int& i :x)

and we use the ref er ence op er a tor to en sure that we ac tu ally mod ify the el e ments of the ar -
ray.

Here is the out put.
C:\doc u ment\cpp\notes>for02

1  2  3  4  5  6  7  8  9  10
10 20 30 40 50 60 70 80 90 100
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9.11 Ex am ple 10 - sim ple vari ant

Here is vari ant that uses the auto type de duc tion mech a nism of C++. 

#in clude <iostream>
us ing namespace std;

int main()
{
  int x[]={1,2,3,4,5,6,7,8,9,10};

  for ( int i : x )
  {
    cout << i << "  ";
  }
 
  cout << endl;

  for ( auto& i :x)
    i=i*10;

  for ( int i : x )
  {
    cout << i << " ";
  }
  
  cout << endl;

  re turn(0);
}

The key state ment here is

  for ( auto& i :x)

which is an in struc tion to the com piler to de ter mine the type of the vari able.

This form of type dec la ra tion is a use ful short hand when the type is long or com plex.

9.12 break, con tinue, goto state ments

The break state ment can only oc cur within a switch or loop ( for, do or while). Note how -
ever that you can only break from a sin gle loop. If it is nec es sary to ter mi nate an ac tion
within nested loops then the break won’t do what we want.

The con tinue state ment only makes sense with a loop. Con trol passes im me di ately to the
ap pro pri ate de pend ing on what type of loop we are in.

The goto will al low us to jump to a la belled state ment. As the use of this state ment is bad
pro gram ming prac tice, we won’t cover it at all. We will how ever look at ex cep tion han dling 
in a later chap ter. This is some thing that may not be fully im ple mented in the com piler you
are us ing.
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9.13 Ex am ple 11 - break, con tinue, goto

The fol low ing is a com plete pro gram that il lus trates the use of all three state ments. Type the 
pro gram in and run it to see what hap pens.

#in clude <iostream>
us ing namespace std;

int main()
{
int i;
int j[]={0,1,2,3,4,5,6,7,8,9};

for (i=0;i<10;i++)
{
if (j[i]>5) goto end;
cout << i << " " << j[i] << endl;
con tinue;
end: cout << " j[i] now greater than 5 " << endl;
break;

}
re turn(0);

}

9.14 Arith me tic if state ment or ? :

Con sider the fol low ing

  if (x>y)
    max=x;
  else
    max=y;

This can be written in C++ as

  max = (x>y) ? x : y ;

Stroustrup calls this an arith me tic if state ment. You will see it in C and C++ code. It looks
slightly odd when you first see it!

9.15 Sum mary

C++ has a de cent set of con trol struc tures. They pro vide us with most of the func tion al ity
we re quire.

9.16 Key Con cepts

9.16.1 log i cal ex pres sions

An ex pres sion that eval u ates to true or false.

9.16.2 log i cal and re la tional op er a tors

equal – ==

not equal – !=

less than – <

less than or equal – <=

greater than – >
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greater than or equal – >=

not – !

and – &&

or – ||

9.16.3 A block of state ments – { .;.;.}

9.16.4 Con trol State ments

9.16.4.1 the if ex pres sion state ment

9.16.4.2 the if ex pres sion state ment else state ment

9.16.4.3 the switch state ment

9.16.4.4 while ex pres sion state ment

9.16.4.5 do state ment while ex pres sion

9.16.4.6 the for () state ment

9.16.4.7 break state ment

9.16.4.8 con tinue state ment

9.16.4.9 goto state ment

9.17 Prob lems

1. Write a pro gram to print out the 12 times ta ble. Out put should be roughly of the form

            1          *          12        =          12
            2          *          12        =          24
2. Write a pro gram that pro duces a con ver sion ta ble from litres to pints and vice versa. One 
litre is ap prox i mately 1 3/4 pints. The out put should com prise three col umns. The mid dle
col umn should be an in te ger and the col umns to the left and right should be the cor re spond -
ing pints and litre val ues. This en ables the mid dle col umn to be scanned quickly and the
cor re spond ing equiv a lent in litres or pints read eas ily.

3. Re write the pro gram for the pe riod of a pen du lum. The new pro gram should print out the 
length of the pen du lum and pe riod for lengths of the pen du lum from 0 to 100 cm in steps of 
0.5 cm.

The phys i cal world has many ex am ples where pro cesses re quire some thresh old to be over -
come be fore they be gin op er a tion: crit i cal mass in nu clear re ac tions, a given slope to be ex -
ceeded be fore fric tion is over come, and so on. Un for tu nately, most of these sorts of cal cu la -
tions be come rather com plex and not re ally ap pro pri ate here. The fol low ing prob lem tries to 
re strict the range of cal cu la tion, whilst il lus trat ing the pos si bil i ties of de ci sion mak ing.

4. If a cu bic equa tion is ex pressed as

                        z a z a z a3
2

2
1 0 0+ + + =

and we let

                        q a a a= -1 2 23 9( * )

and

                        r a a a a a a= - -( ) ( )1 2 0 2 2 23 6 27

we can de ter mine the na ture of the roots as fol lows:
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            q3 + r2 > 0; one real root and a pair of com plex;

            q3 + r2 = 0; all roots real, and at least two equal;

            q3 + r2 < 0; all roots real;

In cor po rate this into a suit able pro gram, to de ter mine the na ture of the roots of a cu bic from 
suit able in put.
5. The form of break ing waves on beaches is a con tin uum, but for con ve nience we com -
monly re cog nise three ma jor types: surg ing, plung ing and spill ing. These may be clas si fied
em pir i cally by ref er ence to the wave pe riod, T (sec onds), the breaker wave height, Hb

(metres), and the beach slope, m. These three vari ables are com bined into a sin gle pa ram e -
ter, B, where

            B = Hb/(gmT2)
g is the grav i ta tional con stant (981 cm sec–2). If B is less than .003, the break ers are surg -
ing; if B is greater than 0.068, they are spill ing, and be tween these val ues, plung ing break -
ers are ob served.

(i) On the east coast of New Zea land, the nor mal pat tern of waves is swell waves, with
wave heights of 1 to 2 metres, and wave pe ri ods of 10 to 15 sec onds. Dur ing storms, the
wave pe riod is gen er ally shorter, say 6 to 8 sec onds, and the wave heights higher, 3 to 5
metres. The beach slope may be taken as about 0.1. What changes oc cur in breaker char ac -
ter is tics as a storm builds up?

(ii) Sim i larly, many beaches have a con cave pro file. The lower beach gen er ally has a very
low slope, say less than 1 de gree (m=0.018), but to wards the high tide mark, the slope in -
creases dra mat i cally, to say 10 de grees or more (m=0.18). What changes in wave type will
be ob served as the tide co mes in?

6. Per sonal tax a tion is usu ally struc tured in the fol low ing way:–

            no tax a tion on the first m0 units of in come;

            tax a tion at t1% on the next m1 units;

            tax a tion at t2% on the next m2 units;

            tax a tion at t3% on any thing above.
For some rea son, this is termed pro gres sive tax a tion. Write a gen er al ised pro gram to de ter -
mine net in come af ter tax de duc tions. Write out the gross in come, the de duc tions and the
net in come. You will have to make some re al is tic es ti mates of the tax thresh olds mi and the
tax a tion lev els ti. You could use this sort of model to find out how sen si tive rev e nue from
tax a tion was in re la tion to cos metic changes in thresh olds and tax rates.

8. The spe cific heat ca pac ity of wa ter is 2009 J kg–1 K–1; the spe cific la tent heat of fu sion
(ice/wa ter) is 335 kJ kg–1, and the spe cific la tent heat of va por iza tion (wa ter/steam) is 2500
kJ kg–1. As sume that the spe cific heat ca pac ity of ice and steam are iden ti cal to that of wa -
ter. Write a pro gram which will read in two tem per a tures, and will cal cu late the en ergy re -
quired to raise (or lower) ice, wa ter or steam at the first tem per a ture, to ice, wa ter or steam
at the sec ond. Take the freez ing point of wa ter as 273 K, and its boil ing point as 373 K. For 
those hap pier with Cel sius, 0o C is 273 K, while 100o c is 373 K. One cal o rie is 4.1868 J,
and for the truly at a vis tic, 1 BTU is 1055 J (ap prox i mately).
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· This is the orig i nal text, and a must. The quote at the start of the chap ter by

Dijkstra sum ma rises beau ti fully our lim i ta tions when pro gram ming and the dis ci -

pline we must have to suc cess fully mas ter pro gram ming.

Knuth D. E., Struc tured Pro gram ming with GOTO State ments, in Cur rent Trends in Pro -
gram ming Meth od ol ogy, Vol ume 1, Prentice Hall.

· The chap ter by Knuth pro vides a very suc cinct cov er age of the ar gu ments for the 

adop tion of struc tured pro gram ming, and dis pels many of the myths con cern ing

the use of the GOTO state ment. Highly rec om mended.
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10 Point ers
An un der stand ing of point ers is es sen tial for suc cess ful use of C++. We will look in this
chap ter at some of the fun da men tals of point ers and their us age in C++.

10.1 Ex am ple 1 - ba sic pointer us age

This is a sim ple ex am ple that in tro duces two of the fun da men tal op er a tors in C++:–

            *          or pointer to

            &          or ad dress of
You have to type this pro gram in, com pile it and run it to get a feel for what is hap pen ing.

#in clude <iostream>
us ing namespace std;

int main()
{
int i=999;
int* p_i;

p_i=&i;
cout << " i " << i << endl;
cout << " ad dress of i " << &i << endl;
cout << " value of p_i " << p_i << endl;
cout << " value of &p_i " << &p_i << endl;
cout << " value of *p_i " << *p_i << endl;
*p_i=1010; // al ter the value at the ad dress p_i
cout << i << endl;
cout << &i << endl;
cout << p_i << endl;
cout << *p_i << endl;
re turn(0);

}

This pro gram will give dif fer ent re sults on dif fer ent com pil ers even on the same plat form.
Try it out on more than one plat form.

The fol low ing is based on out put from one of the com pil ers I use.

            Pro gram                      Mem ory                      Mem ory
            Vari able                      Ad dress                       Con tents

            i                                   0x0012FF7C               999

            p_i                               0x0012FF78                0x0012FF7C
It is use ful here to think about what hap pens when we com pile a pro gram and ac tu ally run
it. Af ter the com pi la tion and link stage we end up with a file that con tains what is called
ma chine code. This is the lan guage that the un der ly ing hard ware – be it a pc, Macintosh or
UNIX work sta tion, ac tu ally uses. The com piled pro gram is then loaded into mem ory and
ex e cuted. Parts of the com piled pro gram are ex e cut able code, other parts are data – our
vari ables.
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For each vari able in our pro gram there will be an area of mem ory set aside. When you look 
at the source of the pro gram you think in terms of the vari able name. When we work with
the ex e cut able pro gram we then move to ad dresses, rather than vari able names. Thus each
vari able has an as so ci ated ad dress in mem ory. The con tents of this ad dress are our ac tual
data val ues. Don’t worry if this all ap pears baf fling things will get clearer even tu ally!

10.2 Ex am ple 2 - ar rays and pointers

This ex am ple looks at the use of point ers with ar rays. Se ri ous us age of ar rays in C++ is not 
pos si ble with out a very good un der stand ing of point ers and pointer arith me tic. This ex am -
ple looks at three ways of achiev ing the same re sult with a one di men sional ar ray.

#in clude <iostream>
us ing namespace std;

int main()
{
float sum=0.0,x[10],*pstart,*pend;

cout << " Stan dard ar ray ac cess no ta tion \n";
for (int i=0;i<10;++i)
{
x[i]=i;
sum += x[i];
cout << i << " " << x[i] << " " << sum << "\n" ;

}
sum=0.0;
pstart = &x[0];
pend = pstart+10;
cout << " Us ing &x[0] for start ad dress \n";
while (pstart < pend)
{
sum += *pstart++;
cout << sum << "\n";

}
sum=0.0;
pstart = x;
pend = pstart+10;
cout << " Us ing x for start ad dress \n";
while (pstart < pend)
{
sum += *pstart++;
cout << sum << "\n";

}
re turn(0);

}

This high lights quite clearly that if x is an ar ray that x is noth ing more in C++ ter mi nol ogy
than the base ad dress of the ar ray, and that x is iden ti cal in mean ing to &x[0]. This was a
de lib er ate de sign de ci sion in C by Kernighan and Ritchie.
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We will look into this whole area in far greater de tail when we look at func tions and ar rays
as func tion ar gu ments in the next chap ter.

10.3 Ex am ple 3 - point ers and sen ti nels

We looked ear lier at an ex am ple that used a sen ti nel. In the fol low ing ex am ple we again use 
a sen ti nel. Re mem ber:–

· ar rays of char are zero byte ter mi nated;

· zero is clas si fied as false in C++;

· the = is an op er a tor

· Now con sider the fol low ing pro gram:–

#in clude <iostream>
us ing namespace std;
int main()
{
char line1[]=" This is a line of text";
char line2[80];
char* p1=line1;
char* p2=line2;
 while ( *p2++ = *p1++);
 cout << line1 << endl;
 cout << line2 << endl;
 re turn(0);
}

We de fine line1 and line2 to be char ac ter ar rays.

We de fine p1 and p2 to be point ers to char ac ters.

The while loop is the ma jor thing of in ter est in the pro gram. This will copy the con tents of
the line1 ar ray to the line2 ar ray, end ing at the zero byte at the end of the line. Re mem ber
that a boolean can be mapped onto in te gers and 0 is false. So when we hit the 0 byte ter mi -
nat ing the string the ex pres sion ( *p2++ = *p1++ ) re turns 0, and is false.

C++ and C are hated and loved for per mit ting such terse ex pres sions. Ex pres sions like this
are quite com mon in ex ist ing C and C++ code. You need to have a good un der stand ing of
op er a tors and ex pres sions in C++. The above rep re sents a very ef fi cient way of copy ing a
data struc ture, comb ing the use of sen ti nels, point ers and C++ ex pres sion syn tax.

10.4 Ex am ple 4 - point ers and dy namic mem ory al lo ca tion

The fol low ing ex am ple il lus trates how sim ple it to use point ers and C style ar rays to work
with large ar rays.

#in clude <iostream>

us ing namespace std;

int main()
{

  const int n = 255 * 1024 * 1024;
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  dou ble * x = new dou ble[n];

  dou ble sum=0.0;

  if (x==NULL)
  {
    cout << "Al lo ca tion failed" << endl;
    re turn(1);
  }

  for (int i=0;i<n;i++)
  {
    x[i]=1.0;
    sum+=x[i];
  }

  cout << " Com pu ta tional sum is = " ;
  cout.width(20);
  cout.pre ci sion(12);
  cout << sum << endl;

  cout << " Math e mat i cal sum is  = " ;
  cout.width(20);
  cout << n << endl; 

    
  re turn(0);

}

Com pile and run this ex am ple.

10.5 Ex am ple 5 - float variant

Here is a float vari ant.

#in clude <iostream>

us ing namespace std;

int main()
{

  const int n = 255 * 1024 * 1024;
  float * x = new float[n];

  float sum=0.0f;

  if (x==NULL)
  {
    cout << "Al lo ca tion failed" << endl;
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    re turn(1);
  }

  for (int i=0;i<n;i++)
  {
    x[i]=1.0f;
    sum+=x[i];
  }

  cout << " Com pu ta tional sum is = " ;
  cout.width(20);
  cout.pre ci sion(12);
  cout << sum << endl;

  cout << " Math e mat i cal sum is  = " ;
  cout.width(20);
  cout << n << endl; 
    
  re turn(0);

}

Com pile and run this one too.

10.6 Ref er ences

Chap ter 5 in tro duced the con cept of a ref er ence. In one sense a ref er ence is a kind of safer
pointer. There is no such thing as a null ref er ence. A ref er ence must al ways re fer to some -
thing. An other im por tant dif fer ence be tween point ers and ref er ences is that point ers may be
as signed to dif fer ent ob jects. A ref er ence al ways re fers to the ob ject with which it is in i tial -
ized. We will look into point ers and ref er ences in more depth in later chap ters.

10.7 auto_ptr

C++ also has a so called smart pointer. This will be looked at in a later chap ter.

10.8 Sum mary

This chap ter has only in tro duced the con cept of a pointer in C++. In later chap ters we will
look at more ex am ples of pointer us age. 

10.9 Key Con cepts

10.9.1 * – pointer to

10.9.2 & – ad dress of

int i=0;

int *p_i=&i;

10.9.3 ar rays and point ers

when x is an ar ray x Ü &x[0]
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10.10Prob lems

To gain fa mil iar ity with the con cepts of point ers in C++ try out all of the ex am ples in this
chap ter.

If you have ac cess to an other sys tem then try that sys tem too. You need to get fa mil iar with 
the ad dress for mat for the sys tem that you use.

1. Con sider the fol low ing ex am ple. 

#in clude <iostream>
us ing namespace std;

int main()
{
int i1=1;
int* p1;
int* p2;
  p1=&i1;
  *p2=2;
  cout << *p1 << endl;
  cout << *p2 << endl;
  re turn(0);
}

Can you see prob lems with this pro gram? Does it com pile? What hap pens when you run
the pro gram?

Here is the compilation out put from the Microsoft com piler.

c:\doc u ment\cpp\newbook>cl ptr01.cpp
Microsoft (R) 32-bit C/C++ Op ti miz ing Com piler Ver sion
15.00.21022.08 for 80x86
Copy right (C) Microsoft Cor po ra tion.  All rights re served.

ptr01.cpp
c:\Pro gram Files (x86)\Microsoft Vi sual Stu dio 9.0\VC\IN -
CLUDE\xlocale(342) : war
ning C4530: C++ ex cep tion han dler used, but un wind se man tics 
are not en abled. Specify /EHsc
c:\doc u ment\cpp\newbook\ptr01.cpp(11) : warn ing C4700:
uninitialized lo cal varia
ble 'p2' used
Microsoft (R) In cre men tal Linker Ver sion 9.00.21022.08
Copy right (C) Microsoft Cor po ra tion.  All rights re served.

/out:ptr01.exe
ptr01.obj

Does this di ag nose the prob lem?

You get the same er ror mes sage from within Vi sual Stu dio.

When run ning the pro gram from the com mand line a di a log box ap pears tell ing you that a
prob lem has oc curred that has caused the pro gram to stop work ing cor rectly.
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When work ing within Vi sual Stu dio you get a di a log box with the fol low ing mes sage.

Run-Time Check Fail ure #3 - The vari able 'p2' is be ing used
with out be ing in i tial ized.

The line where the er ror oc curs is also high lighted in the ed i tor win dow.

  *p2=2

p2 is a pointer vari able but is not initalised. The above as sign ment is there fore il le gal.
There is no where to store the num ber 2.

2. Here is a slightly mod i fied ver sion of the above pro gram. Does this one com pile? What
hap pens at run time?

#in clude <iostream>
us ing namespace std;

int main()
{
int i1=1;
int* p1;
int* p2;
  p1=&i1;
  p2 = new int;
  *p2=2;
  cout << *p1 << endl;
  cout << *p2 << endl;
  re turn(0);
}

You have to be very care ful when us ing point ers!

We will look at more re al is tic ex am ples later in the course.
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I can call spir its from the vasty deep.
Why so can I, or so can any man; but will they come
when you do call for them?

Wil liam Shake speare, King Henry IV, part 1

11 Functions
This is the ma jor step for ward in the abil ity to con struct larger pro grams. We have to have a 
way of break ing prob lems down into smaller sub-problems. The ter mi nol ogy var ies with
pro gram ming lan guages, in For tran we have func tions and sub rou tines, in the Algol fam ily
of lan guages we have func tions and pro ce dures and in the C fam ily we have func tions. The
ba sic idea is the same.

Where as in For tran we dis tin guish be tween func tions and sub rou tines we do not in C++.
Ev ery sub-program unit is a func tion. The Algol fam ily dis tin guishes by call ing them func -
tions and procedures. They ei ther re turn a re sult of a par tic u lar type as in For tran or carry
out an ac tion like a sub rou tine in For tran. Func tions in C++ that carry out ac tions re turn a
so called void re sult. Let us look at some ex am ples.

11.1 Pre de fined Func tions

The pre de fined func tions in C++ are made avail able in groups and are pro vided in a stan -
dard li brary.

Use of all li brary func tions re quires the in clu sion of a header file, which con tains func tion
pro to types, con stant def i ni tions and mac ros. We have al ready seen the use of <iostream> in
all of the ex am ples so far.

A con ve nient clas si fi ca tion is given be low:

· Stan dard C++ Li brary header files:

· <al go rithm>

· <bitset> 

· <com plex> 

· <deque> 

· <ex cep tion> 

· <fstream> 

· <func tional> 

· <hash_map> 

· <hash_set> 

· <iomanip> 

· <ios> 

· <iosfwd> 

· <iostream> 

· <istream> 
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· <iterator> 

· <lim its> 

· <list> 

· <lo cale> 

· <map> 

· <mem ory> 

· <new> 

· <nu meric> 

· <ostream> 

· <queue> 

· <set> 

· <sstream> 

· <stack> 

· <stdexcept> 

· <streambuf> 

· <string> 

· <strstream> 

· <util ity> 

· <valarray> 

· <vec tor>     

· C++ wrap pers:

· <cassert> 

· <cctype> 

· <cerrno> 

· <cfloat> 

· <ciso646> 

· <climits> 

· <clocale> 

· <cmath> 

· <csetjmp> 

· <csignal> 

· <cstdarg> 

· <cstddef> 

· <cstdio> 

· <cstdlib> 

· <cstring> 

· <ctime> 
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· <cwchar> 

· <cwctype> 

Find out where the header files are on the sys tem you work on and print some of them out.

<cmath> and <math.h>

These two head ers pro vide the com monly re quired maths func tions. They are de scribed be -
low:

· dou ble abs(dou ble x)

· dou ble fabs(dou ble x)

· dou ble ceil(dou ble x)

· dou ble floor(dou ble x)

· dou ble sqrt(dou ble x)

· dou ble pow(dou ble x,dou ble y)

· dou ble pow(dou ble x, in te ger i)

· dou ble cos( dou ble x)

· dou ble sin(dou ble x)

· dou ble tan(dou ble x)

· dou ble acos( dou ble x)

· dou ble asin(dou ble x)

· dou ble atan(dou ble x)

· dou ble atan2(dou ble x,dou ble y)

· dou ble cosh(dou ble x)

· dou ble sinh(dou ble x)

· dou ble tanh(dou ble x)

· dou ble exp(dou ble x)

· doublelog(dou ble x)

· dou ble log10(dou ble x)

· dou ble modf(dou ble x, dou ble* y)

· dou ble frexp(dou ble x,int* i)

· dou ble fmod(dou ble x,dou ble y)

· dou ble ldexp(dou ble x,int i)

There are also float and long dou ble ver sions. C++ 11 added

dou ble cos (T x);

ad di tional over loads for in te gral types. This func tion is also over loaded in <com plex> and
<valarray>.

The fol low ing are found in <cstdlib>

· int abs(int i)

· long abs(long l)

· long labs(long l)
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Com pare this with the same func tions in For tran, Ex cel, Matlab or Mathematica. Are they
the identical?

11.1.1 Ex am ple 1 - trig o no met ric func tion us age

This ex am ple just uses the sine func tion from the maths li brary. Try an an gle of 1.57 ra di -
ans.

#in clude <iostream>
#in clude <cmath>
us ing namespace std;

int main()
{
float x;

cout << " Type in an an gle \n";
cin >> x;
cout << " Sine of " << x << " is " << sin(x) << " \n ";
re turn(0);

}

This is sim i lar to func tion us age in math e mat ics, For tran, Ex cel etc.

11.1.2 Ex am ple 2 - Pass ing ar gu ments of nu meric type to stan dard maths
func tions

We can also pass ar gu ments of a va ri ety of nu meric types to the stan dard maths li brary
func tions. 

Here are the sig na tures of the sine func tion since the C++ 11 stan dard.

dou ble sin (dou ble x);
float sin (float x);
long dou ble sin (long dou ble x);
dou ble sin (T x);
// ad di tional over loads for in te gral types

Here is a pro gram to il lus trate this.

#in clude <iostream>
#in clude <cmath>
us ing namespace std;
int main()
{
  float        f = 1.0f;
  dou ble       d = 1.0;
  long dou ble ld = 1.0l;
  int          i = 1;
    cout << " Sine of float f        is   " ;
    cout.width(30);cout.pre ci sion(25);
    cout <<  sin(f) << endl ;
    cout << " Sine of dou ble d       is   " ;
    cout.width(30);cout.pre ci sion(25);
    cout <<  sin(d) << endl ;
    cout << " Sine of long dou ble ld is   " ;
    cout.width(30);cout.pre ci sion(25);
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    cout <<  sin(ld) << endl ;
    cout << " Sine of int i          is   " ;
    cout.width(30);cout.pre ci sion(25);
    cout <<  sin(i) << endl ;
    re turn(0);
}

Try run ning this ex am ple with your com piler.

11.1.3 Func tions in <cmath>

These are the func tions in <cmath>:–

            acos     asin      atan     atan2   cos       cosh     exp      fabs     floor    fmod

            frexp    log       log10   modf    pow     sin       sinh     sqrt      tan       tanh
and they are only a sub set of those avail able in For tran.

11.2 User De fined Func tions

We can de fine our own func tions and this is quite straight for ward. The first set of ex am ples 
look at pass ing 1 d ar rays, <ar ray>s and <vec tor>s as pa ram e ters.

11.3 Ex am ple 3 - In te ger sum ma tion func tion: 1 d ar ray as pa ram e ter

Here is the pro gram source.

#in clude <iostream>

us ing namespace std;

int sum(int x[],int n)
{
  int t = 0;
  for (int i = 0; i < n; ++i)
    t += x[i];
  re turn(t);
}

int main()
{
  const int n=10;
  int re sult;
  int x[n];
  for(int i=0;i<n;i++)
    x[i]=i+1;
  re sult = sum(x,n);
  cout << re sult << endl;
  re turn(0);
}

The

int sum(int x[],int n)

state ment is a dec la ra tion of a func tion called sum that takes two ar gu ments, one a 1 d ar ray 
called x and a sec ond called n which is a sca lar. It will re turn an int value.

Functions 145

© Ian D Chivers Chap ter 11



As we are deal ing with a C style ar ray, which need to pass a sec ond pa ram e ter, which is the 
size of the ar ray.

11.4 Ex am ple 4 - In te ger sum ma tion func tion: 1 d <ar ray> as pa ram e ter

Here is the pro gram source.

#in clude <iostream>
#in clude <ar ray>

us ing namespace std;

tem plate<size_t SIZE>
int sum(ar ray< int , SIZE >& x)
{
  int t = 0;
  for (int i = 0; i < SIZE; ++i)
    t += x[i];
  re turn(t);
}

int main()
{
  const int n=10;
  int re sult;
  ar ray<int,n> x ;
  for(int i=0;i<n;i++)
    x[i]=i+1;
  re sult = sum(x);
  cout << re sult << endl;
  re turn(0);
}

Here is the diff out put be tween the C ar ray and this ex am ple.

$ diff c1503.cxx c1504.cxx
1a2
> #in clude <ar ray>
5c6,7
< int sum(int x[],int n)
---
> tem plate<size_t SIZE>
> int sum(ar ray< int , SIZE >& x)
8c10
<   for (int i = 0; i < n; ++i)
---
>   for (int i = 0; i < SIZE; ++i)
17c19
<   int x[n];
---
>   ar ray<int,n> x ;
20c22
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<   re sult = sum(x,n);
---
>   re sult = sum(x);
23c25,27
< }
\ No newline at end of file
---
> }
>
>

The ex am ples are very sim i lar. How ever the dec la ra tion of the func tion that takes an <ar -
ray> pa ram e ter is more com plex. The dec la ra tions of <ar ray>s in the ear lier chap ter re -
quired a size. The size of this <ar ray> in the func tion will be in her ited from the <ar ray> in
the call ing rou tine.

11.5 Ex am ple 5 - In te ger sum ma tion func tion: 1 d <vec tor> as pa ram e -
ter

Here is the pro gram source.

#in clude <iostream>
#in clude <vec tor>

us ing namespace std;

int sum(vec tor<int> x)
{
  int n = x.size();
  int t = 0;
  for (int i = 0; i < n; ++i)
    t += x[i];
  re turn(t);
}

int main()
{
  const int n=10;
  int re sult;
  vec tor<int> x(n);
  for(int i=0;i<n;i++)
    x[i]=i+1;
  re sult = sum(x);
  cout << re sult << endl;
  re turn(0);
}

Here is the diff out put be tween this ex am ple and the last.

$ diff c1504.cxx c1505.cxx
2c2
< #in clude <ar ray>
---
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> #in clude <vec tor>
6,7c6
< tem plate<size_t SIZE>
< int sum(ar ray< int , SIZE >& x)
---
> int sum(vec tor<int> x)
8a8
>   int n = x.size();
10c10
<   for (int i = 0; i < SIZE; ++i)
---
>   for (int i = 0; i < n; ++i)
19c19
<   ar ray<int,n> x ;
---
>   vec tor<int> x(n);

Again the syn tax is very sim i lar. The size of the <vec tor> is again a part of the ob ject and
cal cu lated in the sum func tion.

11.6 Re cur sive func tions

Re cur sive func tions are sup ported in C++. A re cur sive prob lem is one in which the so lu tion 
is a sim pler but iden ti cal ver sion of the orig i nal prob lem. Con sider the eval u a tion of 5!
From sim ple math e mat ics we know that

            5! = 5* 4!

            4! = 4 * 3!

            3! = 3 * 2!

            2! = 2 * 1!

            1! = 1 * 0!

            0! = 1

11.6.1 Ex am ple 6 - Re cur sive fac to rial eval u a tion

The fol low ing pro gram has a re cur sive fac to rial func tion.

#in clude <iostream>
us ing namespace std;

int fac to rial(int i)
{
  if (i==0)
    re turn(1);
  else
    re turn(i*fac to rial(i-1));
}

int main()
{
  int i=5;
  cout << " Fac to rial of 5 = " << fac to rial(i) << endl;
  re turn(0);
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}

There will be sev eral ver sions of fac to rial func tion dur ing the ex e cu tion of this pro gram!
Firstly we call the fac to rial func tion with 5 as the value.

· The func tion co mes into ex is tence with 5 as the i value, and the else block is ex -

e cuted and the func tion is called again.

· The func tion co mes into ex is tence with 4 as the i value, and the else block is ex -

e cuted and the func tion is called again.

· The func tion co mes into ex is tence with 3 as the i value, and the else block is ex -

e cuted and the func tion is called again.

· The func tion co mes into ex is tence with 2 as the i value, and the else block is ex -

e cuted and the func tion is called again.

· The func tion co mes into ex is tence with 1 as the i value, and the else block is ex -

e cuted and the func tion is called again.

· The func tion co mes into ex is tence with 0 as the i value and the func tion re turns.

Many prob lems can be solved us ing re cursion.

11.7 Us ing header files

The fol low ing is an other so lu tion to the above prob lem. This one breaks down the code into 
three sep a rate files. We have the in ter face for the sum func tion in one file, the im ple men ta -
tion for the sum func tion in a sec ond file and the main pro gram in a third file. These are

· sum.h

· sum.cpp

· sum_ex am ple.cpp

and the con tents of the files are shown be low.

11.7.1 Ex am ple 7 - header file sum.h

#ifndef SUM_H
#de fine SUM_H

int sum(int x[],int n);

#endif

The header file is en closed by pre pro cessor di rec tives or pro cessed in struc tions. These en -
sure that the con tents of the file are only pro cessed once dur ing the com pi la tion, even when 
the file is in cluded in more than one file, as in this case.

The file is called ch1107_sum.h

11.7.2 Ex am ple 8 - sum.cpp im ple men ta tion file

#in clude "sum.h"

int sum(int x[],int n)
{
int t=0;
  for (int i=0;i<n;++i)
    t += x[i];
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  re turn t;
}

The header file is in cluded again and this en sures con sis tency across com pi la tion units. We
then have the ac tual im ple men ta tion of the sum func tion.

11.7.3 Ex am ple 9 - sum ma tion test pro gram

Here is the source.

#in clude <iostream>
us ing namespace std;

#in clude "sum.h"
#in clude "sum.cxx"

int main()
{
  const int n=10;
  int re sult;
  int x[n];
  for(int i=0;i<n;i++)
    x[i]=i+1;
  re sult = sum(x,n);
  cout << re sult << endl;
  re turn(0);
}

We in clude the header file again and then have the main pro gram. All three files need to be
in the same di rec tory.

Here is a vari a tion of the above where we com pile the sum.cxx sep a rately and use the
linker to gen er ate the com plete executeable.

11.7.3.1 Microsoft ver sion

12:49:00 C:\doc u ment\cpp\ex am ples >  cl -c sum.cxx /EHsc
Microsoft (R) C/C++ Op ti miz ing Com piler Ver sion 19.30.30709
for x64
Copy right (C) Microsoft Cor po ra tion.  All rights re served.

sum.cxx

12:49:05 C:\doc u ment\cpp\ex am ples >  cl ch1109_sep a rate.cxx
/EHsc sum.obj
Microsoft (R) C/C++ Op ti miz ing Com piler Ver sion 19.30.30709
for x64
Copy right (C) Microsoft Cor po ra tion.  All rights re served.

ch1109_sep a rate.cxx
Microsoft (R) In cre men tal Linker Ver sion 14.30.30709.0
Copy right (C) Microsoft Cor po ra tion.  All rights re served.

/out:ch1109_sep a rate.exe
ch1109_sep a rate.obj
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sum.obj

12:49:17 C:\doc u ment\cpp\ex am ples >

11.7.3.2 Intel Win dows ver sion

12:50:53 C:\doc u ment\cpp\ex am ples >  icl -c sum.cxx
Intel(R) C++ Intel(R) 64 Com piler Clas sic for ap pli ca tions
run ning on Intel(R) 64, Ver sion 2021.5.0 Build
20211109_000000
Copy right (C) 1985-2021 Intel Cor po ra tion.  All rights re -
served.

sum.cxx

12:51:02 C:\doc u ment\cpp\ex am ples >  icl ch1109_sep a rate.cxx
sum.obj
Intel(R) C++ Intel(R) 64 Com piler Clas sic for ap pli ca tions
run ning on Intel(R) 64, Ver sion 2021.5.0 Build
20211109_000000
Copy right (C) 1985-2021 Intel Cor po ra tion.  All rights re -
served.

ch1109_sep a rate.cxx
Microsoft (R) In cre men tal Linker Ver sion 14.30.30709.0
Copy right (C) Microsoft Cor po ra tion.  All rights re served.

-out:ch1109_sep a rate.exe
ch1109_sep a rate.obj
sum.obj

12:54:11 C:\doc u ment\cpp\ex am ples >

11.7.3.3 g++ ver sion

ian@DELL-7100:/mnt/c/doc u ment/cpp/ex am ples> g++ -c sum.cxx
ian@DELL-7100:/mnt/c/doc u ment/cpp/ex am ples> g++ -c sum.cxx -o 
sum.out
ian@DELL-7100:/mnt/c/doc u ment/cpp/ex am ples> g++ ch1109_sep a -
rate.cxx sum.out

11.8 Ex am ple 10 - 2d ar ray as parameter

Here is the source code.

#in clude <iostream>

us ing namespace std;

constexpr int nrows=2;
constexpr int ncols=3;

int  sum(int x[nrows][ncols], int nr, int nc)
{

Functions 151

© Ian D Chivers Chap ter 11



  int s = 0;
  for (int r = 0; r < nr; ++r)
    for (int c = 0; c < nc; ++c)
      s += x[r][c];
  re turn(s);
}

int main()
{
  int re sult;
  int r;
  int c;

  int x[nrows][ncols] ;

  for (r=0;r<nrows;r++)
    for (c=0;c<ncols;c++)
      x[r][c] = (r*ncols) + c + 1;

  re sult = sum(x, nrows , ncols);

  cout << "The sum of the ma trix" << endl;

  for (r=0;r<nrows;r++)
  {
    for (int c=0;c<ncols;c++)
    {
      cout << " " << x[r][c] << " ";
    }
    cout << endl;
  }

  cout << " is " << re sult << endl;

  re turn(0);
}

The size of the ma trix must be de clared be fore any ma trix us age.

11.9 Ex am ple 11 - 2 d <ar ray> as pa ram e ter

Here is the source code.

#in clude <iostream>
#in clude <ar ray>

us ing namespace std;

tem plate<size_t R_SIZE , size_t C_SIZE>
int sum( ar ray< ar ray< int , R_SIZE > , C_SIZE > & x)
{

152 Functions

Chap ter 11 © Ian D Chivers



  int s = 0;
  for (int r = 0; r < R_SIZE; ++r)
    for (int c = 0; c< C_SIZE; ++c)
      s += x[r][c];
  re turn(s);
}

int main()
{

  int re sult;

  constexpr int nrows=2;
  constexpr int ncols=3;

  int r;
  int c;

  ar ray< ar ray< int , nrows > , ncols > x;

  for (r=0;r<nrows;r++)
    for (c=0;c<ncols;c++)
      x[r][c] = (r*ncols) + c + 1;

  re sult = sum(x);

  cout << "The sum of the ma trix" << endl;

  for (r=0;r<nrows;r++)
  {
    for (int c=0;c<ncols;c++)
    {
      cout << " " << x[r][c] << " ";
    }
    cout << endl;
  }

  cout << " is " << re sult << endl;

  re turn(0);
}

Here is the diff out put.

$ diff c1510.cxx c1511.cxx
1a2
> #in clude <ar ray>
5,8c6,7
< constexpr int nrows=2;
< constexpr int ncols=3;
<
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< int  sum(int x[nrows][ncols], int nr, int nc)
---
> tem plate<size_t R_SIZE , size_t C_SIZE>
> int sum( ar ray< ar ray< int , R_SIZE > , C_SIZE > & x)
11,12c10,11
<   for (int r = 0; r < nr; ++r)
<     for (int c = 0; c < nc; ++c)
---
>   for (int r = 0; r < R_SIZE; ++r)
>     for (int c = 0; c< C_SIZE; ++c)
17d15
<
19a18
>
20a20,23
>
>   constexpr int nrows=2;
>   constexpr int ncols=3;
>
24c27
<   int x[nrows][ncols] ;
---
>   ar ray< ar ray< int , nrows > , ncols > x;
30c33
<   re sult = sum(x, nrows , ncols);
---
>   re sult = sum(x);
46a50
>

In this case the ma trix size is a part of the ob ject.

11.10Ex am ple 12 - 2 d <vec tor> as pa ram e ter

Here is the source code.

#in clude <iostream>
#in clude <vec tor>

us ing namespace std;

int sum(const vec tor< vec tor< int > >& x, int nr , int nc)
{
  int s = 0;
  for (int r = 0; r < nr; ++r)
    for (int c = 0; c < nc; ++c)
      s += x[r][c];
  re turn(s);

}

int main()
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{
  int re sult;

  constexpr int nrows=2;
  constexpr int ncols=3;

  int r;
  int c;

  vec tor< vec tor<int> >  x( nrows , vec tor <int > (ncols) );

  for (r=0;r<nrows;r++)
    for (c=0;c<ncols;c++)
      x[r][c] = (r*ncols) + c + 1;

  re sult = sum(x, nrows , ncols);

  cout << "The sum of the ma trix" << endl;

  for (r=0;r<nrows;r++)
  {
    for (int c=0;c<ncols;c++)
    {
      cout << " " << x[r][c] << " ";
    }
    cout << endl;
  }

  cout << " is " << re sult << endl;
  re turn(0);

}

Here is the diff out put.

$ diff c1510.cxx c1512.cxx
1a2
> #in clude <vec tor>
5,8c6
< constexpr int nrows=2;
< constexpr int ncols=3;
<
< int  sum(int x[nrows][ncols], int nr, int nc)
---
> int sum(const vec tor< vec tor< int > >& x, int nr , int nc)
15d12
< }
16a14
> }
20a19,22
>
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>   constexpr int nrows=2;
>   constexpr int ncols=3;
>
24c26
<   int x[nrows][ncols] ;
---
>   vec tor< vec tor<int> >  x( nrows , vec tor <int > (ncols) 
);
44d45
<
45a47
>
46a49

11.11Ex am ple 13 - Pass ing func tions as ar gu ments to other func tions
and pro ce dure vari ables

We will look at two ways of achiev ing this in the ex am ple be low.

#in clude <iostream>
us ing namespace std;

float f1(int i);

float f2(int i);

float f3(float (*f)(int i), int j);

float f1(int i)
{
re turn 1.0/i;
}

float f2(int i)
{
re turn 1.0/(i*i);
}

float f3(float (*f)(int i),int j)
{
float t=0;

for (int k=1 ; k<j ; ++k)
t+=(*f)(k);

re turn t;
}
int main()
{
float (*t)(int i);

cout << " Us ing f1 - sim ple re cip ro cal " << endl;
cout << f3(f1,5) << endl;
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cout << " Us ing f2 - 1/(i*i) " << endl;
cout << f3(f2,5) << endl;
t=f1;
cout << " us ing t=f1 " << endl;
cout << f3(t,5) << endl;
t=f2;
cout << " us ing t=f2 " << endl;
cout << f3(t,5) << endl;
re turn(0);

} 

The thing of ma jor in ter est is the way we de clare the func tion f3.

float f3(float (*f)(int i),int j);

This de clares the first ar gu ment to the func tion to be a pointer to a func tion. This looks
strange, and quite frankly it is. The syn tax is due to the pre ce dence of the op er a tors in C++. 
Don’t worry you do get used to it, it just takes time.

In the first part of the main pro gram we call f3 with f1 and f2 as ar gu ments. In the sec ond
part we call f3 with t as the first ar gu ment and use the fact that a func tion name is equiv a -
lent to the ad dress of the func tion.

11.12Func tion Ar gu ments

The de fault pa ram e ter pass ing mech a nism in C++ is pass by value, i.e. a copy of the value
of each ar gu ment is taken and the func tion works with that.

The de fault pa ram e ter pass ing mech a nism for ar ray ar gu ments in C++ is to pass the base
ad dress of the ar ray. No copy is in volved.

C++ pro vides two lan guage fea tures to help out here.

Firstly we can pass by ref er ence. This avoids the copy. How ever this does mean that the
func tion can now al ter the pa ram e ters passed by ref er ence.

Sec ondly we can qual ify this by add ing const. This means that the func tion can not al ter the
pa ram e ters passed as const and by ref er ence. This should gen er ate a com pile time er ror.

Let us look at a sim ple ex am ple of a func tion that swaps its two ar gu ments and im ple ment
this in two ways.

Care needs to be taken with writ ing swap func tions as there is a standard in trin sic swap
func tion, that may be called in stead of yours!

11.12.1 Ex am ple 14 - Swap ping ar gu ments: pass ing by ad dress

The first ex am ple passes the ar gu ments us ing point ers. It forces the call ing rou tine to pass
the ad dress of the ar gu ments.

#in clude <iostream>
us ing namespace std;
void swap_ar gu ments(int* p_i, int* p_j)
{
  int t;
    t=*p_i;
    *p_i=*p_j;
    *p_j=t;
}
int main()
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{
  int i;
  int j;
    i=1;
    j=2;
    cout << " i= " << i << " j= " << j << endl;
    swap_ar gu ments(&i,&j);
    cout << " i= " << i << " j= " << j << endl;
    re turn(0);
}

Com pile and run the ex am ple.

11.12.2 Ex am ple 15 - Swap ping ar gu ments: pass ing by ref er ence

This ex am ple passes by ref er ence. The call ing rou tine just passes the ar gu ments through.

#in clude <iostream>
us ing namespace std;

void swap_arguments(int &i, int &j)
{
int t;

t=i;
i=j;
j=t;

}

int main()
{
int i=1,j=2;

cout << " i= " << i << " j= " << j << endl;
swap_arguments(i,j);
cout << " i= " << i << " j= " << j << endl;
re turn(0);

}

If you need to alter the ar gu ments in a func tion then pass by ref er ence.

11.12.3 Ex am ple 16 - Const and ref

This ex am ple looks pass ing pa ram e ters by both const and ref. This avoids the copy and
makes the pa ram e ters readonly in the called rou tine, i.e. they can not be al tered in the called 
rou tine. Try ing to do so would gen er ate a com piler time er ror.

#in clude <iostream>
us ing namespace std;

int sum(const int x[],const int n)
{
int t=0;

for (int i=0;i<n;++i)
t += x[i];

re turn t;
}
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float sum(const float x[],const int n)
{
float t=0;

for (int i=0;i<n;++i)
t += x[i];

re turn t;
}

int main()
{
const int size1=10;
const int size2=20;
int a[size1]={1,2,3,4,5,6,7,8,9,10};
int
b[size2]={1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20};
float c[size1];
float d[size2];
int i;
  for(i=0;i<size1;i++)
    c[i]=(float)(i+1);
  for(i=0;i<size2;i++)
    d[i]=(float)(i+1);
  cout << sum(a,size1) << "\n";
  cout << sum(b,size2) << "\n";
  cout << sum(c,size1) << "\n";
  cout << sum(d,size2) << "\n";

  re turn(0);
}

This ex am ple also shows an ex am ple of func tion over load ing, i.e. we have two func tions
called sum. They dif fer in the types of their ar gu ments. We will look into over load ing in
more depth in later chap ters.

11.13C stor age classes and the static key word

In C there is the con cept of stor age class. C has sev eral stor age class speci fi ers, and they
are listed be low with their mean ing.

· auto The auto key word is the stor age-class specifier in di cat ing that the

vari able has lo cal (au to matic) ex tent. It is the de fault stor age-class

specifier for block-scoped vari able dec la ra tions.

· extern The extern key word de clares a vari able or func tion and spec i fies that

it has ex ter nal link age (its name is vis i ble from files other than the

one in which it's de fined). When mod i fy ing a vari able, extern spec i -

fies that the vari able has static du ra tion (it is al lo cated when the pro -

gram be gins and deallocated when the pro gram ends). The vari able or 

func tion may be de fined in an other source file, or later in the same

file. In C++, when used with a string, extern spec i fies that the link age 

con ven tions of an other lan guage are be ing used for the declarator(s).
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· reg is ter The reg is ter key word spec i fies that the vari able is to be stored in a

ma chine reg is ter, if pos si ble.

· static When mod i fy ing a vari able, the static key word spec i fies that the vari -

able has static du ra tion (it is al lo cated when the pro gram be gins and

deallocated when the pro gram ends) and initializes it to 0 un less an -

other value is spec i fied. When mod i fy ing a vari able or func tion at file 

scope, the static key word spec i fies that the vari able or func tion has

in ter nal link age (its name is not vis i ble from out side the file in which

it is de clared). 

· typedef In di cates that the dec la ra tion is de fin ing a new name for a data type,

rather than for a vari able or a func tion.

C++ has five stor age class speci fi ers, auto, extern, mu ta ble, reg is ter and static.

11.13.1 Ex am ple 17 - Static vari able

Here is a com plete ex am ple to il lus trate the mean ing of the static key word when ap plied to
a vari able.

#in clude <iostream>
us ing namespace std;

void s(int n)
{
int         t1=0;
static int  t2=0;
  cout << " " <<  n  << "\t";
  cout << " " << t1 << "\t";
  cout << " " << t2 << endl;
  t1++;
  t2++;
}

int main()
{
  int n=0;
  cout << " n \t t1 \t t2 " << endl;
  s(n);
  n++;
  s(n);
  n++;
  s(n);
  re turn(0);
}

Here is the out put from this pro gram un der Vi sual Stu dio 6.

 n       t1      t2
 0       0       0
 1       0       1
 2       0       2
Press any key to con tinue
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As can be seen the value of the static vari able in the func tion s is pre served be tween calls.

11.14Ex am ple 18 - chang ing the pre ci sion of a pro gram, float version

These two ex am ples do the same cal cu la tion us ing float and dou ble. The util ity diff shows
the source code changes that need to be made.

#in clude <iostream>

us ing namespace std;

float const c = 299792458.0f;

// units m s-1

float const e = 2.7182818284590452353602874713526624977f;

float const g = 9.812420f;

// 9.780 356 m s-2 at sea level on the equa tor
// 9.812 420 m s-2 at sea level in lon don
// 9.832 079 m s-2 at sea level at the poles

float const pi = 3.141592653589793238462643383279502884f;

void cal cu late(const float & ra dius , float & area , float & 
cir cum fer ence)
{
  area = pi*ra dius*ra dius;
  cir cum fer ence = 2.0f*pi*ra dius;
}

int main()

{
  float r;
  float a;
  float c;

  r=1.0f;

  cal cu late(r, a, c);

  cout.width(12);cout.pre ci sion(9);
  cout << " ra dius        = " << r << endl;
  cout.width(12);cout.pre ci sion(9);
  cout << " area          = " << a << endl;
  cout.width(12);cout.pre ci sion(9);
  cout << " cir cum fer ence = " << c << endl;
  
  re turn (0);
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}

Here is the out put.

 ra dius        = 1
 area          = 3.14159274
 cir cum fer ence = 6.28318548

11.15Ex am ple 19 - chang ing the pre ci sion of a pro gram, dou ble ver sion

Here is the source.

#in clude <iostream>

us ing namespace std;

dou ble const c = 299792458.0;

// units m s-1

dou ble const e = 2.7182818284590452353602874713526624977;

dou ble const g = 9.812420;

// 9.780 356 m s-2 at sea level on the equa tor
// 9.812 420 m s-2 at sea level in lon don
// 9.832 079 m s-2 at sea level at the poles

dou ble const pi = 3.141592653589793238462643383279502884;

void cal cu late(const dou ble & ra dius , dou ble & area , dou -
ble & cir cum fer ence)
{
  area = pi*ra dius*ra dius;
  cir cum fer ence = 2.0*pi*ra dius;
}

int main()

{
  dou ble r;
  dou ble a;
  dou ble c;

  r=1.0;

  cal cu late(r, a, c);

  cout.width(21);cout.pre ci sion(18);
  cout << " ra dius        = " << r << endl;
  cout.width(21);cout.pre ci sion(18);
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  cout << " area          = " << a << endl;
  cout.width(21);cout.pre ci sion(18);
  cout << " cir cum fer ence = " << c << endl;
  
  re turn (0);
}

Here is the out put.

     ra dius        = 1
     area          = 3.14159265358979312
     cir cum fer ence = 6.28318530717958623

Here is the diff out put.

5c5
< float const c = 299792458.0f;
---
> dou ble const c = 299792458.0;
9c9
< float const e = 2.7182818284590452353602874713526624977f;
---
> dou ble const e = 2.7182818284590452353602874713526624977;
11c11
< float const g = 9.812420f;
---
> dou ble const g = 9.812420;
17c17
< float const pi = 3.141592653589793238462643383279502884f;
---
> dou ble const pi = 3.141592653589793238462643383279502884;
19c19
< void cal cu late(const float & ra dius , float & area , float 
& cir cum fer ence)
---
> void cal cu late(const dou ble & ra dius , dou ble & area ,
dou ble & cir cum fer ence)
22c22
<   cir cum fer ence = 2.0f*pi*ra dius;
---
>   cir cum fer ence = 2.0*pi*ra dius;
28,30c28,30
<   float r;
<   float a;
<   float c;
---
>   dou ble r;
>   dou ble a;
>   dou ble c;
32c32
<   r=1.0f;
---
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>   r=1.0;
36c36
<   cout.width(12);cout.pre ci sion(9);
---
>   cout.width(21);cout.pre ci sion(18);
38c38
<   cout.width(12);cout.pre ci sion(9);
---
>   cout.width(21);cout.pre ci sion(18);
40c40
<   cout.width(12);cout.pre ci sion(9);
---
>   cout.width(21);cout.pre ci sion(18);

Quite a lot of source code changes are required.

11.16Ex am ple 20 - namespaces and funtions

In this ex am ple we in clude a func tion in a namespace. Here is the source code.

#in clude <iostream>
us ing namespace std;
namespace util ity
{
 void swap(int* p_i, int* p_j)
 {
   cout << " Util ity swap " << endl;
   int t;
     t=*p_i;
     *p_i=*p_j;
     *p_j=t;
 }
}
us ing namespace util ity;
int main()
{
  int i;
  int j;
    i=1;
    j=2;
    cout << " i= " << i << " j= " << j << endl;
    swap(&i,&j);
    cout << " i= " << i << " j= " << j << endl;
    swap(i,j);
    cout << " i= " << i << " j= " << j << endl;
    util ity::swap(&i,&j);
    cout << " i= " << i << " j= " << j << endl;
    std::swap(i,j);
    cout << " i= " << i << " j= " << j << endl;
    re turn(0);
}

164 Functions

Chap ter 11 © Ian D Chivers



Here is a sam ple run.

 i= 1 j= 2
 Util ity swap 
 i= 2 j= 1
 i= 1 j= 2
 Util ity swap 
 i= 2 j= 1
 i= 1 j= 2

There are a num ber of im por tant is sues raised here:-

· our user sup plied swap func tion is in cluded in the util ity namespace

· we need to use the namespace to make the func tion al ity in the util ity namespace

avail able

· when there is a sig na ture match with the util ity swap func tion that one is called;

· when there is no sig na ture match to the user writ ten swap func tion the stan dard

swap func tion is called

· we can qual ify the swap func tions ex plic itly with the namespace name to force

the func tion call we want;

We will look at ad di tional namespace ex am ples in later chap ters.

11.17C++ Stan dard Func tions

The C++ stan dard de fines a num ber of li brar ies, and these in clude:–

· lan guage sup port li brary

cstddef, lim its, climits, cfloat, ", new, typeinfo, ex cep tion, csdtarg, csetjmp,

ctime, csignal, ";

· di ag nos tics li brary

stdexcept, cassert, cerrno;

· gen eral util i ties li brary

util ity, func tional, mem ory, ctime;

· strings li brary

string, cctype, cwctype, cstring, cwchar, ";

· lo cal isa tion li brary

lo cale, clocale;

· con tain ers li brary

bitset, deque, list, queue, stack, vec tor, map, set;

· iterators li brary

iterator;

· al go rithms li brary

al go rithm, ";

· numerics li brary

com plex, valarray, nu meric, cmath, ";

· iolibrary
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iosfwd, iostream, ios, streambuf, istream, ostream, iomanip, sstream, ",

fstream, cstdio, cwchar;

and you should have a look to see what has al ready been pro vided in the lan guage be fore
writ ing your own func tions. Three use ful sources are (not in any par tic u lar or der):

· the stan dard

Not the eas i est of reads, but de fin i tive!

· Vi sual Stu dio on line help

Only use ful if you have Vi sual Stu dio in stalled!.

11.18Sum mary

We have only touched on some of what is pos si ble in C++ in this chap ter. We will look in
later chap ters at ex tend ing our knowl edge af ter we have looked at classes.

11.19Key Con cepts

11.19.1 Pre de fined func tions

There are a large num ber of pre de fined func tions avail able in C++. It is good sense to de -
velop some fa mil iar ity with them to avoid un nec es sary work.

11.19.2 User De fined func tions

It is pos si ble to de fine your own func tions. There are two main pro gram ming styles for do -
ing this.

· in ter face and code body to gether

· in ter face and code body sep a rate

the sec ond tends to be used when solv ing larger prob lems. 

11.19.3 Ba sic syn tax

type name(pa ram e ters)
{
ex e cut able code
}

11.19.4 Pa ram e ter Pass ing

There are a num ber of pa ram e ter pass ing meth ods in C++. They are listed be low.

11.19.4.1 Pass by value – copy made

This is the de fault for non-array ar gu ments. This means that the orig i nal data in the call ing
rou tine can’t be al tered. There can be quite a per for mance over head when pass ing large ob -
jects.

11.19.4.2 Ar ray as pa ram e ter – base ad dress used

The de fault for ar ray ar gu ments. The data in the called rou tine can be mod i fied.

11.19.4.3 Pass by ref er ence

Now can al ter the data in the called rou tine, but the copy is avoided. 

11.19.4.4 Pass by const ref er ence

Now stop the called rou tine al ter ing the data.
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11.20Prob lems

1. Write a pro gram that prints out a ta ble of val ues for sines, co sines and tan gents from 0
de grees to 90 de grees in 1 de gree in ter vals. There are a few catches here.

2. Print out math.h to get more in for ma tion about the stan dard maths func tions avail able in
C++. Are they iden ti cal to those in For tran or Pascal? 

3. Mod ify the ex am ple that passes two d dy namic ar rays (ex am ple 6) to work with three d
ar rays. Take care to en sure that you get the ex pres sion for cal cu lat ing the po si tion in the
three d ar ray cor rect. How long did it take you? Would you like to re peat this for 4, 5 and 6 
d ar rays?

4. Try com pil ing the fol low ing pro gram. What com piler er ror mes sages did you get?

#in clude <iostream>
us ing namespace std;

int sum(const int x[],const int n)
{
int t=0;
  x[0]=999;

for (int i=0;i<n;++i)
t += x[i];

re turn t;
}

int main()
{
const int size1=10;
const int size2=20;
int a[size1]={1,2,3,4,5,6,7,8,9,10};
int
b[size2]={1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20};
int i;
  cout << sum(a,size1) << "\n";

  cout << sum(b,size2) << "\n";

  re turn(0);
}

5. Try some of the ex am ples out. They are use ful ex am ples and can be used as sec tions of
real pro grams.
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Rus sell’s the ory of types leads to cer tain com plex i ties in the foun da tions of math e mat ics,...
Its in ter est ing fea tures for our pur poses are that types are used to pre vent cer tain er ro ne ous
ex pres sions from be ing used in log i cal and math e mat i cal for mu lae; and that a check against 
vi o la tion of type con straints can be made purely by scan ning the text, with out any knowl -
edge of the value which a par tic u lar sym bol might hap pen to have.

C. A. R. Hoare, Struc tured Pro gram ming.

It is said that Lisp pro gram mers know that mem ory man age ment is so im por tant that it can -
not be left to the us ers and C pro gram mers know that mem ory man age ment is so im por tant
that is can not be left to the sys tem.

anon

12 User De fined Types: Structs and
Classes

User de fined data types are an es sen tial part of gen eral pur pose pro gram ming lan guages.
Early lan guages pro vided this func tion al ity via con crete data types, later lan guages by ab -
stract data types.

C pro vided con crete data types us ing structs. It was pos si ble to fake ab stract data typ ing in
C by pro vid ing ac cess to the data in the struct via func tions.

C++ pro vides the abil ity to pro gram user de fined types us ing both structs and classes. They
are very sim i lar. From a sim plis tic point of view in C++ structs pro vide data struc tur ing
where ev ery thing within the struct is pub lic or vis i ble by de fault, and classes pro vide the
same func tion al ity ex cept that ev ery thing is now pri vate or hid den by de fault.

We will look in the first in stance at the im ple men ta tion of a range of user de fined types us -
ing a con crete data struc ture ap proach. We will then look at im ple ment ing the same data
types us ing an ab stract ap proach.

12.1 Con crete Data Types

We have a small num ber of ex am ples in this chap ter, mainly to high light the syn tax of
structs and classes in C++. We will look at more re al is tic ex am ples in later chap ters.

12.2 Date data type

The ex am ples we have cov ered far have looked at the in trin sic types avail able in C++. In
this chap ter we look at the way we can add ad di tional new types to a pro gram, and ex tend
the range of prob lems we can solve.

12.2.1 Ex am ple 1 - Date data type us ing structs

There are two stages in the pro cess of cre at ing and us ing our own data types, we must first
de fine that type and sec ond cre ate vari ables of that type. Con sider the fol low ing two ex am -
ples. One uses structs and the other uses classes and the pub lic ac cess specifier.

#in clude <iostream>
us ing namespace std;

struct date
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{
int day,month,year;

};

int main()
{
date d;

d.day=1;
d.month=1;
d.year=1996;
cout << d.day << "/";
cout << d.month << "/";
cout << d.year << endl;
re turn(0);

}

The out put from this pro gram is given be low.

C:\doc u ment\cpp\newbook>ch1301
1/1/1996

12.2.2 Ex am ple 2 - Date data type us ing classes

The fol low ing is es sen tially the same so lu tion but uses classes, rather than structs.

#in clude <iostream>
us ing namespace std;

class date
{

pub lic:
int day,month,year;

};

int main()
{
date d;

d.day=1;
d.month=1;
d.year=1996;
cout << d.day << "/";
cout << d.month << "/";
cout << d.year << endl;
re turn(0);

}

The out put from this pro gram is iden ti cal and is given be low.

C:\doc u ment\cpp\newbook>ch1302
1/1/1996

New data types are gen er ally de fined in C++ us ing the class state ment. In the above ex am -
ple we de fine a class of type date. This class has three com po nent parts, day, month and
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year, all of type in te ger. Ev ery thing within a class is hid den or pri vate by de fault. To make
the com po nents vis i ble out side we use the pub lic state ment.

In the main pro gram we then de fine a vari able d to be of type date. The fol low ing state -
ments as sign val ues to the com po nents of d, and then print out their val ues.

12.3 Ex am ple 3 - Ar rays of user de fined data types us ing addresses

This ex am ple looks at an ad dress data type. We then cre ate an ar ray of ad dresses.

#in clude <iostream>
#in clude <string>

us ing namespace std;
class ad dress
{
  pub lic :
  string name;
  string street;
  string dis trict;
  string city;
  string post code;
};

int main()
{
  const int n=2;
  ad dress a[2];
  for (int i=0 ; i<n ; ++i)
  {
    getline(cin , a[i].name);
    getline(cin , a[i].street);
    getline(cin , a[i].dis trict);
    getline(cin , a[i].city);
    getline(cin , a[i].post code);
  }
  for (int i=0 ; i<n ; ++i)
  {
    cout << a[i].name << endl;
    cout << a[i].street << endl ;
    cout << a[i].dis trict << endl ;
    cout << a[i].city << endl ;
    cout << a[i].post code << endl ;
  }
  re turn(0);
}

We here de fine the ad dress data type to have com po nents of name, street, dis trict, city and
post code. Each of these is a string.

In the main pro gram we then cre ate a vari able which is an ar ray of ad dresses.
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12.4 Ex am ple 4 - Nested Data Types

In this ex am ple we nest data types. Here we have the two data types ad dress and date of
birth. We then use these within the per sonal data type. 

#in clude <iostream>
#in clude <string>

us ing namespace std;

class ad dress
{
  pub lic :
  string street;
  string dis trict;
  string city;
  string post code;
};

class date_of_birth
{
  pub lic:
  int day,month,year;
};

class per sonal
{
  pub lic:
  string first_name;
  string sur name;
  date_of_birth dob;
  ad dress add;
};

int main()
{
  per sonal p_de tails;
  cin >> p_de tails.first_name ; 
  cin >> p_de tails.sur name    ;
  cin.get();
  cin >> p_de tails.dob.day; 
  cin >> p_de tails.dob.month;
  cin >> p_de tails.dob.year;
  cin.get();
  getline(cin , p_de tails.add.street);
  getline(cin , p_de tails.add.dis trict);
  getline(cin , p_de tails.add.city);
  getline(cin , p_de tails.add.post code);
  cout << p_de tails.first_name << " ";
  cout << p_de tails.sur name << endl;
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  cout << p_de tails.dob.day << " ";
  cout << p_de tails.dob.month << " ";
  cout << p_de tails.dob.year << endl;
  cout << p_de tails.add.street << endl;
  cout << p_de tails.add.dis trict << endl;
  cout << p_de tails.add.city << endl;
  cout << p_de tails.add.post code << endl;
  re turn(0);
}

The nest ing syn tax is rel a tively straight for ward. Here is a data file for this pro gram.

Ian Chivers
11 2 1952
21 Winterwell Road
Brixton
LON DON
SW2 5JB

In this ex am ple we use 

· cin 

· cin.get()

· getline() 

to pro cess the data file cor rectly.  We are read ing 2 items from line one and 3 items from
line two. We need the cin.get() method to get past the end of line char ac ter, which is white
space. We use the getline() method to read all of the ad dress data from each line.

12.5 Ex am ple 5 - Con crete Time class

The fol low ing ex am ple is a con crete time class. It han dles both 12 hour and 24 hour clocks.

#in clude <iostream>
us ing namespace std;

class Time
{
pub lic :
 int hour, min ute , sec ond; 
};

void print24(Time t)
{
 cout << ( t.hour < 10 ? "0" : "" ) << t.hour << ":"
 << ( t.min ute < 10 ? "0" : "" ) << t.min ute << ":"
 << ( t.sec ond < 10 ? "0" : "" ) << t.sec ond;
}

void print12(Time t)
{
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cout << ( ( t.hour == 0 || t.hour == 12 ) ? 12 : t.hour %
12 )
<< ":" << ( t.min ute < 10 ? "0" : "" ) << t.min ute
<< ":" << ( t.sec ond < 10 ? "0" : "" ) << t.sec ond
<< ( t.hour < 12 ? " AM" : " PM" );
}

int main()
{
 Time t;

 t.hour = 22;
 t.min ute = 30;
 t.sec ond = 0;

 cout << " Match of the day is at ";
 print24(t);
 cout << " in a 24 hour clock or "<< endl ;
 cout << " " ;
 print12(t);
 cout << " in a 12 hour clock" << endl;
 re turn 0;
}

One of the prob lems at the end con cerns con vert ing this class to an ab stract data type. 

12.6 Ex am ple 6 - Built in date and time func tions

The fol low ing is a sim ple pro gram that uses some of the date func tions pro vided in <time>

We will use the in for ma tion in this ex am ple in pro grams where we are in ter ested in tim ing
code.

#in clude <iostream>
#in clude <ctime>
#in clude <cstdio>
us ing namespace std;

int main()
{
time_t lo cal_time;
struct tm *to day;
int day=0,month=0,year=0;
 time(&lo cal_time);
 printf("%s",ctime(&lo cal_time));
 to day = localtime(&lo cal_time);
 day = to day->tm_mday;
 month = to day->tm_mon;
 year= (to day->tm_year)+1900;
 cout << day << " " << month << " " << year << endl;
 re turn(0);
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}

The vari able lo cal_time is of type time_t. time_t is a long in te ger and is used to rep re sents
time val ues in time.

The vari able to day is a pointer to the tm struc ture. The tm struc ture is used by asctime,
gmtime, localtime, mktime, and strftime to store and re trieve time in for ma tion. The fields of 
the struc ture type tm store the fol low ing val ues, each of which is an int:

· tm_sec - Sec onds af ter min ute (0 – 59)

· tm_min - Min utes af ter hour (0 – 59)

· tm_hour - Hours af ter mid night (0 – 23)

· tm_mday - Day of month (1 – 31)

· tm_mon - Month (0 – 11; Jan u ary = 0)

· tm_year - Year (cur rent year mi nus 1900)

· tm_wday - Day of week (0 – 6; Sunday = 0)

· tm_yday - Day of year (0 – 365; Jan u ary 1 = 0)

· tm_isdst - Pos i tive value if day light sav ing time is in ef fect; 0 if day light sav ing

time is not in ef fect; neg a tive value if sta tus of day light sav ing time is un known. 

The C run-time li brary as sumes the United States’s rules for im ple ment ing the

cal cu la tion of Day light Sav ing Time (DST). 

The time func tion gets the sys tem time. Its pro to type is

· time_t time( time_t *timer )

It re turns a value of type time_t and takes one ar gu ment which is a pointer to a vari able of
type time_t.

The localtime func tion con verts a time value and cor rects for the lo cal time zone. Its pro to -
type is:

· struct tm *localtime( const time_t *timer );

It takes one ar gu ment which is a pointer to a con stant vari able of type time_t. It re turns a
pointer to a struc ture tm. If the value in timer rep re sents a date be fore mid night, Jan u ary 1,
1970, localtime re turns NULL. I have no idea why!

Run the pro gram and have a look at the out put. We will be us ing this ex am ple to mod ify
our date class to make it more use ful.

12.7 Ex am ple 7 - C style singly linked list

This pro gram will eat up all in put and ter mi nate with a con trol z or end of file. Run the
pro gram. What do you no tice about the white space char ac ters, i.e. spaces and end of lines?

#in clude <iostream>
#in clude <cstdio>
#in clude <cstdlib>
us ing namespace std;

struct link {
 char c;
 struct link *next;
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};

int main()
{
 char c;
 struct link *first = NULL; /* Start of list */
 struct link *cur rent; /* End of list */
 struct link *ptr; /* Tem po rary */

/* Loop read ing char ac ters un til the end of file */
/* char ac ter is reached (EOF) */
/* Note that one can not use eof() to check for */
/* EOF un til one has ac tu ally tried to read it */
/* - un like Pascal. */

 while (cin >> c ) { /* Loop for all char ac ters */
 ptr = new (link);

 if (ptr == NULL) {
cout << " In suf fi cient mem ory\n";

 exit(1);
 }

/* Add new value and clear sub se quent link */

 ptr->c = c;
 ptr->next = NULL;

/* Up date point ers to add new value at end of list. */
/* The "if" state ment could be omit ted by mak ing the */
/* first char ac ter en tered a "spe cial" case - as in */
/* Ex am ple 10.1.4 - but gen er al ity is a good idea! */

 if (first == NULL) /* If this is the 1st char ac ter */
 first = cur rent = ptr;
 else /* Oth er wise... */
 cur rent->next = ptr;
 cur rent = ptr;
 }

/* Now print out the list */

 ptr = first;
 while (ptr != NULL) {

 cout << ptr->c;
 ptr = ptr->next;
 }
 cout << endl;
 re turn 0;
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}

NULL is pre de fined within C++ and is used with point ers to ter mi nate lists etc. Let us look
at this pro gram in some depth to con vince our selves that it will work as we want.

12.8 Ex am ple 8 - Equiv a lent pro gram us ing C++ style strings

The pre vi ous pro gram read in all user in put un til and end of file was en tered. It then ech oed 
the in put back to the user. What do you think the fol low ing pro gram does?

#in clude <iostream>
#in clude <string>
us ing namespace std;

int main()
{

string s;
char c;
while ( cin.get(c) ) s+=c;
cout << s << endl;
re turn(0);

}

Which is the eas ier to un der stand?

12.9 Ab stract Data Types

We look here at the same prob lems but now im ple ment us ing an ab stract data type ap -
proach. We are now look ing at data and meth ods ap plied to that data. Ac cess to the ob jects
is re stricted to a set of func tions. These func tions are called class mem ber func tions in C++
ter mi nol ogy. 

12.9.1 Ex am ple 9 - The Date class re vis ited

#in clude <iostream>
us ing namespace std;

class date
{

int day,month,year;
pub lic:
date(int,int,int);
void print_date();

};

date::date(int d=0,int m=0,int y=0)
{

day=d;month=m;year=y;
}

void date::print_date()
{

cout << day << "/" << month << "/" << year << endl;
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}

int main()
{
date d(1,1,1996);

d.print_date();
d=date(11,2,1952);
d.print_date();
re turn(0);

}

Let us look quite care fully here at the dif fer ences.

Firstly within the class the three data com po nents are no lon ger vis i ble ex ter nally. Ev ery -
thing within a class is pri vate or hid den by de fault.

We have two pub licly vis i ble com po nents of this class, date (a so called con struc tor) and
print_date. This means if we need to do any thing with the date class that we have to use
these two ac cess mech a nisms. We are now look ing at bind ing to gether data and meth ods.

The class dec la ra tion, in this case, only has def i ni tions. The im ple men ta tion of the date con -
struc tor and print_date func tion oc cur later. This is a com mon C++ style where we do not
want to clut ter up the class def i ni tion with un nec es sary bag gage.

The next thing we have are the ac tual im ple men ta tions for the date con struc tor and
print_date func tion.

A con struc tor is the C++ way of pro vid ing a data type with ini tial val ues. It has the same
name as the data type or class. In this case date. To iden tify that the date pro ce dure is part
of the date class def i ni tion we pref ace the con struc tor name with the class name, i.e. use
date::date.

If we don’t sup ply any pa ram e ters when we de fine a vari able to be of type date then ini tial
val ues are pro vided of 0,0 and 0 for day, month and year re spec tively.

If we do sup ply three pa ram e ters then these val ues will set the val ues for day, month and
year re spec tively. Note that day, month and year have no vis i bil ity out side the date class.

The next pro ce dure print_date has no type as so ci ated with it and is there fore de clared to be
a func tion of type void. 

It takes no ar gu ments. It will then print out the val ues of day, month and year.

Within the main pro gram we de fine the vari able d to be of type date, and use the con struc -
tor to pro vide an ini tial value.

The next state ment quite clearly high lights the way in which we are bind ing to gether data
and meth ods. The d.print_date state ment in vokes the print_date func tion with date val ues
taken from the vari able d.

The next state ment as signs a new value to d.

The last state ment prints out these new val ues.

This is quite an im prove ment over the ear lier con crete data struc ture ex am ple. The main
body of the pro gram is greatly sim pli fied, and it is much clearer as to what is ac tu ally hap -
pen ing. We have hid den be hind the con struc tor and print_date func tion all of the messy im -
ple men ta tion de tails of the date data type.

If we wanted to check for valid dates then we could do so within the con struc tor. Some
pos si bil i ties in clude:–
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· firstly check ing days to be in the range 1-31 and months in the range 1-12;

· sec ondly check ing day and month com bi na tions;

· thirdly add ing leap year check ing;

Each of these would in crease the se cu rity of any pro gram that used this data type. This is
set as a prob lem at the end of the chap ter. There is also a cov er age of the Gre go rian cal en -
der.

12.9.2 Ex am ple 10 - Names and ad dresses re vis ited

Here is an ex am ple based on names and ad dresses.

#in clude <iostream>
#in clude <string>
us ing namespace std;
class ad dress
{
  string name;
  string street;
  string dis trict;
  string city;
  string post code;
  pub lic :
  ad dress (string name,
       string street,
       string dis trict,
       string city,
       string post code);
  ad dress();
 void set_ad dress();
 void print_ad dress();
};

ad dress::ad dress(string n,
           string s,
           string d,
           string c,
           string p)
{
 name=n;
 street=s;
 dis trict=d;
 city=c;
 post code=p;
}

ad dress::ad dress()
{
 name="";
 street="";
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 dis trict="";
 city="";
 post code="";
}
void ad dress::set_ad dress()
{
  cout << " name " ; getline(cin, name);
  cout << " street " ; getline(cin, street);
  cout << " dis trict " ; getline(cin,dis trict);
  cout << " city " ; getline(cin, city);
  cout << " post code " ; getline(cin, post code);
}

void ad dress::print_ad dress()
{
  cout << endl;
  cout << name << endl;
  cout << street << endl;
  cout << dis trict << endl;
  cout << city << endl;
  cout << post code << endl;
}

int main()
{
  ad dress a[2];

    a[0]=ad dress("Ian Chivers","21 Winterwell
Road","Brixton","Lon don","SW2 5JB");
    a[1]=ad dress();
    for (int i=0 ; i<2 ; ++i)
      a[i].print_ad dress();
    for (int i=0 ; i<2 ; ++i)
      a[i].set_ad dress();
    for (int i=0 ; i<2 ; ++i)
      a[i].print_ad dress() ;
    re turn(0);
}

There is now no di rect ac cess to the data in the data type. We must use meth ods to ac cess
the data.

The data type has 4 pub lic meth ods

· a 5 ar gu ment method to initalise the data type

· a zero ar gu ment method to in itial ise the data type

· a print_ad dress method to print of the data type

· a set_ad dress method to re set the data in the data type

We then test the data type out in the main pro gram.
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12.10The C++ ob ject Model – taken from the stan dard

Sec tion 1.6 of the stan dards states The con structs in a C++ pro gram cre ate, re fer to, ac cess
and ma nip u late ob jects. An ob ject is a re gion of stor age and ex cept for it fields oc cu pies
one or more con tig u ous bytes of stor age. An ob ject is cre ated by a def i ni tion, by a new ex -
pres sion, or by the im ple men ta tion when needed. The prop er ties of an ob ject are de ter mined 
when the ob ject is cre ated. An ob ject can have a name. An ob ject has a stor age du ra tion
which in flu ences its life time. An ob ject has a type. The term ob ject type re fers to the type
with which the ob ject is cre ated. The ob ject’s type de ter mines the num ber of bytes that the
ob ject oc cu pies and the in ter pre ta tion of its con tent. Some ob jects are poly mor phic; the im -
ple men ta tion gen er ates in for ma tion car ried out in each ob ject such that it makes it pos si ble
to de ter mine that ob ject’s type dur ing pro gram ex e cu tion. For other ob jects, the mean ing of
the val ues found therein is de ter mined by the type of the ex pres sions used to ac cess them.

This ob vi ously means that when we look at poly mor phism there will be a run time over -
head to de ter mine the cor rect ac tion dur ing pro gram ex e cu tion, what method to in voke.

12.11Sum mary

Structs and classes pro vide us with a way of im ple ment ing user de fined data types. We can
do this in one of two ways. First us ing a con crete data struc ture ap proach where we need to 
have a good work ing knowl edge of the in ter nals of that data type, and sec ondly us ing ab -
stract data types where the in ter nals are hid den from use and ac cess is via pro ce dures or
mem ber func tions.

Please note that we have not cov ered all as pects of class us age in this chap ter. We will be
pro vid ing more in for ma tion in later chap ters.

12.12Key Con cepts

12.12.1 Con crete data types

12.12.1.1 Data pub lic

12.12.1.2 Func tions pub lic

12.12.2 Ab stract data types

12.12.2.1 Data Pri vate

12.12.2.2 Func tions pub lic

12.12.3 Con struc tors

12.12.3.1 Sim ple con struc tor

12.12.4 Ba sic Class Syn tax

class name
{

pub lic: ...
;

pri vate: ...
;
};
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12.13Prob lems

Here is some back ground in for ma tion re gard ing dates and the Gre go rian cal en der.

Gre go rian Cal en der

The cal en der used by the world to day; a re vised ver sion of the Julian Cal en der, in tro duced
by the Pope Greg ory XIII in 1582. 

In the Gre go rian cal en dar, the trop i cal year is ap prox i mated as 365 97/400 days = 365.2425 
days. Thus it takes ap prox i mately 3300 years for the trop i cal year to shift one day with re -
spect to the Gre go rian cal en dar. The ap prox i ma tion 365 97/400 is achieved by hav ing 97
leap years ev ery 400 years. These are cal cu lated as fol lows : Ev ery year di vis i ble by 4 is a
leap year. How ever, ev ery year di vis i ble by 100 is not a leap year. How ever, ev ery year di -
vis i ble by 400 is a leap year af ter all. 

The change-over from the Julian to the Gre go rian cal en dar. The pa pal bull of Feb ru ary
1582 de creed that 10 days should be dropped from Oc to ber 1582 so that 15 Oc to ber should
fol low im me di ately af ter 4 Oc to ber, and from then on the re formed cal en dar should be
used. This was ob served in It aly, Po land, Por tu gal, and Spain. Other Cath o lic coun tries fol -
lowed shortly af ter, but Protestant coun tries were re luc tant to change, and the Greek or tho -
dox coun tries did n’t change un til the start of this cen tury.

It should be noted that the Gre go rian Cal en dar is use less for as tron omy be cause it has a
ten-day hi a tus in it. For the pur pose of cal cu lat ing po si tions back ward in time, as tron o mers
use the Julian Date Cal en dar. I found the fol low ing site very use ful when re search ing this
area.

http://www.geocities.com/CapeCanaveral/Lab/7671/in dex.html

The fol low ing list con tains the dates for changes in a num ber of coun tries. 

Al ba nia: De cem ber 1912 

Aus tria: Dif fer ent re gions on dif fer ent dates 

5 Oct 1583 was fol lowed by 16 Oct 1583 

14 Dec 1583 was fol lowed by 25 Dec 1583 

Bel gium: Dif fer ent au thor i ties say 14 Dec 1582 was fol lowed by 25 Dec 1582 and 21 Dec
1582 was fol lowed by 1 Jan 1583 

Bul garia: Dif fer ent au thor i ties say Some time in 1912 and Some time in 1915 

18 Mar 1916 was fol lowed by 1 Apr 1916 

China: Dif fer ent au thor i ties say 18 Dec 1911 was fol lowed by 1 Jan 1912 and 18 Dec 1928
was fol lowed by 1 Jan 1929 

Czecho slo va kia (i.e. Bo he mia and Moravia): 6 Jan 1584 was fol lowed by 17 Jan 1584 

Den mark (in clud ing Nor way): 18 Feb 1700 was fol lowed by 1 Mar 1700 

Egypt: 1875 

Es to nia: Jan u ary 1918 

Fin land: Then part of Swe den. (Note, how ever, that Fin land later be came part of Rus sia,
which then still used the Julian cal en dar. The Gre go rian cal en dar re mained of fi cial in Fin -
land, but some use of the Julian cal en dar was made.) 

France: 9 Dec 1582 was fol lowed by 20 Dec 1582 
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Ger many: Dif fer ent states on dif fer ent dates: Cath o lic states on var i ous dates in 1583-1585
and Prus sia: 22 Aug 1610 was fol lowed by 2 Sep 1610 and Protestant states: 18 Feb 1700
was fol lowed by 1 Mar 1700 

Great Brit ain and Do min ions (in clud ing what is now the USA): 2 Sep 1752 was fol lowed
by 14 Sep 1752 

Greece: 9 Mar 1924 was fol lowed by 23 Mar 1924 

Hun gary: 21 Oct 1587 was fol lowed by 1 Nov 1587 

It aly: 4 Oct 1582 was fol lowed by 15 Oct 1582 

Ja pan: Dif fer ent au thor i ties say: 19 Dec 1872 was fol lowed by 1 Jan 1873 and 18 Dec 1918 
was fol lowed by 1 Jan 1919 

Lat via: Dur ing Ger man oc cu pa tion 1915 to 1918 

Lith u a nia: 1915 

Lux em bourg: 14 Dec 1582 was fol lowed by 25 Dec 1582 

Neth er lands: Brabant, Flan ders, Hol land, Artois, Hennegau: 14 Dec 1582 was fol lowed by
25 Dec 1582, Geldern, Friesland, Zeuthen, Groningen, Overysel: 30 Nov 1700 was fol -
lowed by 12 Dec 1700 

Nor way: Then part of Den mark. 

Po land: 4 Oct 1582 was fol lowed by 15 Oct 1582 

Por tu gal: 4 Oct 1582 was fol lowed by 15 Oct 1582 

Ro ma nia: 31 Mar 1919 was fol lowed by 14 Apr 1919 

Rus sia: 31 Jan 1918 was fol lowed by 14 Feb 1918 

Spain: 4 Oct 1582 was fol lowed by 15 Oct 1582 

Swe den (in clud ing Fin land): 17 Feb 1753 was fol lowed by 1 Mar 1753 (see note be low) 

Swit zer land: Cath o lic can tons: 1583 or 1584. Zu rich, Bern, Basel, Schafhausen, Neuchatel,
Geneva: 31 Dec 1700 was fol lowed by 12 Jan 1701. St Gallen: 1724 

Tur key: 18 Dec 1926 was fol lowed by 1 Jan 1927 

USA: See Great Brit ain, of which it was then a col ony. 

Yu go sla via:14 Jan u ary 1919 was fol lowed by 28 Jan u ary 1919 but parts of the coun try had
changed over ear lier.

Swe den has a cu ri ous his tory. Swe den de cided to make a grad ual change from the Julian to
the Gre go rian cal en dar. By drop ping ev ery leap year from 1700 through 1740 the eleven su -
per flu ous days would be omit ted and from 1 Mar 1740 they would be in sync with the Gre -
go rian cal en dar. (But in the mean time they would be in sync with no body!) So 1700 (which 
should have been a leap year in the Julian cal en dar) was not a leap year in Swe den. How -
ever, by mis take 1704 and 1708 be came leap years. This left Swe den out of synchronisation 
with both the Julian and the Gre go rian world, so they de cided to go ‘back’ to the Julian cal -
en dar. In or der to do this, they in serted an ex tra day in 1712, mak ing that year a dou ble
leap year! So in 1712, Feb ru ary had 30 days in Swe den. Later, in 1753, Swe den changed to 
the Gre go rian cal en dar by drop ping 11 days like ev ery one else.

1. The first pro gram in this chap ter looks at a con crete date data type. The type is made up
of three in te ger com po nents called day, month and year. As the pro gram stands there is
noth ing to stop the as sign ment of il le gal date val ues to these three com po nents.

Mod ify the pro gram to check for valid dates.
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· Days are in the range 1-31, de pend ing on the month

· Months are in the range 1-12

· Valid years de pend on what cal en der you are us ing. We will use the Gre go rian.

What about leap years?

Be cause of the way that this ex am ple has been writ ten there is noth ing we can do to stop
the as sign ment of in valid val ues. In te gers can take on a very wide range of valid val ues!
The Pascal and Mod ula 2 lan guages have the con cept of a num ber of data struc tur ing fa cil i -
ties that would help out with the above ex am ple. The lan guages have ranges and sub
ranges. In valid val ues are then trapped (some of them at least) by a sim ple com piler switch.

2. The date ex am ple also ex ists as an ab stract data type. Mod ify this pro gram to check for
valid dates. You have done most of the don key work in the pre vi ous ex am ple.

Add a set date rou tine. Try this pro gram out with three kinds of pa ram e ters:

· setdate(int d, int m, int y)

· setdate(int &d, int &m, int &y)

· setdate(const int &d, const int &m, const int &y)

I would cre ate three setdate rou tines, one for each of the above types of pa ram e ters, e.,g.
adate, bdate, cdate.

Mod ify the con struc tor to print out a mes sage when it is in voked. In the first ex am ple a
copy is made. In the sec ond ex am ple the ac tual vari able is passed. This could be mod i fied.
In the third ex am ple the vari able is de fined as a con stant – you are not al lowed to al ter it
within the setdate rou tine.

12.14Bib li og ra phy

Sedgewick R. Al go rithms in C++, Ad di son Wes ley.

· A C++ ver sion of his orig i nal book Al go rithms, 1983.

·
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Com mon sense is the best dis trib uted com mod ity in the world, for ev ery man is con vinced
that he is well sup plied with it.

Des cartes.

13 IO
In this chap ter we will look at the the fa cil i ties in C++ for in put and out put. This is pro -
vided through a class li brary. The I/O stream li brary was an early part of the stan dard li -
brary. Older text books will have pro gram ex am ples us ing this style. You should be wary of 
buy ing books with a date of pub li ca tion ear lier than 2005. We will try in this chap ter to fol -
low the emerg ing stan dards. Some of changes that oc curred in clude

· I/O be came inter na tion al ised

· The string classes for char ac ter i/o us ing ar rays of char were re placed. The ses

have been main tained for back wards compatability.

· Ex cep tion han dling was added

· The i/o stream classes were made tem plates to sup port dif fer ent char ac ter rep re -

sen ta tions

· All sym bols of the i/o stream li brary are now part of the std namespace.

· The def i ni tions of the stream classes are in sev eral header files: 

· <iostream>, <istream>, <ostream>

· <iosfwd>

· <streambuf>

13.1 A Stream as an Ob ject

A stream can be re garded as an ob ject with cer tain prop er ties. 

13.2 Stream Classes

Two of the key stream classes are

· istream – based on the tem plate class ba sic_istream

and

· ostream – based on the ba sic tem plate class ba sic_ostream

Some of the key ob jects are:

· cin – stan dard in put or the key board

· cout – stan dard out put, or the screen

· cerr – stan dard er ror mes sage chan nel

· clog – stan dard log ging chan nel

The above ob vi ously has been in flu enced by Unix.

13.3 Key header files

These are
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· <iosfwd>

· <streambuf>

· <istream>

· <ostream>

· <iostream>

· <iomanip>

13.4 Buffers

The ac tual read ing and writ ing out of char ac ters is buf fered in C++. You may need to flush
the out put buffer to ac tu ally see where you are within your pro gram when de bug ging.

13.5 Mem ber func tions for in put

The fol low ing are some of the mem ber func tions for in put.

· get

· getline

· read

We will have a look at us ing one or more of the above in some ex am ples.

13.6 Mem ber func tions for out put

The fol low ing are some of the mem ber func tions for out put.

· put

· write

· flush

Here are some ex am ples.

13.7 Ex am ple 1 - sim ple char ac ter i/o us ing get and put

This ex am ple does sim ple char ac ter i/o us ing the get and put meth ods..

#in clude <iostream>
us ing namespace std;

int main()
{

  int i;
  cout << " Type in some text and end with eof" << endl;

  while( ( i=cin.get() ) != EOF )
    cout.put(i);

  re turn(0);
}

Com pile and run this ex am ple.

IO 185

© Ian D Chivers Chap ter 13



13.8 Ex am ple 2 - Sim ple line i/o us ing getline

Here is an ex am ple that uses getline.

#in clude <iostream>
#in clude <string>
us ing namespace std;

int main()
{
  string line;

  cout << " Type in some text. End with eof" << endl;

  while( getline(cin,line) )
    cout << line << endl;

  re turn(0);
}

Com pile and run this ex am ple.

13.9 Read ing from text files

In the next ex am ples we read and write to text files. We will be us ing files from the UK
Met Of fice site.

http://www.metoffice.gov.uk/pub lic/weather/
cli mate-his toric/#?tab=climateHistoric

In the first ex am ple we will be us ing data from the Cwmystwyth site. I was born in Wales.

13.10Ex am ple 3 - read ing from a text file

Here is an ex am ple that reads a whole file.

#in clude <iostream>
#in clude <fstream>
#in clude <string>
#in clude <cstdlib>
us ing namespace std;

int main()
{

  string line;

  string in put_file_name = "cwmystwythdata.txt";
  ifstream in put_file(in put_file_name);

  if ( !( in put_file.good() ) )
  {
    cout << " File not found " << endl;
    cout << " Pro gram ter mi nates" << endl;
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    exit(1);
  }
  
  cout << " Start ing read ing" << endl;

    while( getline(in put_file,line) )
      cout << line << endl;

  re turn(0);

}

13.11Ex am ple 4 - read ing and writ ing to text files

This is vari ant of the pre vi ous ex am ple. Now we read and skip any pro cess ing on the first
31 lines. We then read the next 12 lines which cor re spond to the data for 1961, and write to 
a file. We will then use this data file in sub se quent ex am ples.

#in clude <iostream>
#in clude <fstream>
#in clude <string>
#in clude <cstdlib>
us ing namespace std;

int main()
{
  string line
  int i;

  string in put_file_name = "cwmystwythdata.txt";
  ifstream in put_file(in put_file_name);

  if ( !( in put_file.good() ) )
  {
    cout << " File not found " << endl;
    cout << " Pro gram ter mi nates" << endl;
    exit(1);
  }

  string out put_file_name = "1961.txt";
  ofstream out put_file(out put_file_name);

  cout << " Skip header and first 2 years" << endl;

  for (i=1;i<32;i++)
  {
    getline(in put_file,line);
    cout << line << endl;
  }
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// Now read the data for 1961 and write to a file

  for (i=1;i<13;i++)
  {
    getline(in put_file,line);
    out put_file << line << endl;
  }

  re turn(0);

}

13.12Ex am ple 5 - read ing text files and us ing substrings to ex tract data

In this ex am ple we read the data file cre ated in the pre vi ous ex am ple and ex tract the year
and rain fall data us ing substrings. Here is the pro gram.

#in clude <iostream>
#in clude <fstream>
#in clude <string>
#in clude <cstdlib>
us ing namespace std;

int main()
{
  string line;

  constexpr int n = 12;
  int           year[n];
  dou ble        rain fall[n];
  int i;

  string in put_file_name = "1961.txt";
  ifstream in put_file(in put_file_name);
  if ( !( in put_file.good() ) )
  {
    cout << " File not found " << endl;
    cout << " Pro gram ter mi nates" << endl;
    exit(1);
  }

  cout << " Read ing starts" << endl;

  for (i=0;i<12;i++)
  {
    getline(in put_file,line);
    year[i]     = stoi( line.substr( 2, 4) );
    rain fall[i] = stod( line.substr(37, 5) );
    cout << year[i] << " " << rain fall[i] << endl;
  }
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  re turn(0);

}

Note the fol low ing

· we have used the stoi and stod con ver sion func tions to do what is called an in -

ter nal read in older lan guages.

· we have used the substr func tion to extract the num bers from the whole string;

Files with data in fixed col umns are a very com mon data in ter change for mat.

13.13Neat tab u lar out put

When print ing ta bles of text and num bers we want the col umns to line up. In the next set of 
ex am ples we will look at ways of achiev ing this. This is done in C++ us ing ma nip u la tors.
Here are some of the io ma nip u la tors in C++.

· Float ing-point for mat ting 

· showpoint

· noshowpoint 

· setprecision 

· fixed

· sci en tific

· hexfloat

· defaultfloat

· In te ger for mat ting 

· setbase 

· showbase

· dec

· hex

· oct 

· Boolean for mat ting 

· boolalpha

· noboolalpha 

· Field width and fill con trol 

· setfill 

· setw 

· in ter nal

· left

· right 

· Other for mat ting 

· showpos

IO 189

© Ian D Chivers Chap ter 13



· noshowpos 

· up per case

· nouppercase 

· Whitespace pro cess ing 

· ws 

· ends 

· skipws

· noskipws 

· Out put flush ing 

· flush 

· endl 

· unitbuf

· nounitbuf 

· Sta tus flags ma nip u la tion 

· resetiosflags 

· setiosflags 

We will use some of these in the ex am ples be low.

13.14Ex am ple 6 - dis play ing hex a dec i mal numbers

The fol low ing ex am ple pro duces a ta ble of in for ma tion in both hex a dec i mal and nor mal
dec i mal for mat.

#in clude <iostream>

us ing namespace std;

int main()
{

  int i;
  long long int j;
  long long int k = 1024 * 1024;
  long long int l;

  string s1 = " * 1024 * 1024 = ";

  cout << "    De clared size         ac tual      mem ory        
hex        hex" << endl;
  cout << "    in mega bytes            size        size                    
-1" << endl;

  for (i=32;i<=1024;i=i+32)
  {
    cout.width(4) ;
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    cout << i  ;
    cout << s1 ;
    j = i * k  ; 
    l = j * 4  ;
    cout.width(12); 
    cout << j ;
    cout.width(12);
    cout << l ;
    cout.width(12);
    cout << hex;
    cout << l ;
    cout.width(12);
    cout << l-1 ;
    cout << dec;
    cout << endl;
  }

  re turn(0);

}

Here is the out put from the Microsft com piler.
    De clared size         ac tual      mem ory        hex        hex
    in mega bytes            size        size                    -1
  32 * 1024 * 1024 =     33554432   134217728     8000000     7ffffff
  64 * 1024 * 1024 =     67108864   268435456    10000000     fffffff
  96 * 1024 * 1024 =    100663296   402653184    18000000    17ffffff
 128 * 1024 * 1024 =    134217728   536870912    20000000    1fffffff
 160 * 1024 * 1024 =    167772160   671088640    28000000    27ffffff
 192 * 1024 * 1024 =    201326592   805306368    30000000    2fffffff
 224 * 1024 * 1024 =    234881024   939524096    38000000    37ffffff
 256 * 1024 * 1024 =    268435456  1073741824    40000000    3fffffff
 288 * 1024 * 1024 =    301989888  1207959552    48000000    47ffffff
 320 * 1024 * 1024 =    335544320  1342177280    50000000    4fffffff
 352 * 1024 * 1024 =    369098752  1476395008    58000000    57ffffff
 384 * 1024 * 1024 =    402653184  1610612736    60000000    5fffffff
 416 * 1024 * 1024 =    436207616  1744830464    68000000    67ffffff
 448 * 1024 * 1024 =    469762048  1879048192    70000000    6fffffff
 480 * 1024 * 1024 =    503316480  2013265920    78000000    77ffffff
 512 * 1024 * 1024 =    536870912  2147483648    80000000    7fffffff
 544 * 1024 * 1024 =    570425344  2281701376    88000000    87ffffff
 576 * 1024 * 1024 =    603979776  2415919104    90000000    8fffffff
 608 * 1024 * 1024 =    637534208  2550136832    98000000    97ffffff
 640 * 1024 * 1024 =    671088640  2684354560    a0000000    9fffffff
 672 * 1024 * 1024 =    704643072  2818572288    a8000000    a7ffffff
 704 * 1024 * 1024 =    738197504  2952790016    b0000000    afffffff
 736 * 1024 * 1024 =    771751936  3087007744    b8000000    b7ffffff
 768 * 1024 * 1024 =    805306368  3221225472    c0000000    bfffffff
 800 * 1024 * 1024 =    838860800  3355443200    c8000000    c7ffffff
 832 * 1024 * 1024 =    872415232  3489660928    d0000000    cfffffff
 864 * 1024 * 1024 =    905969664  3623878656    d8000000    d7ffffff
 896 * 1024 * 1024 =    939524096  3758096384    e0000000    dfffffff
 928 * 1024 * 1024 =    973078528  3892314112    e8000000    e7ffffff
 960 * 1024 * 1024 =   1006632960  4026531840    f0000000    efffffff
 992 * 1024 * 1024 =   1040187392  4160749568    f8000000    f7ffffff
1024 * 1024 * 1024 =   1073741824  4294967296   100000000    ffffffff

The out put is use ful when look ing at stack size is sues.

13.15Ex am ple 7 - in te ger tab u lar output

Here is a ver sion that uses ma nip u la tors to achieve neat tab u lar out put.
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#in clude <iostream>
us ing namespace std;
int main()
{
  int i;
  cout << " Rag ged" << endl;
  for (i=1;i<=12;i++)
  {
    cout << " " <<  i << " * 12 = " << i*12 << endl;
  }
  cout << " Aligned" << endl;
  for (i=1;i<=12;i++)
  {
    cout << " ";
    cout.width(2);
    cout << i << " * 12 = " ;
    cout.width(3);
    cout <<  i*12 << endl;
  }
  re turn(0);
}

Here is the out put from the Microsoft com piler.

 Rag ged
 1 * 12 = 12
 2 * 12 = 24
 3 * 12 = 36
 4 * 12 = 48
 5 * 12 = 60
 6 * 12 = 72
 7 * 12 = 84
 8 * 12 = 96
 9 * 12 = 108
 10 * 12 = 120
 11 * 12 = 132
 12 * 12 = 144
 Aligned
  1 * 12 =  12
  2 * 12 =  24
  3 * 12 =  36
  4 * 12 =  48
  5 * 12 =  60
  6 * 12 =  72
  7 * 12 =  84
  8 * 12 =  96
  9 * 12 = 108
 10 * 12 = 120
 11 * 12 = 132
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 12 * 12 = 144

The width ma nip u la tor has been used to set the num ber of col umns to be used in dis play ing 
the in te ger val ues.

13.16Ex am ple 8 - us ing in te gers and reals

Con sider the fol low ing pro gram.

#in clude <iostream>
us ing namespace std;

int main()
{
  int inch;
  dou ble cm;

  cout << " Inches     Centi metres" << endl;
  for (inch=1;inch<=10;inch++)
  {
    cm = inch * 2.54;
    cout << "  ";
    cout.width(2);
    cout << inch ;
    cout << "           ";
    cout.width(5);
    cout.pre ci sion(2);
    cout.setf(ios::right);
    cout.setf(ios::showpoint);
    cout.setf(ios::fixed);
    cout <<  cm << endl;
  }
  re turn(0);
}

Here is the out put from the Microsoft com piler.

 Inches     Centi metres
   1            2.54
   2            5.08
   3            7.62
   4           10.16
   5           12.70
   6           15.24
   7           17.78
   8           20.32
   9           22.86
  10           25.40

We have used the fol low ing state ments

    cout.width(5);
    cout.pre ci sion(2);
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    cout.setf(ios::right);
    cout.setf(ios::showpoint);
    cout.setf(ios::fixed);

to con trol the for mat ting of the centi metre col umn of num bers.

Run the pro gram and ex per i ment on what hap pens to the for mat of the out put by com ment -
ing out one or more of the state ments above.

13.17Ex am ple 9 - Writ ing large text files

Con sider the fol low ing pro gram.

#in clude <iostream>
#in clude <fstream>
#in clude <ctime>
us ing namespace std;

int main()
{
  const int n=10000000;
  int * x;
  time_t rawtime;
  struct tm * time_in for ma tion;
  ofstream out("in te ger_data.txt");
  int i;

  time ( &rawtime );
  time_in for ma tion = localtime ( &rawtime );

  cout << " Pro gram starts          " ;
  cout << asctime(time_in for ma tion) << endl;

  x = new int[n];

  time ( &rawtime );
  time_in for ma tion = localtime ( &rawtime );

  cout << " Al lo ca tion com plete     " ;
  cout << asctime(time_in for ma tion) << endl;

  for (i=0;i<n;i++)
    x[i]=i;

  time ( &rawtime );
  time_in for ma tion = localtime ( &rawtime );

  cout << " In itial is ation com plete ";
  cout << asctime(time_in for ma tion) << endl;

  for (i=0;i<n;i++)
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    out << x[i] << endl;

  time ( &rawtime );
  time_in for ma tion = localtime ( &rawtime );

  cout << " Out put com plete         " ;
  cout << asctime(time_in for ma tion) << endl;

  re turn(0);

}

Here is sam ple out put from the Microsoft com piler.

D:\doc u ment\cpp\notes>c1220
 Pro gram starts          Tue Apr 30 15:30:50 2013

 Al lo ca tion com plete     Tue Apr 30 15:30:50 2013

 In itial is ation com plete Tue Apr 30 15:30:50 2013

 Out put com plete         Tue Apr 30 15:31:37 2013
D:\doc u ment\cpp\notes>

13.18Ex am ple 10 - Read ing large text files

Con sider the fol low ing pro gram.

#in clude <iostream>
#in clude <fstream>
#in clude <ctime>
us ing namespace std;

int main()
{
  const int n=10000000;
  int * x;
  time_t rawtime;
  struct tm * time_in for ma tion;
  ifstream in("in te ger_data.txt");
  int i;

  time ( &rawtime );
  time_in for ma tion = localtime ( &rawtime );

  cout << " Pro gram starts          " ;
  cout << asctime(time_in for ma tion) << endl;

  x = new int[n];
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  time ( &rawtime );
  time_in for ma tion = localtime ( &rawtime );

  cout << " Al lo ca tion com plete     " ;
  cout << asctime(time_in for ma tion) << endl;

  for (i=0;i<n;i++)
    x[i]=i;

  time ( &rawtime );
  time_in for ma tion = localtime ( &rawtime );

  cout << " In itial is ation com plete ";
  cout << asctime(time_in for ma tion) << endl;

  for (i=0;i<n;i++)
    in >> x[i] ;

  time ( &rawtime );
  time_in for ma tion = localtime ( &rawtime );

  cout << " in put com plete          " ;
  cout << asctime(time_in for ma tion) << endl;

  for (i=0;i<10;i++)
    cout << x[i] << endl;

  re turn(0);

}

Here is sam ple out put from the Microsoft com piler.

 Pro gram starts          Tue Apr 30 15:34:12 2013

 Al lo ca tion com plete     Tue Apr 30 15:34:12 2013

 In itial is ation com plete Tue Apr 30 15:34:12 2013

 in put com plete          Tue Apr 30 15:34:29 2013

0
1
2
3
4
5
6
7
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8
9

13.19Ex am ple 11 - Writ ing large bi nary files

Con sider the fol low ing pro gram.

#in clude <iostream>
#in clude <fstream>
#in clude <ctime>
us ing namespace std;

int main()
{
  const int n=10000000;
  int * x;
  time_t rawtime;
  struct tm * time_in for ma tion;
  ofstream out("in te ger_data.bin",ios_base::bi nary);
  int i;

  time ( &rawtime );
  time_in for ma tion = localtime ( &rawtime );

  cout << " Pro gram starts          " ;
  cout << asctime(time_in for ma tion) << endl;

  x = new int[n];

  time ( &rawtime );
  time_in for ma tion = localtime ( &rawtime );

  cout << " Al lo ca tion com plete     " ;
  cout << asctime(time_in for ma tion) << endl;

  for (i=0;i<n;i++)
    x[i]=i;

  time ( &rawtime );
  time_in for ma tion = localtime ( &rawtime );

  cout << " In itial is ation com plete ";
  cout << asctime(time_in for ma tion) << endl;

  for (i=0;i<n;i++)
    out.write( (char*)&x[i], sizeof(int) ); 

  time ( &rawtime );
  time_in for ma tion = localtime ( &rawtime );
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  cout << " Out put com plete         " ;
  cout << asctime(time_in for ma tion) << endl;

  re turn(0);

}

Here is sam ple out put from the Microsoft com piler.

 Pro gram starts          Tue Apr 30 15:34:37 2013

 Al lo ca tion com plete     Tue Apr 30 15:34:37 2013

 In itial is ation com plete Tue Apr 30 15:34:37 2013

 Out put com plete         Tue Apr 30 15:34:38 2013

13.20Ex am ple 12 - Read ing large bi nary files

Con sider the fol low ing pro gram.

#in clude <iostream>
#in clude <fstream>
#in clude <ctime>
us ing namespace std;

int main()
{
  const int n=10000000;
  int * x;
  time_t rawtime;
  struct tm * time_in for ma tion;
  ifstream in("in te ger_data.bin");
  int i;

  time ( &rawtime );
  time_in for ma tion = localtime ( &rawtime );

  cout << " Pro gram starts          " ;
  cout << asctime(time_in for ma tion) << endl;

  x = new int[n];

  time ( &rawtime );
  time_in for ma tion = localtime ( &rawtime );

  cout << " Al lo ca tion com plete     " ;
  cout << asctime(time_in for ma tion) << endl;
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  for (i=0;i<n;i++)
    x[i]=i;

  time ( &rawtime );
  time_in for ma tion = localtime ( &rawtime );

  cout << " In itial is ation com plete ";
  cout << asctime(time_in for ma tion) << endl;

  for (i=0;i<n;i++)
    in.read( (char*)&x[i] , sizeof(int) ) ;

  time ( &rawtime );
  time_in for ma tion = localtime ( &rawtime );

  cout << " in put com plete          " ;
  cout << asctime(time_in for ma tion) << endl;

  for (i=0;i<10;i++)
    cout << x[i] << endl;
  for (i=(n-10);i<n;i++)
    cout << x[i] << endl;

  re turn(0);

}

Here is sam ple out put from the Microsoft com piler.

 Pro gram starts          Tue Apr 30 15:34:45 2013

 Al lo ca tion com plete     Tue Apr 30 15:34:45 2013

 In itial is ation com plete Tue Apr 30 15:34:45 2013

 in put com plete          Tue Apr 30 15:34:46 2013

0
1
2
3
4
5
6
7
8
9
9999990
9999991
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9999992
9999993
9999994
9999995
9999996
9999997
9999998
9999999

13.21I/O and the STL

The fol low ing is a list of the i/o re lated fa cil i ties pro vided by the STL.

            iosfwd                         for ward dec la ra tion of i/o fa cil i ties

            iostream                      stan dard iostream ob jects and op er a tions

            ios                               iostream bases

            streambuf                    stream buff ers

            istream                        in put stream tem plate

            ostream                       out put stream tem plate

            iomanip                       ma nip u la tors

            sstream                        streams to and from strings

            "                                   char ac ter type func tions

            fstream                        streams to and from files

            cstdio                           printf style i/o

            cwchar                         printf style i/o of wide char ac ters

13.22Ma nip u la tors

There is also a class of ma nip u la tors called

· <iomanip>

and you have ac cess to the fol low ing

            dec                               dec i mal 

            oct                               oc tal

            hex                              hex a dec i mal

            endl                             end line, or new line on out put

            ends                             in serts NULL in a string
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            flush                            flush out put

            ws                                skip lead ing white space

            setbase(int i)               set base

            setfill(int c)                 set fill char ac ter to c

            setw(int w)                  set width

            setprecison(int p)        set pre ci sion

13.23Low level in put

The fol low ing are pro vided to pro vide low level char ac ter ac cess.

· get(s,n) – read up to –1 char ac ters into s and ex clude newline or end of line, re -

turns an istream

· get(s,n,t) – as above but now ex clude t and end of file, re turns istream.

· getline(s,n) – read up to –1 char ac ters and as sign to s, in clud ing newline or end

of file, re turns istream.

· getline(s,n,t) – as above but now in clude t or end of file, re turns istream.

· read(s,n) – read n char ac ters, reads un til end of file, re turns istream.

· readsome(s,n) – read up to n and stop at end of file, re turns num ber read.

You then have con trol over how you in ter pret the char ac ter data read.

13.24Some of the i/o stream hi er ar chy

The fol low ing is a part of the i/o stream hi er ar chy.

                                                            ios

                                                /                                   \

                                    istream                                    ostream

                                    /                       \           /                       \

                        ifstream                       iostream                      ofstream

                                                             |

                                                            fstream
iostream is there fore an ex am ple of mul ti ple in her i tance as it in her its from both istream and 
ostream.

13.25Sum mary

The ex am ples here should be fairly self ex plan a tory. They have been cho sen to pro vide ex -
am ples of the most com monly asked ques tions. If what you need is n’t cov ered in these ex -
am ples then try the books in the bib li og ra phy.
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13.26Prob lems

1. Try run ning the ex am ples in this chap ter.

13.27Bib li og ra phy

I’ve found the fol low ing use ful. The books are most re cent first.

Josuttis N.M., The C++ Stan dard Li brary, Ad di son Wes ley.

Deitel H.M., Deitel P.J., C++ How to Pro gram, Prentice Hall.

Stroustrup B., The C++ Pro gramming Lan guage, Ad di son Wes ley.
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‘When I use a word,’ Humpty Dumpty said, in a rather scorn ful tone, ‘it means just what I
choose it to mean - nei ther more nor less’
‘The ques tion is,’ said Al ice, ‘whether you can make words mean so many dif fer ent things.’

Lewis Carroll, Through the Look ing Glass and What Al ice found there.

14 Func tion Over load ing
You have al ready seen some ex am ples of func tion over load ing in the func tions chap ter. 

14.1 Ex am ple 1 - sum ma tion us ing arrays

Here is the pro gram source.

#in clude <iostream>

us ing namespace std;

int sum(const int x[], const int & n)
{
  int t = 0;
  for (int i = 0; i < n; ++i)
    t += x[i];
  re turn t;
}

float sum(const float x[], const int & n)
{
  float t = 0;
  for (int i = 0; i < n; ++i)
    t += x[i];
  re turn t;
}

dou ble sum(const dou ble x[], const int & n)
{
  dou ble t = 0;
  for (int i = 0; i < n; ++i)
    t += x[i];
  re turn t;
}

int main()
{
  const int n = 10;

  int    x[n];
  float  y[n];
  dou ble z[n];
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  int i;

  for (i = 0; i < n; i++)
    x[i] = (i + 1);
  for (i = 0; i < n; i++)
    y[i] = (float)(i + 1);
  for (i = 0; i < n; i++)
    z[i] = (dou ble)(i + 1);

  cout << sum(x, n) << endl;
  cout << sum(y, n) << endl;
  cout << sum(z, n) << endl;

  re turn(0);
}

We have three func tions with the same name - sum, and the key here is that at com pile time 
the com piler can de ter mine which ver sion of the sum func tion to ac tu ally call. 

14.2 Ex am ple 2 - sum ma tion us ing <ar ray>

Here is a vari ant us ing the <ar ray> class.

#in clude <iostream>
#in clude <ar ray>

us ing namespace std;

tem plate<size_t SIZE>
int sum(const ar ray< int , SIZE >& x)
{
  int t = 0;
  for (int i = 0; i < SIZE; ++i)
    t += x[i];
  re turn(t);
}

tem plate<size_t SIZE>
float sum(const ar ray< float , SIZE >& x)
{
  float t = 0;
  for (int i = 0; i < SIZE; ++i)
    t += x[i];
  re turn(t);
}

tem plate<size_t SIZE>
dou ble sum(const ar ray< dou ble , SIZE >& x)
{
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  dou ble t = 0;
  for (int i = 0; i < SIZE; ++i)
    t += x[i];
  re turn(t);
}

int main()
{
  const int n = 10;

  ar ray<int,n>    x ;
  ar ray<float,n>  y ;
  ar ray<dou ble,n> z ;

  int i;

  for (i = 0; i < n; i++)
    x[i] = (i + 1);
  for (i = 0; i < n; i++)
    y[i] = (float)(i + 1);
  for (i = 0; i < n; i++)
    z[i] = (dou ble)(i + 1);

  cout << sum(x) << endl;
  cout << sum(y) << endl;
  cout << sum(z) << endl;

  re turn(0);
}

The source is very sim i lar.

14.3 Ex am ple 3 - sum ma tion us ing <vec tor>

Here is a vari ant us ing the <vec tor> class.

#in clude <iostream>
#in clude <vec tor>

us ing namespace std;

int sum(const vec tor<int> x)
{
  int n = x.size();
  int t = 0;
  for (int i = 0; i < n; ++i)
    t += x[i];
  re turn(t);
}
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float sum(const vec tor<float> x)
{
  int n = x.size();
  float t = 0;
  for (int i = 0; i < n; ++i)
    t += x[i];
  re turn(t);
}

dou ble sum(const vec tor<dou ble> x)
{
  int n = x.size();
  dou ble t = 0;
  for (int i = 0; i < n; ++i)
    t += x[i];
  re turn(t);
}

int main()
{
  const int n = 10;

  vec tor<int>    x(n);
  vec tor<float>  y(n);
  vec tor<dou ble> z(n);

  int i;

  for (i = 0; i < n; i++)
    x[i] = (i + 1);
  for (i = 0; i < n; i++)
    y[i] = (float)(i + 1);
  for (i = 0; i < n; i++)
    z[i] = (dou ble)(i + 1);

  cout << sum(x) << endl;
  cout << sum(y) << endl;
  cout << sum(z) << endl;

  re turn(0);
}

The ex am ple is very sim i lar to the pre vi ous two ex am ples.

14.4 Over load Res o lu tion

The stan dard states Over load res o lu tion is a mech a nism for se lect ing the best func tion to
call given a list of ex pres sions that are to be the ar gu ments of the call and a set of can di date 
func tions that can be called based on the con text of the call. The se lec tion cri te ria for the
best func tion are the num ber of ar gu ments, how well the ar gu ments match the types of the
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pa ram e ters of the can di date func tion, how well (for non-static mem ber func tions) the ob ject 
matches the im plied ob ject pa ram e ter and cer tain other prop er ties of the can di date func tion.

Quite a mouth ful!

At the sim plest level we have:–

· the sig na tures of the func tions;

· the re turn types of the func tions;

Matching is achieved in four ways, in the fol low ing or der of pre ce dence:–

· an ex act match

· a match through pro mo tion

· a match through stan dard con ver sion

· a match through user de fined con ver sion;

and there are ex am ples of each given be low.

14.5 Ex act Match ing

Ar gu ment match ing can dis tin guish be tween con stant and non-constant pointer and ref er -
ence ar gu ments.

14.6 Match ing through pro mo tion

If there is no ex act match pro mo tions are ap plied in the fol low ing or der:–

· an ar gu ment of type char, un signed char or short is pro moted to type int. An ar -

gu ment of type un signed short is pro moted to type int if the ma chine size of an

int is larger than that of a short, oth er wise it is pro moted to type un signed int;

· an ar gu ment of type float is pro moted to type dou ble;

· an ar gu ment of an enu mer a tion is pro moted to type int;

Af ter these pro mo tions have taken place ex act match ing is at tempted with the newly pro -
moted types.

14.7 Match ing through Stan dard Con ver sion

The fol low ing stan dard con ver sions are ap plied:–

· any nu meric type will match a for mal ar gu ment of any other nu meric type in -

clud ing un signed;

· enu mer a tion types will match a for mal ar gu ment of nu meric type;

· zero will match both a for mal ar gu ment of a pointer type and a for mal ar gu ment

of a nu meric type;

· a pointer of any type will match a for mal ar gu ment of void*;

14.8 Ex am ple 4 - pro mo tion of ar gu ments

Now con sider the fol low ing ex am ple.
#in clude <iostream>

us ing namespace std;

dou ble add(dou ble d1,dou ble d2)
{
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  re turn(d1+d2);
}

int main()
{
  short        s1=1;
  short        s2=2;
  int          i1=10;
  int          i2=20;
  long int   li1=100;
  long int   li2=200;
  char        c1='1';
  char        c2='2';
  float       f1=1.1;
  float       f2=2.2;
  dou ble      d1=1.1;
  dou ble      d2=2.2;
  cout << add(s1,s2) << endl;
  cout << add(i1,i2) << endl;
  cout << add(li1,li2) << endl;
  cout << add(c1,c2) << endl;
  cout << add(f1,f2) << endl;
  cout << add(d1,d2) << endl;
  re turn(0);
}

Think about this or a mo ment! Here is the Microsoft com piler mes sages from com pil ing the 
pro gram, fol lowed by the ac tual out put from run ning the pro gram.
c:\doc u ment\cpp\newbook>cl add.cpp
Microsoft (R) 32-bit C/C++ Op ti miz ing Com piler Ver sion
15.00.21022.08 for 80x86
Copy right (C) Microsoft Cor po ra tion.  All rights re served.

add.cpp
c:\Pro gram Files (x86)\Microsoft Vi sual Stu dio 9.0\VC\IN -
CLUDE\xlocale(342) : war
ning C4530: C++ ex cep tion han dler used, but un wind se man tics 
are not en abled. Sp
ecify /EHsc
Microsoft (R) In cre men tal Linker Ver sion 9.00.21022.08
Copy right (C) Microsoft Cor po ra tion.  All rights re served.

/out:add.exe
add.obj

c:\doc u ment\cpp\newbook>add
3
30
300
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99
3.3
3.3

There were no com pi la tion warn ings.

14.9 Match ing through User De fined Con ver sion

It is of course pos si ble for you to write your own func tions to achieve type con ver sion.

14.10Guide lines for Func tion Over load ing

The key is sue is dif fer ences in the func tion sig na tures. All that is nec es sary is for the com -
piler to be able to de ter mine which func tion you want to call.

When de sign ing a class it is good prac tice to de fine a num ber of con struc tors, to cover
com mon us age. Look back at the date class to see what is meant here.

14.11Key Con cepts

Over loading is the abil ity to ex tend the mean ing of a func tion or op er a tor.

14.11.1 Func tion Over loading

14.11.1.1 Func tions dis tin guished by sig na ture

14.12Prob lems

1. Try the ex am ples out in this chap ter.
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15 Op er a tor Over load ing
In this chap ter we will look at op er a tor over load ing.

Note that not all OO lan guages sup port op er a tor over load ing. There is some dis agree ment
within the OO world over the ne ces sity of op er a tor over load ing within an OO lan guage.
The chap ter in Meyer on genericity ver sus in her i tance is well worth a read.

For the ba sic rules I’ve found Stroustrup to be the best source.

15.1 Op er a tor Over loading.

The ba sic idea is that for each op er a tor we are in ter ested in over load ing we have a cor re -
spond ing func tion that will be called to carry out the de sired ac tion.

The fol low ing op er a tors can not be over loaded:–

.

.*

::

?:

all of the oth ers can be. See the ear lier chap ter for a com plete list and cov er age of the op er -
a tors avail able in C++. The pre pro cess ing sym bols # and ## can not be over loaded ei ther.

There are the fol low ing re stric tions:–

· it is not pos si ble to change the pre ce dence, group ing, or num ber of operands of

op er a tors;

· an op er a tor func tion shall ei ther be a non-static mem ber func tion or a

non-member func tion and have at least one pa ram e ter whose type is a class, a

ref er ence to a class, an enu mer a tion or a ref er ence to an enu mer a tion;

· we can not in tro duce new op er a tors, e.g. ^ or ** for exponentiation

· be cause of his tor i cal ac ci dent the fol low ing op er a tors: = as sign ment, & ad dress

of and , se quenc ing have pre de fined mean ings when ap plied to class ob jects.

15.1.1 Unary and bi nary Op er a tors

The first thing we need to know are the rules that gov ern what we can and can not do. Let
us con sider unary and bi nary in turn.

A unary op er a tor can be de fined in two ways, firstly as a mem ber func tion tak ing no ar gu -
ments or as a global func tion tak ing one ar gu ment.

A bi nary op er a tor may de fined in one of two ways, firstly as a mem ber func tion with one
ar gu ment or sec ondly as a global func tion tak ing two ar gu ments.

A global func tion is usu ally a friend.

It is worth while not ing that there is quite a re mark able syn tac tic dif fer ence be tween the
above two ap proaches, and this is shown be low:–
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Ex pres sion                  As mem ber func tion               As non-member func tion

@a                               (a).op er a tor@()                       op er a tor@(a)
a@b                             (a).op er a tor@(b)                     op er a tor@(a,b)
a=b                              (a).op er a tor=(b)
a[b]                              (a).op er a tor[](b)
a->                               (a).op er a tor->()
a@                               (a).op er a tor@(0)                     op er a tor@(a,0)

This is taken from ta ble 8 in the draft stan dard.

An op er a tor func tion that is in tended to be able to take a base type as the first ar gu ment
can not be a mem ber func tion, and this some im pli ca tions when we look at commutivity. It
means that we must use non-member func tions with bi nary op er a tors. This is il lus trated in
the later ex am ple on com plex arith me tic.

Let us look at some sim ple ex am ples now.

15.1.2 Ex am ple 1 - op er a tor over load ing []

This is a sim ple ex am ple to il lus trate over load ing the ar ray subscripting mech a nism of C++. 
As a bo nus we add ar ray check ing.

#in clude <iostream>
#in clude <cstdlib>
us ing namespace std;

class sim ple_ar ray
{
pub lic:
 dou ble &op er a tor[](int i);
pri vate:
 dou ble a[5];
};

dou ble &sim ple_ar ray::op er a tor[](int i)
{
 if (i<1 || i>5 )
 { 
 cout << " Er ror - in dex out of range \n";
 exit(EXIT_FAIL URE);
 }
 re turn a[i-1];
}

int main()
{
sim ple_ar ray x;
int i;
 for ( i=1;i<=5;++i)

x[i]=i*i;
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 for ( i=1;i<=5;++i)
 cout << x[i] << " ";
 
 x[11]=1.1;

 re turn(0);

} 

15.1.3 Ex am ple 2 - op er a tor over load ing ()

This sim ple ex am ple high lights the im ple men ta tion of a two di men sional ar ray, with the use 
of () rather than [][] to achieve the ar ray in dex ing. Ar ray bounds check ing is also in cluded.

#in clude <iostream>
#in clude <cstdlib>
us ing namespace std;

class sim ple_ar ray
{
pub lic:
 dou ble &op er a tor()(int i,int j);
pri vate:
 dou ble a[5][5];
};

dou ble &sim ple_ar ray::op er a tor()(int i,int j)
{
 if (i<1 || j<1 || i>5 || j>5)
 { 
 cout << " Er ror - in dex out of range \n";
 exit(EXIT_FAIL URE);
 }
 re turn a[i-1][j-1];
}

int main()
{
sim ple_ar ray x;
int i,j;
 for ( i=1;i<=5;++i)

 for ( j=1;j<=5;++j)
x(i,j)=i*j;

 for ( i=1;i<=5;++i)
 for ( j=1;j<=5;++j)

 cout << x(i,j) << " ";
 
 x(11,6)=1.1;
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 re turn(0);

}

15.1.4 Ex am ple 3 - op er a tor over load ing << and >>

It would be nice if we could use the C++ con ven tional op er a tors for i/o. This can be done
by over load ing the << and >> op er a tors. The fol low ing ex am ple il lus trates this.

#in clude <iostream>
#in clude <cstdlib>
us ing namespace std;

class sim ple_ar ray
{
pub lic:
 dou ble &op er a tor()(int i,int j);

pri vate:
 dou ble a[5][5];
};

dou ble &sim ple_ar ray::op er a tor()(int i,int j)
{
 if (i<1 || j<1 || i>5 || j>5)

 {
 cout << " Er ror - in dex out of range \n";
 exit(EXIT_FAIL URE);
 }

 re turn a[i-1][j-1];
}

ostream& op er a tor<<(ostream& s , sim ple_ar ray x)
{
int i,j;
 for ( i=1;i<=5;++i)

 for ( j=1;j<=5;++j)
cout << x(i,j) << " ";

 re turn s;
}

int main()
{
sim ple_ar ray x;
int i,j;
 for ( i=1;i<=5;++i)

 for ( j=1;j<=5;++j)
x(i,j)=i*j;
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 cout << x;
 re turn(0);
} 

15.1.5 Guide lines for Op er a tor Over loading

There is the po ten tial with op er a tor over load ing to write code that is in com pre hen si ble. Op -
er a tor over load ing should be re stricted to cases where its use is in tu itive. This is ob vi ously
the case with many math e mat i cal prob lems.

The func tion call mech a nism should be used when the prob lem area does n’t lend it self eas -
ily to in tel li gi ble op er a tor over load ing.

If you do hit prob lems with op er a tor over load ing then I rec om mend the following sources
of in for ma tion:–

· the chap ter in Stroustrup on op er a tor over load ing. This com bined with the ref er -

ence sec tion at the back pro vide a lot of use ful in for ma tion. Quite a few gotchas

in this area;

· chap ter 13 of the stan dard. Re mem ber most com pil ers aren’t stan dard

conformant and many books can’t pos si bly be bang up to date with the lat est

state of af fairs. When C++ is stand ard ised then some of the dust should set tle

down.

· Also try com pil ing with an other com piler. I find this very use ful.

15.2 Prob lems

0. Try the ex am ples out in this chap ter.

1. Using the ex am ple that over loaded [] re write the monthly rain fall ex am ple be low to use a 
range checked ar ray.

#in clude <iostream>
us ing namespace std;

int main()
{
 float sum=0.0,av er age=0.0 ;
 float rain fall[12] ;
 int month ;
 cout << " Type in the rain fall val ues" ;
 for (month=0;month < 12 ; ++month)
 cin >> rain fall[month];
 for (month=0;month < 12 ; ++month)
 cout << month << " " << rain fall[month] << " \n " ;
 for (month=0;month < 12 ;++month)
 sum = sum + rain fall[month];
 av er age = sum/12;
 cout << " Av er age is " << av er age;
 re turn(0);
}

2. Mod ify prob lem 1 to over load << and >> so that you can read and write a whole ar ray in 
one state ment.
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3. Over load the equal ity (==) and in equal ity (!=) to test if two ar rays are the same or dif fer -
ent. Use the pre vi ous prob lem as the ba sis for this prob lem. You will need three rain fall ar -
rays. Use the fol low ing data to test the pro gram.

1 2 3 4 5 6 7 8 9 10 11 12

1 2 3 4 5 6 7 8 9 10 11 12

0 1 2 3 4 5 6 7 8 9 10 11

Use the re di rec tion sym bol to make the pro gram read from a data file.
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A good no ta tion has a sub tlety and sug ges tive ness which at times make it seem al most like
a live teacher.

Bertrand Rus sell.

16 Function Templates
Func tion Tem plates pro vide the abil ity to do ge neric pro gram ming, i.e. us ing a type as a pa -
ram e ter. This means the abil ity to write an al go rithm that can be used by data of a va ri ety
of types, e.g. a min i mum func tion, swap func tion or sort func tion that works with data of
any type. Other ter mi nol ogy used in cludes poly mor phic func tions. In this chap ter we will
look at de fin ing and us ing our own func tion tem plates. In a lat ter chap ter we will look at
the stan dard tem plate li brary (STL) and what that has to of fer.

16.1 Ex am ple 1 - sim ple min i mum

This ex am ple looks for the min i mum of the el e ments of an ar ray.

tem plate <class Type>
Type min i mum(Type ar ray[], int size)
{

Type min i mum_value=ar ray[0];
for (int i=1 ; i < size; ++i)
if (ar ray[i] < min i mum_value)
min i mum_value = ar ray[i];

re turn min i mum_value;
}

#in clude <iostream>
us ing namespace std;

int main () {
int ia[]={10,1,9,2,8,3,7,4,6,5};
dou ble da[]={10.0,1.0,9.0,2.0,8.0,3.0,7.0,4.0,6.0,5.0};
int isize = sizeof(ia) /sizeof(int);
int ii=min i mum(ia,isize);
cout << " min i mum for in te ger ar ray is " << ii << endl;
int dsize = sizeof(da) /sizeof(dou ble);
dou ble di=min i mum(da,dsize);
cout << " min i mum for real ar ray is " << di << endl;
re turn(0);

}

The first thing to look at are the two lines at the start of this ex am ple, i.e. 

tem plate <class Type>
Type min i mum(Type ar ray[], int size)

These two lines set up the func tion min i mum to be a ge neric or poly mor phic func tion. The
func tion min i mum re turns a value of type Type, and takes two ar gu ments, the first an ar ray
of type Type, the sec ond an in te ger de fin ing the size of the ar ray.
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This min i mum func tion will work for any type where the < op er a tor is de fined. We will
look at op er a tor over load ing in a later chap ter.

The func tion then takes the first el e ment as the small est and se quen tially scans the rest of
the ar ray com par ing each el e ment in turn with the small est. If the new el e ment is smaller
they are swapped over and the scan con tin ues.

The main pro gram shows how the func tion is in voked with an ar ray of in te gers, and then an 
ar ray of reals.

16.2 Ex am ple 2 - Hoare's Quicksort

In this ex am ple we set up and use two ge neric func tions us ing the tem plate fa cil ity. The
first swaps two el e ments in an ar ray. The sec ond is an im ple men ta tion of Hoare’s
Quicksort.

#in clude <iostream>
us ing namespace std;
tem plate <class Type>
void swap(Type ar ray[],int i, int j)
{
 Type tmp=ar ray[i];
 ar ray[i]=ar ray[j];
 ar ray[j]=tmp;
}

tem plate <class Type>
void quicksort( Type ar ray[], int l, int r)
{
int i=l;
int j=r;
Type v=ar ray[int((l+r)/2)];
for (;;)
{

while (ar ray[i] < v) i=i+1;
 while (v < ar ray[j]) j=j-1;
 if (i<=j) { swap(ar ray,i,j); i=i+1 ; j=j-1; }
 if (i>j) goto ended ;
}
ended: ;
if (l<j) quicksort(ar ray,l,j);
if (i<r) quicksort(ar ray,i,r);
}

tem plate <class Type>
void print(Type ar ray[],int size)
{
 cout << " [ " ;
 for (int ix=0;ix<size; ++ix)

 cout << ar ray[ix] << " ";
 cout << "] \n";
}
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int main()
{
dou ble da[]={1.9,8.2,3.7,6.4,5.5,1.8,9.2,3.6,7.4,5.5};
int ia[]={1,10,2,9,3,8,4,7,6,5};
int size=sizeof(da)/sizeof(dou ble);

 cout << " Quicksort of dou ble ar ray is \n";
 quicksort(da,0,size-1);
 print(da,size);

 size=sizeof(ia)/sizeof(int);
 cout << " Quicksort of in te ger ar ray is \n";
 quicksort(ia,0,size-1);
 print(ia,size);
re turn(0);
}

The syn tax for the def i ni tion of the ge neric func tions is as in the first ex am ple. The body of 
the swap func tion is straight for ward.

It is not ap pro pri ate here to go into a full cov er age dis cus sion of Quicksort. There are a
num ber of sources in the bib li og ra phy that look into the al go rithm in some depth. This al -
go rithm is based on Wirth’s, and is a trans la tion of the Mod ula 2 ex am ple in Al go rithms
and Data Struc tures. It be haves quite re spect ably in a wide range of cases. There are a num -
ber of im prove ments that can be made and will give a 20–30% im prove ment in run ning
time.

16.3 Sorting data files

This ex am ple looks at sort ing an ex ter nal data file. It uses the ear lier quicksort and adds a
few re fine ments. Firstly the ex am ple shows how to read and write to files. Sec ondly it has
code added to time the dif fer ent parts of the pro gram. We first need a file with the data to
be sorted. 

16.3.1 Ex am ple 3 - gen er at ing the random num bers

The fol low ing pro gram gen er ates the ran dom num bers.

#in clude <fstream>
#in clude <string>
#in clude <cstdlib>
#in clude <iostream>
#in clude <ctime>
#in clude <cstdio>

us ing namespace std;

int main()
{
  time_t lo cal_time;
  struct tm *to day;

218 Function Templates

Chap ter 16 © Ian D Chivers



  int x;
  int i;
  int n=1000000;

  string file_name ="ran dom.txt";

  time(&lo cal_time);
  printf("%s",ctime(&lo cal_time));

  ofstream out put(file_name);
  for (i=1;i<=n;++i)
  {
    x=rand();
    out put << x << endl;
  }

  time(&lo cal_time);
  printf("%s",ctime(&lo cal_time));

  re turn(0);
}

16.3.2 Ex am ple 4 - sort ing the data

This is the pro gram that reads the data into an ar ray, sorts the data and then writes the
sorted data back out to a file.

The stack size needs to be set on Win dows with Microsoft C++ and Intel C++

cl  /F 100000000 -O2   ch1604.cxx

icl /F100000000  -O2   ch1604.cxx

and op ti mi sa tion has been switched on.

With g++ try

g++ -fsplit-stack 

if there are problems

#in clude <fstream>
#in clude <string>
#in clude <cstdlib>
#in clude <iostream>
#in clude <ctime>
#in clude <cstdio>

us ing namespace std;

tem plate <class Type>
void swap(Type ar ray[],int i, int j)
{
  Type tmp=ar ray[i];
  ar ray[i]=ar ray[j];
  ar ray[j]=tmp;
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}

tem plate <class Type>
void quicksort( Type ar ray[], int l, int r)
{
int i=l;
int j=r;
Type v=ar ray[int((l+r)/2)];
for (;;)
{

while (ar ray[i] < v) i=i+1;
  while (v < ar ray[j]) j=j-1;
  if (i<=j) { swap(ar ray,i,j); i=i+1 ; j=j-1; }
  if (i>j) goto ended ;
}
ended: ;
if (l<j) quicksort(ar ray,l,j);
if (i<r) quicksort(ar ray,i,r);
}

tem plate <class Type>
void print(Type ar ray[],int size)
{
  string file_name ="sorted.txt";
  ofstream out put(file_name);
  for (int i=0;i<size;++i)
  {
    out put << ar ray[i] << endl;
  }
}

int main()
{

  time_t lo cal_time;
  struct tm *to day;

  const int size=1000000;

  cout << " Be fore al lo cate " << endl;
  int x[size];
  cout << " Af ter  al lo cate " << endl;

  string file_name ="ran dom.txt";

  time(&lo cal_time);
  cout << " Ini tial " << endl;
  printf("%s",ctime(&lo cal_time));
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  ifstream in put(file_name);
  for (int i=0;i<size;++i)
  {
    in put >> x[i] ;
  }

  time(&lo cal_time);
  cout << " read " << endl;
  printf("%s",ctime(&lo cal_time));

  cout << " Quicksort of in te ger ar ray is \n";
  quicksort(x,0,size-1);

  time(&lo cal_time);
  cout << " Sort " << endl;
  printf("%s",ctime(&lo cal_time));

  print(x,size);

  time(&lo cal_time);
  cout << " print " << endl;
  printf("%s",ctime(&lo cal_time));

  re turn(0);
}

You may have prob lems with ar rays on some sys tems. If that is the case use the fol low ing
code in stead of the ar ray al lo ca tion.

  int* x;
//  int x[size];
  x=new int[size];
  if (x==NULL)
  {
    cout << " Al lo ca tion failed " << endl;
    exit(1);
  }

Here is the out put from one sys tem I use at home.

$ g++ ch1440.cxx

Ian@ro wan /cygdrive/d/doc u ment/cpp/ex am ples
$ a.exe
 Be fore al lo cate
 Af ter  al lo cate
 Ini tial
Tue Jul 12 15:25:42 2005
 read
Tue Jul 12 15:27:08 2005
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 Quicksort of in te ger ar ray is
 Sort
Tue Jul 12 15:27:17 2005
 print
Tue Jul 12 15:30:12 2005

As can be seen most of the time is spent in the i/o, not the sort ing.

16.4 Ex am ple 5 - print ing a col lec tion

This ex am ple il lus trates some C++11 fea tures as well as pro vid ing a templated func tion ex -
am ple.

#in clude <iostream>
#in clude <string>
us ing namespace std;

tem plate <typename T>
void print_col lec tion(const T& col lec tion,const string &
head ing)
{
  cout << head ing << endl;
  for (const auto & x : col lec tion)
    cout << x << " " ;
  cout << endl;
}

int main()
{
  int    i[10] = {1,2,3,4,5,6,7,8,9,10};
  dou ble d[10] = {1,2,3,4,5,6,7,8,9,10};
  string head ing;
  head ing ="In te ger ar ray";
  print_col lec tion(i,head ing);
  head ing = "Dou ble ar ray"; 
  print_col lec tion(d,head ing);
  re turn(0);
}

The first thing to note is the print_col lec tion sig na ture, where the first ar gu ment or pa ram e -
ter is a col lec tion. This en ables us to use this method to print any col lec tion in C++. The
sec ond pa ram e ter is a string, and holds the text we want to ap pear be fore the col lec tion.

We then use the auto type func tion al ity of mod ern C++.

for (const auto & x : col lec tion)

which en ables us to loop over any type of col lec tion.

Here is the out put.

c:\doc u ment\cpp\ian>print_col lec tion.exe
In te ger ar ray
1 2 3 4 5 6 7 8 9 10
Dou ble ar ray
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1 2 3 4 5 6 7 8 9 10

16.5 Other Is sues

The name of a tem plate obeys the usual scope and ac cess con trol rules.

A mem ber tem plate shall not be vir tual.

A de struc tor shall not be a tem plate.

A lo cal class shall not have a tem plate mem ber.

A tem plate shall not have C link age.

16.6 Sum mary

Most of the older texts don’t con tain any cov er age of tem plates. Stroustrup has a good cov -
er age of how to use tem plates. Budd has a good cov er age of how to use the STL. There is
also pdf and post script files on the web server with more in for ma tion about the STL.

Tem plates should be seen as a com ple ment to the ob ject ori ented pro gram ming par a digm.
Look at the prob lem that you have to solve care fully. Chose the most ap pro pri ate way of
solv ing it. We look in this in more depth in later chap ters.

16.7 Key Con cepts

The tem plate mech a nism pro vides a very pow er ful pro gram ming method. It al lows us to
write an al go rithm once and have it work in a poly mor phic man ner.

16.7.1 Ex am ple 6 - ba sic tem plate syn tax

tem plate <class Type>
Type min i mum(Type ar ray[], int size)
{

Type min i mum_value=ar ray[0];
for (int i=1 ; i < size; ++i)
if (ar ray[i] < min i mum_value)
min i mum_value = ar ray[i];

re turn min i mum_value;
}

16.8 Prob lems

1. Try these ex am ples with the your com piler. Do they work? Try us ing the other nu meric
data types avail able in C++.

2. Try us ing com plex with the quicksort tem plate ex am ple. You will need to look at the
way in which your com piler ac tu ally of fers sup port for the com plex data type. Re mem ber
not all com pil ers fully sup port the stan dard.
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A man should keep his brain at tic stacked with all the fur ni ture he is likely to use, and the
rest he can put away in the lum ber room of his li brary, where he can get at it if he wants.

Sir Ar thur Conan Doyle, Five Or ange Pips.

17 Ob ject Ori ented Pro gram ming:
Classes

This chap ter in tro duces object ori ented pro gram ming in C++ us ing classes. We are go ing to 
use the tra di tional shape class in this chap ter.

17.1 The base shape pro gram

We split this ex am ple into three parts:

· the shape header file

· the shape im ple men ta tion file

· a sim ple main pro gram

to test out that the base class works.

17.1.1 Ex am ple 1 - Shape header file

This is the shape header file.

#ifndef SHAPE_HEADER
#de fine SHAPE_HEADER

class shape
{
pri vate:

int x_;
int y_;

pub lic:
shape(int newx, int newy);
int getx();
int gety();
void setx(int newx);
void sety(int newy);
void moveto(int newx, int newy);
void print();

};

#endif

We use con di tional com pi la tion state ments to pre vent mul ti ple in cludes of the header file.

The class is called shape and we will be cre at ing vari ables or ob jects of type shape.

The data as so ci ated with the shape ob ject are two in te ger vari ables to hold the x and y val -
ues of the po si tion of the shape.

We use a trail ing un der score in the vari able name, which is a com mon cod ing style in C++.
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The data is pri vate and we can only ac cess the data in the ob ject via func tion calls.

The public parts of the shape class are

· the shape con struc tor - which has the same name as the class. In this sim ple ex -

am ple we only have one con struc tor;

· two get meth ods to ac cess the data in the shape;

· two set meth ods to en able us to set the x and y po si tions;

· a moveto method;

· a print method, to print out the x and y val ues;

We have no ex e cut able code in the header file in this ex am ple. The file is called
ch1701_shape.h

17.1.2 Ex am ple 2 - Shape Im ple men ta tion file

This is the ac tual code that implements the shape class.

#in clude <iostream>
#in clude "ch1701_shape.h"
us ing namespace std;

shape::shape(int newx, int newy)
{

moveto(newx, newy);
}

int shape::getx()
{ 

re turn x_; 
}
int shape::gety() 
{ 

re turn y_; 
}
void shape::setx(int newx) 
{ 

x_ = newx; 
}
void shape::sety(int newy) 
{ 

y_ = newy; 
}

void shape::moveto(int newx, int newy) 
{

setx(newx);
sety(newy);

}

void shape::print() 
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{
  cout << " Shape " << endl;
  cout << " x = " << x_ << endl;
  cout << " y = " << y_ << endl;
}

These are the func tions that im ple ment the shape class.

17.1.3 Ex am ple 3 - Shape test main pro gram

This is the main pro gram that tests out the shape class.

#in clude <iostream>
#in clude "ch1701_shape.h"
#in clude "ch1702_shape.cxx"
us ing namespace std;

void foo()
{
  shape s1(10,10);
  s1.print();
  cout << s1.getx() << endl;
  cout << s1.gety() << endl;
  s1.moveto(20,20);
  s1.print();
}

int main()
{
  cout << " Pro gram starts" << endl;
  foo();
  cout << " Pro gram ends " << endl;
  re turn(0);
}

This is some sam ple out from run ning this pro gram.

C:\doc u ment\cpp\newbook\in her i tance>shape_main
 Pro gram starts
 Shape
 x = 10
 y = 10
10
10
 Shape
 x = 20
 y = 20
 Pro gram ends

This ex am ple il lus trates most of the key concepts involved in ob ject ori ented pro gram ming.
We will look at more com plex ex am ples through out the rest of the notes.
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17.2 Ac cess Con trol

A mem ber of a class can be pri vate, pro tected or pub lic:

· pri vate: its name can be only be used by mem ber func tions and friends of the

class in which it is de clared;

· pro tected: its name can only be used by mem ber func tions and friends of the

class in which it is de clared and by mem ber func tions and friends of de rived

classes;

· pub lic: its name can be used any where;:

There are ef fec tively three kinds of func tions ac cess ing a class:

· func tions im ple ment ing a class;

· func tions im ple ment ing a de rived class;

· other func tions;

This is sum ma rised be low.

                        Gen eral us ers              De rived class              Own class
                                                                                    
pub lic              Yes                              Yes                              Yes
pro tected         No                               Yes                              Yes
pri vate             No                               No                               Yes

We will look into this area in more depth when we look at in her i tance.

17.3 Prob lems

1. Com pile and run the pro gram.
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18 Con struc tors and De struc tors
If you don't pro vide them your self for your own classes a com piler will au to mat i cally pro -
vide the fol low ing:

· a de fault (or no ar gu ment) con struc tor 

· a copy con struc tor

· a de struc tor

· a copy as sign ment op er a tor

The terms are ex plained in this chap ter. Given the fol low ing:

class noth ing {};

in C++ this is equivalent to hav ing writ ten

class noth ing
{
  noth ing() {...} //de fault constructor
  noth ing(const noth ing& rhs) {...} // copy constructor
  ~noth ing(){...} //destructor
  empty& op er a tor=(const noth ing& rhs){...}  
  // copy as sign ment op er a tor
}

A con struc tor is a method that is called when an ob ject is cre ated. Con struc tors have the
same name as their class. Con struc tors do not have a re turn type.

18.1 The de fault con struc tor

The de fault con struc tor is a con struc tor that does n't take any ar gu ments. The de fault copy
con struc tor cop ies mem ber wise. 

18.2 The copy con struc tor

The copy con struc tor is a constructor that takes one ar gu ment that is an ob ject of the same
class, i.e. an ob ject of the same type. A copy con struc tor cop ies mem ber  wise by de fault.

18.3 De struc tor

A de struc tor is called when an ob ject goes out of scope. It has the same name as the class
and has a tilde  (~) char ac ter in front of the name.

18.4 Copy as sign ment op er a tor

By de fault it is per mit ted to as sign one ob ject to an other, i.e. given

ob ject o1;
ob ject o2
...
...
o1=o2

is pos si ble in C++.
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18.5 Classes with out con struc tors

If no con struc tors are pro vided for a class con crete ob jects or in stances of the class can still 
be cre ated. How ever these ob jects are not in itial ised. It is recommended to cre ate ob jects in
a well de fined state. Con sider the fol low ing dec la ra tion:

  int x;

This cre ates an in te ger vari able i with out an ini tial value. Cre at ing ob jects with out pro vid -
ing a con struc tor has a sim i lar ef fect to the above dec la ra tion.
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19 Con struc tors and De struc tors and
dynamic allocation

In this chap ter we look at con struc tors and de struc tors when the class has dy namic al lo ca -
tion.

19.1 Ex am ple 1 - pass ing ob jects as pa ram e ters and call ing the de fault 
copy constructor

The fol low ing ex am ples are all based on an im ple men ta tion of an old C style string class.
I’ve added some ex tra cout state ments to the class to en able us to see what is go ing on. The 
key point in the fol low ing ex am ples are the prob lems that can oc cur when the class in -
volves mem ory al lo ca tion and deallocation.

This ex am ple passes a string as a pa ram e ter from one func tion to an other us ing the C/C++
de fault pa ram e ter pass ing mech a nism. This means we take a copy of the pa ram e ter, i.e. the
com piler calls the com piler pro vided copy con struc tor be hind the scenes.

#in clude <iostream>
#in clude <cstring>
us ing namespace std;

class str
{
pub lic :
char* p;
int size;

str(int sz)
{
  p=new char[size=sz] ;
  cout << " Con struc tor &p " << &p << " p = " ;
  cout << p  << endl;
}

~str()
{
  cout << " De struc tor  &p " << &p << " p = " ;
  cout << p  << endl;
  de lete[] p;
}

};

void bar(str fred)
{
  cout << " Fred does not have the ad dress of " ;
  cout << "the string in the call ing func tion" << endl;
  cout << " Ad dress of fred " << &fred << endl;
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  cout << " fred.p " << fred.p << endl;
  cout << " bar go ing out of scope - ";
  cout << " a de struc tor will be called " << endl;
}

void foo()
{
  str s1(10);
  strcpy(s1.p,"abcdefghi");
  cout << " Ad dress of s1 " << &s1 << endl;
  cout << " s1.p " << s1.p << endl;

  bar(s1);

  cout << " Ad dress of s1 " << &s1 << endl;
  cout << " s1.p " << s1.p << endl;

  re turn;
}

int main()
{
  int i;
  cout << " Pro gram starts \n";
  foo();
  cout << " Back in main - Type an in te ger to con tinue \n";
  cin >> i;
  re turn(0);
}

Here is the out put from the pro gram with g++ 3.4.4 as part of a cygwin in stall un der Win -
dows.

$ ./newcd01.out
 Pro gram starts
 Con struc tor &p 0x27cc60 p =
 Ad dress of s1 0x27cc60
 s1.p abcdefghi
 Fred does not have the ad dress of the string in the call ing 
func tion
 Ad dress of fred 0x27cc50
 fred.p abcdefghi
 bar go ing out of scope - a de struc tor will be called
 De struc tor  &p 0x27cc50 p = abcdefghi
 Ad dress of s1 0x27cc60
 s1.p abcdefghi
 De struc tor  &p 0x27cc60 p = abcdefghi
      3 [sig] newcd01.out 5180 _cygtls::han dle_ex cep tions:
Er ror while dump ing s
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tate (prob a bly cor rupted stack)
Seg men ta tion fault (core dumped)

Here is the out put from the pro gram with g++ 4.3.2 as part of a cygwin in stall un der Win -
dows.

$ ./newcd01.out
 Pro gram starts
 Con struc tor &p 0x27cc60 p =
 Ad dress of s1 0x27cc60
 s1.p abcdefghi
 Fred does not have the ad dress of the string in the call ing 
func tion
 Ad dress of fred 0x27cc68
 fred.p abcdefghi
 bar go ing out of scope - a de struc tor will be called
 De struc tor  &p 0x27cc68 p = abcdefghi
 Ad dress of s1 0x27cc60
 s1.p abcdefghi
 De struc tor  &p 0x27cc60 p = abcdefghi
      3 [sig] newcd01.out 3716 _cygtls::han dle_ex cep tions:
 Er ror while dump ing state (prob a bly cor rupted stack)

This one hangs!

Here is the out put from Microsoft Vi sual Stu dio C++ 2008 64 bit, un der Vista 64 bit. This
is the same sys tem as the ones above.

c:\doc u ment\cpp\newbook>newcd01
 Pro gram starts
 Con struc tor &p 000000000012FE90 p = ?
 Ad dress of s1 000000000012FE90
 s1.p abcdefghi
 Fred does not have the ad dress of the string in the call ing 
func tion
 Ad dress of fred 000000000012FEA0
 fred.p abcdefghi
 bar go ing out of scope - a de struc tor will be called
 De struc tor  &p 000000000012FEA0 p = abcdefghi
 Ad dress of s1 000000000012FE90
 s1.p ?
 De struc tor  &p 000000000012FE90 p = ?

This one hangs also. 

The key is sue is that in the call to the de struc tor for s1 the data that it points to has al ready
been de stroyed. A mem ber wise copy as pro vided by de fault by the com piler in the com -
piler copy con struc tor does not do what we want.

Note that g++ in both cases prov ides mis lead ing in for ma tion re gard ing what s1.p con tains
as out put from the sec ond de struc tor.

Microsoft does at least show that s1.p does not ap pear to point to any thing very sen si ble.
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Let us look at an other ex am ple of where the com piler pro vided copy con struc tor can go
wrong.

19.2 Ex am ple 2 - cre at ing an ob ject from an other ob ject and call ing the 
de fault copy constructor

This ex am ple uses the fol low ing syn tax to in voke the copy con struc tor.

  str  s2(s1);

The pro gram is sim i lar to the pre vi ous one.

#in clude <iostream>
#in clude <cstring>
us ing namespace std;

class str
{
pub lic :
char* p;
int size;

str(int sz)
{
  p=new char[size=sz] ;
  cout << " Con struc tor &p " << &p << " p = " ;
  cout << p  << endl;
}

~str()
{
  cout << " De struc tor  &p " << &p << " p = " ;
  cout << p  << endl;
  de lete[] p;
}

};

/*
Cre at ing a string from an other string
and call ing the copy con struc tor
*/

void foo()
{
  str s1(10);
  strcpy(s1.p,"abcdefghi");
  cout << " Ad dress of s1 " << &s1 << endl;
  cout << " s1.p " << s1.p << endl;

  str  s2(s1);
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  cout << " Ad dress of s1 " << &s1 << endl;
  cout << " s1.p " << s1.p << endl;
  cout << " Ad dress of s2 " << &s2 << endl;
  cout << " s2.p " << s2.p << endl;

  re turn;
}

int main()
{
  int i;
  cout << " Pro gram starts \n";
  foo();
  cout << " Back in main - ";
  cout << " Type an in te ger to con tinue \n";
  cin >> i;
  re turn(0);
}

The out put from g++ 3.x, 4.x and Microsoft C++ is sim i lar to the first ex am ple. 

19.3 Ex am ple 3 - cre at ing an ob ject via as sign ment and call ing the de -
fault copy constructor

The key state ment in this pro gram is

  str  s2=s1;

and again this state ment will in voke the com piler pro vided copy con struc tor be hind the
scenes.

#in clude <iostream>
#in clude <cstring>
us ing namespace std;

class str
{
pub lic :
char* p;
int size;

str(int sz)
{
  p=new char[size=sz] ;
  cout << " Con struc tor &p " << &p << " p = " ;
  cout << p  << endl;
}

~str()
{
  cout << " De struc tor  &p " << &p << " p = " ;
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  cout << p  << endl;
  de lete[] p;
}

};

/*
In itial is ing a string by as sign ment
from an other string and call ing
the copy con struc tor
*/

void foo()
{
  str s1(10);
  strcpy(s1.p,"abcdefghi");
  cout << " Ad dress of s1 " << &s1 << endl;
  cout << " s1.p " << s1.p << endl;

  str  s2=s1;

  cout << " Ad dress of s1 " << &s1 << endl;
  cout << " s1.p " << s1.p << endl;
  cout << " Ad dress of s2 " << &s2 << endl;
  cout << " s2.p " << s2.p << endl;

  re turn;
}

int main()
{
  int i;
  cout << " Pro gram starts \n";
  foo();
  cout << " Back in main - ";
  cout << " Type an in te ger to con tinue \n";
  cin >> i;
  re turn(0);
}

The out put for the same three cases is sim i lar to the first ex am ple!

19.4 Ex am ple 4 - user sup plied copy con struc tor

This ex am ple has a user sup plied copy con struc tor and there fore fixes the prob lems in the
first three cases.

#in clude <iostream>
#in clude <cstring>
us ing namespace std;
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class str
{
pub lic :
char* p;
int size;

str(int sz)
{
  p=new char[size=sz] ;
  cout << " Con struc tor &p " << &p << " p = " ;
  cout << p  << endl;
}

~str()
{
  cout << " De struc tor  &p " << &p << " p = " ;
  cout << p  << endl;
  de lete[] p;
}

str(const str&);

};

str::str(const str& c)
{
  cout << " copy con struc tor \n";
  p=new char[size=c.size];
  strcpy(p,c.p);
}

void bar(str fred)
{
  cout << " Ad dress of fred " << &fred << endl;
  cout << " fred.p " << fred.p << endl;
  cout << " bar go ing out of scope - " ;
  cout << " a de struc tor will be called " << endl;
}

void foo()
{
  str s1(10);
  strcpy(s1.p,"abcdefghi");
  cout << " Ad dress of s1 " << &s1 << endl;
  cout << " s1.p " << s1.p << endl;

  bar(s1);
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  cout << " Ad dress of s1 " << &s1 << endl;
  cout << " s1.p " << s1.p << endl;

  re turn;
}

int main()
{
  int i;
  cout << " Pro gram starts \n";
  foo();
  cout << " Back in main - ";
  cout << " Type an in te ger to con tinue \n";
  cin >> i;
  re turn(0);
}

The so lu tion is pro vided by the user writ ten copy con struc tor.

str::str(const str& c)
{
  cout << " copy con struc tor \n";
  p=new char[size=c.size];
  strcpy(p,c.p);
}

Each string will there fore have its own ver sion of the text as so ci ated with the string.

Here is the out put from the Microsoft C++ com piler.

C:\doc u ment\cpp\newbook>newcd04
 Pro gram starts
 Con struc tor &p 000000000012FE90 p =

 Ad dress of s1 000000000012FE90
 s1.p abcdefghi
 copy con struc tor
 Ad dress of fred 000000000012FEA0
 fred.p abcdefghi
 bar go ing out of scope - a de struc tor will be called
 De struc tor  &p 000000000012FEA0 p = abcdefghi
 Ad dress of s1 000000000012FE90
 s1.p abcdefghi
 De struc tor  &p 000000000012FE90 p = abcdefghi
 Back in main - Type an in te ger to con tinue

So the pro vi sion of a deep copy of the data, rather than a shal low copy solves the prob lem.
Each ob ject has their own copy of the dy nam i cally al lo cated data.

19.5 Ex am ple 5 - cre at ing an ob ject via de fault as sign ment

This one in tro duces an other rather sub tle er ror. In this ex am ple we have
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  s2=s1;

Here is the com plete list ing.

#in clude <iostream>
#in clude <cstring>
us ing namespace std;

class str
{
pub lic :
char* p;
int size;

str(int sz)
{
  p=new char[size=sz] ;
  cout << " Con struc tor &p " << &p << " p = " ;
  cout << p  << endl;
}

~str()
{
  cout << " De struc tor  &p " << &p << " p = " ;
  cout << p  << endl;
  de lete[] p;
}

str(const str&);

};

str::str(const str& c)
{
  cout << " copy con struc tor \n";
  p=new char[size=c.size];
  strcpy(p,c.p);
}

void foo()
{
  str s1(10);
  strcpy(s1.p,"abcdefghi");
  cout << " Ad dress of s1 " << &s1 << endl;
  cout << " s1.p " << s1.p << endl;
  cout << " Be fore cre ation of s2" << endl;
  str s2(20);
  cout << " Be fore as sign ment " << endl;
  s2=s1;
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  cout << " Af ter as sign ment " << endl;
  cout << " Ad dress of s1 " << &s1 << endl;
  cout << " s1.p " << s1.p << endl;

  re turn;
}

int main()
{
  int i;
  cout << " Pro gram starts \n";
  foo();
  cout << " Back in main - ";
  cout << "Type an in te ger to con tinue \n";
  cin >> i;
  re turn(0);
}

Here is the out put from the Microsoft com piler.

C:\doc u ment\cpp\newbook>newcd05
 Pro gram starts
 Con struc tor &p 000000000012FEA0 p =

 Ad dress of s1 000000000012FEA0
 s1.p abcdefghi
 Be fore cre ation of s2
 Con struc tor &p 000000000012FE90 p = ?
 Be fore as sign ment
 Af ter as sign ment
 Ad dress of s1 000000000012FEA0
 s1.p abcdefghi
 De struc tor  &p 000000000012FE90 p = abcdefghi
 De struc tor  &p 000000000012FEA0 p = ?

Here is the out put from g++.

$ ./a.exe
 Pro gram starts
 Con struc tor &p 0x27cc68 p =
 Ad dress of s1 0x27cc68
 s1.p abcdefghi
 Be fore cre ation of s2
 Con struc tor &p 0x27cc60 p =
 Be fore as sign ment
 Af ter as sign ment
 Ad dress of s1 0x27cc68
 s1.p abcdefghi
 De struc tor  &p 0x27cc60 p = abcdefghi
 De struc tor  &p 0x27cc68 p = Ô?¶aÔ?¶a?
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      4 [sig] a 6120 _cygtls::han dle_ex cep tions: 
Er ror while dump ing state (prob a bly cor rupted stack)

This time both com pil ers give a sim i lar clue as to the prob lem in that both print out some -
thing un rea son able for the con tents of the sec ond string.

19.6 Ex am ple 6 - user sup plied as sign ment operator

Here is the ver sion that cor rects this prob lem. We overload the as sign ment op er a tor.

#in clude <iostream>
#in clude <cstring>
us ing namespace std;

class str
{
pub lic :
char* p;
int size;

str(int sz)
{
  p=new char[size=sz] ;
  cout << " Con struc tor &p " << &p << " p = " ;
  cout << p  << endl;
}

~str()
{
  cout << " De struc tor  &p " << &p << " p = " ;
  cout << p  << endl;
  de lete[] p;
}

str(const str&);

str& op er a tor=(const str&);

};

str::str(const str& c)
{
  cout << " copy con struc tor \n";
  p=new char[size=c.size];
  strcpy(p,c.p);
}

str& str::op er a tor=(const str& a)
{
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  cout << " In the as sign ment op er a tor \n";
  if (this != &a)
  {
    de lete[] p;
    p=new char[size=a.size];
    strcpy(p,a.p);
  }
  re turn *this;
}

void foo()
{
  str s1(10);
  strcpy(s1.p,"abcdefghi");
  cout << " Ad dress of s1 " << &s1 << endl;
  cout << " s1.p " << s1.p << endl;
  cout << " Be fore cre ation of s2" << endl;
  str s2(20);
  cout << " Be fore as sign ment " << endl;
  s2=s1;
  cout << " Af ter as sign ment " << endl;
  cout << " Ad dress of s1 " << &s1 << endl;
  cout << " s1.p " << s1.p << endl;

  re turn;
}

int main()
{
  int i;
  cout << " Pro gram starts \n";
  foo();
  cout << " Back in main - ";
  cout << " Type an in te ger to con tinue \n";
  cin >> i;
  re turn(0);
}

Here is the out put from the Microsoft com piler.

C:\doc u ment\cpp\newbook>newcd06
 Pro gram starts
 Con struc tor &p 000000000012FEB0 p =

 Ad dress of s1 000000000012FEB0
 s1.p abcdefghi
 Be fore cre ation of s2
 Con struc tor &p 000000000012FEA0 p = ?
 Be fore as sign ment
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 In the as sign ment op er a tor
 Af ter as sign ment
 Ad dress of s1 000000000012FEB0
 s1.p abcdefghi
 De struc tor  &p 000000000012FEA0 p = abcdefghi
 De struc tor  &p 000000000012FEB0 p = abcdefghi
 Back in main - Type an in te ger to con tinue
1

We have re solved the is sue by pro vid ing the fol low ing code.

str& str::op er a tor=(const str& a)
{
  cout << " In the as sign ment op er a tor \n";
  if (this != &a)
  {
    de lete[] p;
    p=new char[size=a.size];
    strcpy(p,a.p);
  }
  re turn *this;
}

which over loads the as sign ment op er a tor and makes a copy of the data when ever we as sign
one string to an other.

19.7 Ref er ences

Meyers S.D., Ef fec tive C++, Ad di son Wes ley.

Con struc tors, De struc tors, and As sign ment Op er a tors P18

Item 11: De clare a copy con struc tor and an as sign ment op er a tor for classes with dy nam i -
cally al lo cated mem ory. 

Item 12: Pre fer ini tial iza tion to as sign ment in con struc tors.

Item 13: List mem bers in an ini tial iza tion list in the or der in which they are de clared. 

Item 14: Make sure base classes have vir tual de struc tors.

Item 15: Have op er a tor= re turn a ref er ence to *this. EC++ TOC, P23

Item 16: As sign to all data mem bers in op er a tor=. TOC, P24

Item 17: Check for as sign ment to self in op er a tor=. EC++ TOC, P25

19.8 Prob lems

Com pile and run the ex am ples with the lat est com pil ers and com pare the re sults.
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20 In her i tance
This chap ter looks at in her i tance in C++. We use the shape class from an ear lier chap ter.
We have made one set of changes to the ex am ple in the ear lier ex am ple - the x and y val ues 
are now pro tected.

20.1 Ex am ple 1 - new header file

Here is the new header file.

#ifndef SHAPE_HEADER
#de fine SHAPE_HEADER

class shape
{
pro tected:

int x_;
int y_;

pub lic:
shape(int newx, int newy);
int getx();
int gety();
void setx(int newx);
void sety(int newy);
void moveto(int newx, int newy);
void print();

};

#endif

Note the use of the pro tected at trib ute. The file is called ch2001_shape.h

20.2 Ex am ple 2 - same shape.cxx im ple men ta tion file

#in clude <iostream>
#in clude "ch2001_shape.h"
us ing namespace std;

shape::shape(int newx, int newy)
{
  moveto(newx, newy);
}

int shape::getx()
{
  re turn x_;
}
int shape::gety()
{
  re turn y_;
}
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void shape::setx(int newx)
{
  x_ = newx;
}
void shape::sety(int newy)
{
  y_ = newy;
}

void shape::moveto(int newx, int newy)
{
  setx(newx);
  sety(newy);
}

void shape::print()
{
  cout << " Shape " << endl;
  cout << " x = " << x_ << endl;
  cout << " y = " << y_ << endl;
}

20.3 Ex am ple 3 - cir cle class header file

In this case the cir cle class de rives from the shape class.

#ifndef CIR CLE_HEADER
#de fine CIR CLE_HEADER

#in clude "ch2001_shape.h"

class cir cle: pub lic shape 
{
pri vate:

int ra dius_;
pub lic:

cir cle(int newx, int newy, int newradius);
int getradius();
void setradius(int newradius);
void draw();

        void print();
};

#endif

The file is called ch2003_cir cle.h

20.4 Ex am ple 4 - cir cle class im ple men ta tion file

Here is the source file.
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#in clude <iostream>
#in clude "ch2003_cir cle.h"
us ing namespace std;

cir cle::cir cle(int newx, int newy, int newradius):
shape(newx, newy) 
{

setradius(newradius);
}

int cir cle::getradius()
{ 

re turn ra dius_; 
}

void cir cle::setradius(int newradius) 
{ 

ra dius_ = newradius; 
}

void cir cle::print() 
{
  cout << " Cir cle " << endl;
  cout << " x = " << x_ << endl;
  cout << " y = " << y_ << endl;
  cout << " ra dius = " << ra dius_ << endl;
}

20.5 Ex am ple 5 - cir cle in her i tance test pro gram

Here is the source file.

#in clude <iostream>
#in clude "ch2002_shape.cxx"
#in clude "ch2003_cir cle.h"
#in clude "ch2004_cir cle.cxx"
us ing namespace std;

void foo()
{
  cir cle c1(10,10,100);
  c1.print();
  cout << c1.getx() << endl;
  cout << c1.gety() << endl;
  cout << c1.getradius() << endl;
  c1.moveto(20,20);
  c1.print();
}

int main()
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{
  cout << " Pro gram starts" << endl;
  foo();
  cout << " Pro gram ends " << endl;
  re turn(0);
}

This is some sam ple out put from run ning the pro gram.

$ ./cir cle_main.out
 Pro gram starts
 Cir cle
 x = 10
 y = 10
 ra dius = 100
10
10
100
 Cir cle
 x = 20
 y = 20
 ra dius = 100
 Pro gram ends

20.6 Ex am ple 6 - rect an gle class header file

In this ex am ple the rect an gle class derives from the shape class.

#ifndef RECT AN GLE_HEADER
#de fine RECT AN GLE_HEADER

#in clude "ch2001_shape.h"

class rect an gle: pub lic shape 
{
pri vate:

int width_;
int height_;

pub lic:
rect an gle(int newx, int newy, int newwidth, int

newheight);
int getwidth();
int getheight();
void setwidth(int newwidth);
void setheight(int newheight);

        void print();
};

#endif

The file is called ch2006_rect an gle.h
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20.7 Ex am ple 7 - rect an gle class im ple men ta tion file

Here is the source file.

#in clude <iostream>
#in clude "ch2006_rect an gle.h"
us ing namespace std;

rect an gle::rect an gle(int newx, int newy, 
  int newwidth, int newheight): shape(newx, newy) 
{

setwidth(newwidth);
setheight(newheight);

}

int rect an gle::getwidth() 
{ 

re turn width_; 
}

int rect an gle::getheight() 
{ 

re turn height_; 
}

void rect an gle::setwidth(int newwidth) 
{ 

width_ = newwidth; 
}

void rect an gle::setheight(int newheight) 
{ 

height_ = newheight; 
}

void rect an gle::print()
{
  cout << " Rect an gle " << endl;
  cout << " x = " << x_ << endl;
  cout << " y = " << y_ << endl;
  cout << " width = " << width_ << endl;
  cout << " height = " << height_ << endl;
}

The file is called ch2007_rect an gle.cxx

20.8 Ex am ple 8 - rect an gle test pro gram

Here is the source file.

#in clude <iostream>
#in clude "ch2002_shape.cxx"
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#in clude "ch2006_rect an gle.h"
#in clude "ch2007_rect an gle.cxx"
us ing namespace std;

void foo()
{
  rect an gle r1(10,10,100,200);
  r1.print();
  cout << r1.getx() << endl;
  cout << r1.gety() << endl;
  r1.moveto(20,20);
  r1.print();
}

int main()
{
  cout << " Pro gram starts" << endl;
  foo();
  cout << " Pro gram ends " << endl;
  re turn(0);
}

Here is some sam ple out put from run ning this pro gram

$ ./rect an gle_main.out
 Pro gram starts
 Rect an gle
 x = 10
 y = 10
 width = 100
 height = 200
10
10
 Rect an gle
 x = 20
 y = 20
 width = 100
 height = 200
 Pro gram ends

20.9 Ac cess speci fi ers and inheritance

The fol low ing ta bles high light the use of ac cess speci fi ers when us ing der i va tion. The sim -
ple syn tax is

class de rived_class : ac cess_specifier base_class

{};

Ac cess specifier can be

· pub lic

· pro tected
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· pri vate

Remember that in a base class we can also use pub lic, pro tected and pri vate and the mean -
ing is given be low

· pub lic - any one has ac cess;

· pro tected - the base class and de rived classes have ac cess;

· pri vate - only the base class has ac cess;

20.9.1 class d1 : pub lic base, class d2 : pub lic d1

                        Mem ber           d1                    d2                    main
                        type
Base                pub lic              Yes                  Yes                  Yes
                        pro tected         Yes                  Yes                  No
d1                    pub lic                                      Yes                  Yes
                        pro tected                                 Yes                  No
d2                    pub lic              NA                                          Yes
                        pro tected         NA                                          No

20.9.2 class d1 : pro tected base, class d2 : pub lic d1

                        Mem ber           d1                    d2                    main
                        type
Base                pub lic              Yes                  Yes                  No
                        pro tected         Yes                  Yes                  No
d1                    pub lic                                      Yes                  Yes
                        pro tected                                 Yes                  No
d2                    pub lic              NA                                          Yes
                        pro tected         NA                                          No

20.9.3 class d1 : pri vate base, class d2 : pub lic d1

                        Mem ber           d1                    d2                    main
                        type
Base                pub lic              Yes                  No                   No
                        pro tected         Yes                  No                   No
d1                    pub lic                                      Yes                  Yes
                        pro tected                                 Yes                  No
d2                    pub lic              NA                                          Yes
                        pro tected         NA                                          No

20.10Prob lems

1. Write a tri an gle class that in her its from the shape class. Ac cord ing to Wikipedia there are 
sev eral cri te ria that can be used to de fine a tri an gle and they include:

· three sides;

· two sides and an in cluded an gle;

· Two in te rior an gles and the in cluded side;
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Use the first set of cri te ria in the first in stance. 
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For Mad men Only

Hermann Hesse, Steppenwolf.

21 Inheritance and Polymorphism in
C++

Two con cepts that are of ma jor im por tance in ob ject oriented pro gram ming are in her i tance
and dy namic bind ing. We have looked at classes and C++ sup ports in her i tance through
class der i va tion. We now need to look at dy namic bind ing.

21.1 Ex am ple 1 - Static bind ing

In this ex am ple we have in her i tance but we have com pile time bind ing of meth ods to ob -
jects. The out put of the pro gram is given af ter the pro gram. We have in cluded all of the ex -
am ples from the pre vi ous chap ter into one file for sim plic ity.

#in clude <iostream>
us ing namespace std;

class shape
{
pro tected:

int x_;
int y_;

pub lic:
shape(int newx, int newy);
int getx();
int gety();
void setx(int newx);
void sety(int newy);
void moveto(int newx, int newy);
void print();

};

us ing namespace std;

shape::shape(int newx, int newy)
{

moveto(newx, newy);
}

int shape::getx()
{ 

re turn x_; 
}
int shape::gety() 
{ 
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re turn y_; 
}
void shape::setx(int newx) 
{ 

x_ = newx; 
}
void shape::sety(int newy) 
{ 

y_ = newy; 
}

void shape::moveto(int newx, int newy) 
{

setx(newx);
sety(newy);

}

void shape::print() 
{
  cout << " Shape " << endl;
  cout << " x = " << x_ << endl;
  cout << " y = " << y_ << endl;
}

class cir cle: pub lic shape 
{
pri vate:

int ra dius_;
pub lic:

cir cle(int newx, int newy, int newradius);
int getradius();
void setradius(int newradius);
void draw();

        void print();
};

cir cle::cir cle(int newx, int newy, 
  int newradius): shape(newx, newy) 
{

setradius(newradius);
}

int cir cle::getradius()
{ 

re turn ra dius_; 
}

void cir cle::setradius(int newradius) 
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{ 
ra dius_ = newradius; 

}

void cir cle::print() 
{
  cout << " Cir cle " << endl;
  cout << " x = " << x_ << endl;
  cout << " y = " << y_ << endl;
  cout << " ra dius = " << ra dius_ << endl;
}

class rect an gle: pub lic shape 
{
pri vate:

int width_;
int height_;

pub lic:
rect an gle(int newx, int newy, 

  int newwidth, int newheight);
int getwidth();
int getheight();
void setwidth(int newwidth);
void setheight(int newheight);

        void print();
};

rect an gle::rect an gle(int newx, int newy, 
  int newwidth, int newheight): shape(newx, newy) 
{

setwidth(newwidth);
setheight(newheight);

}

int rect an gle::getwidth() 
{ 

re turn width_; 
}

int rect an gle::getheight() 
{ 

re turn height_; 
}

void rect an gle::setwidth(int newwidth) 
{ 

width_ = newwidth; 
}
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void rect an gle::setheight(int newheight) 
{ 

height_ = newheight; 
}

void rect an gle::print()
{
  cout << " Rect an gle " << endl;
  cout << " x = " << x_ << endl;
  cout << " y = " << y_ << endl;
  cout << " width = " << width_ << endl;
  cout << " height = " << height_ << endl;
}
void foo()
{
  shape s1(10,10);
  s1.print();
  cout << s1.getx() << endl;
  cout << s1.gety() << endl;
  s1.moveto(20,20);
  s1.print();
  cir cle c1(10,10,100);
  c1.print();
  cout << c1.getx() << endl;
  cout << c1.gety() << endl;
  cout << c1.getradius() << endl;
  c1.moveto(20,20);
  c1.print();
  rect an gle r1(10,10,100,200);
  r1.print();
  cout << r1.getx() << endl;
  cout << r1.gety() << endl;
  r1.moveto(20,20);
  r1.print();
}

int main()
{
  cout << " Pro gram starts" << endl;
  foo();
  cout << " Pro gram ends " << endl;
  re turn(0);
}

Here is the pro gram out put from Microsoft C++ 2008.

 Pro gram starts

 Shape
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 x = 10

 y = 10

10

10

 Shape

 x = 20

 y = 20

 Cir cle

 x = 10

 y = 10

 ra dius = 100

10

10

100

 Cir cle

 x = 20

 y = 20

 ra dius = 100

 Rect an gle

 x = 10

 y = 10

 width = 100

 height = 200

10

10

 Rect an gle

 x = 20

 y = 20

 width = 100

 height = 200

 Pro gram ends

21.2 Ex am ple 2 - static bind ing vari ant

Let us now re place func tion foo with func tion foobar. The source for this is given be low.

void foobar()
{
  const int n=3;
  shape* shape_ar ray[n];
  shape  s1(10,10);
  cir cle c1(10,10,100);
  rect an gle r1(10,10,100,200);
  shape_ar ray[0]=&s1;
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  shape_ar ray[1]=&c1;
  shape_ar ray[2]=&r1;
  for (int i=0;i<n;i++)
    shape_ar ray[i]->print();
}

Here is the com plete pro gram.

#in clude <iostream>
us ing namespace std;

class shape
{
pro tected:
  int x_;
  int y_;
pub lic:
  shape(int newx, int newy);
  int getx();
  int gety();
  void setx(int newx);
  void sety(int newy);
  void moveto(int newx, int newy);
  void print();
};

us ing namespace std;

shape::shape(int newx, int newy)
{
  moveto(newx, newy);
}

int shape::getx()
{
  re turn x_;
}
int shape::gety()
{
  re turn y_;
}
void shape::setx(int newx)
{
  x_ = newx;
}
void shape::sety(int newy)
{
  y_ = newy;
}
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void shape::moveto(int newx, int newy)
{
  setx(newx);
  sety(newy);
}

void shape::print()
{
  cout << " Shape " << endl;
  cout << " x = " << x_ << endl;
  cout << " y = " << y_ << endl;
}

class cir cle: pub lic shape
{
pri vate:
  int ra dius_;
pub lic:
  cir cle(int newx, int newy, int newradius);
  int getradius();
  void setradius(int newradius);
  void draw();
        void print();
};

cir cle::cir cle(int newx, int newy,
  int newradius): shape(newx, newy)
{
  setradius(newradius);
}

int cir cle::getradius()
{
  re turn ra dius_;
}

void cir cle::setradius(int newradius)
{
  ra dius_ = newradius;
}

void cir cle::print()
{
  cout << " Cir cle " << endl;
  cout << " x = " << x_ << endl;
  cout << " y = " << y_ << endl;
  cout << " ra dius = " << ra dius_ << endl;
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}

class rect an gle: pub lic shape
{
pri vate:
  int width_;
  int height_;
pub lic:
  rect an gle(int newx, int newy,
  int newwidth, int newheight);
  int getwidth();
  int getheight();
  void setwidth(int newwidth);
  void setheight(int newheight);
        void print();
};

rect an gle::rect an gle(int newx, int newy,
  int newwidth, int newheight): shape(newx, newy)
{
  setwidth(newwidth);
  setheight(newheight);
}

int rect an gle::getwidth()
{
  re turn width_;
}

int rect an gle::getheight()
{
  re turn height_;
}

void rect an gle::setwidth(int newwidth)
{
  width_ = newwidth;
}

void rect an gle::setheight(int newheight)
{
  height_ = newheight;
}

void rect an gle::print()
{
  cout << " Rect an gle " << endl;
  cout << " x = " << x_ << endl;
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  cout << " y = " << y_ << endl;
  cout << " width = " << width_ << endl;
  cout << " height = " << height_ << endl;
}

void foobar()
{
  const int n=3;
  shape* shape_ar ray[n];
  shape  s1(10,10);
  cir cle c1(10,10,100);
  rect an gle r1(10,10,100,200);
  shape_ar ray[0]=&s1;
  shape_ar ray[1]=&c1;
  shape_ar ray[2]=&r1;
  for (int i=0;i<n;i++)
    shape_ar ray[i]->print();
}

int main()
{
  cout << " Pro gram starts" << endl;
  foobar();
  cout << " Pro gram ends " << endl;
  re turn(0);
}

The out put from this pro gram is given be low.

C:\doc u ment\cpp\newbook\poly mor phism>to tal_foobar.exe

 Pro gram starts

 Shape

 x = 10

 y = 10

 Shape

 x = 10

 y = 10

 Shape

 x = 10

 y = 10

 Pro gram ends

What we have here is again static bind ing of the print method in the base class to the ar ray
of shapes, even though two of the ar ray el e ments are ob jects of a de rived class.

21.3 Ex am ple 3 - dy namic bind ing

Have a look at the shape header file be low.
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class shape
{
pro tected:

int x_;
int y_;

pub lic:
shape(int newx, int newy);
int getx();
int gety();
void setx(int newx);
void sety(int newy);
void moveto(int newx, int newy);
vir tual void print();

};

We have added the vir tual key word to the dec la ra tion for the print method in the shape base 
class. 

Here is the com plete source file.

#in clude <iostream>
us ing namespace std;

class shape
{
pro tected:
  int x_;
  int y_;
pub lic:
  shape(int newx, int newy);
  int getx();
  int gety();
  void setx(int newx);
  void sety(int newy);
  void moveto(int newx, int newy);
  vir tual void print();
};

us ing namespace std;

shape::shape(int newx, int newy)
{
  moveto(newx, newy);
}

int shape::getx()
{
  re turn x_;
}
int shape::gety()
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{
  re turn y_;
}
void shape::setx(int newx)
{
  x_ = newx;
}
void shape::sety(int newy)
{
  y_ = newy;
}

void shape::moveto(int newx, int newy)
{
  setx(newx);
  sety(newy);
}

void shape::print()
{
  cout << " Shape " << endl;
  cout << " x = " << x_ << endl;
  cout << " y = " << y_ << endl;
}

class cir cle: pub lic shape
{
pri vate:
  int ra dius_;
pub lic:
  cir cle(int newx, int newy, int newradius);
  int getradius();
  void setradius(int newradius);
  void draw();
        void print();
};

cir cle::cir cle(int newx, int newy,
  int newradius): shape(newx, newy)
{
  setradius(newradius);
}

int cir cle::getradius()
{
  re turn ra dius_;
}
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void cir cle::setradius(int newradius)
{
  ra dius_ = newradius;
}

void cir cle::print()
{
  cout << " Cir cle " << endl;
  cout << " x = " << x_ << endl;
  cout << " y = " << y_ << endl;
  cout << " ra dius = " << ra dius_ << endl;
}

class rect an gle: pub lic shape
{
pri vate:
  int width_;
  int height_;
pub lic:
  rect an gle(int newx, int newy,
  int newwidth, int newheight);
  int getwidth();
  int getheight();
  void setwidth(int newwidth);
  void setheight(int newheight);
        void print();
};

rect an gle::rect an gle(int newx, int newy,
  int newwidth, int newheight): shape(newx, newy)
{
  setwidth(newwidth);
  setheight(newheight);
}

int rect an gle::getwidth()
{
  re turn width_;
}

int rect an gle::getheight()
{
  re turn height_;
}

void rect an gle::setwidth(int newwidth)
{
  width_ = newwidth;
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}

void rect an gle::setheight(int newheight)
{
  height_ = newheight;
}

void rect an gle::print()
{
  cout << " Rect an gle " << endl;
  cout << " x = " << x_ << endl;
  cout << " y = " << y_ << endl;
  cout << " width = " << width_ << endl;
  cout << " height = " << height_ << endl;
}

void foobar()
{
  const int n=3;
  shape* shape_ar ray[n];
  shape  s1(10,10);
  cir cle c1(10,10,100);
  rect an gle r1(10,10,100,200);
  shape_ar ray[0]=&s1;
  shape_ar ray[1]=&c1;
  shape_ar ray[2]=&r1;
  for (int i=0;i<n;i++)
    shape_ar ray[i]->print();
}

int main()
{
  cout << " Pro gram starts" << endl;
  foobar();
  cout << " Pro gram ends " << endl;
  re turn(0);
}

Here is the out put from run ning this ver sion of the pro gram.

C:\doc u ment\cpp\newbook\poly mor phism>to tal_foobar_dy namic.exe

 Pro gram starts

 Shape

 x = 10

 y = 10

 Cir cle

 x = 10

 y = 10
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 ra dius = 100

 Rect an gle

 x = 10

 y = 10

 width = 100

 height = 200

 Pro gram ends

Now we have dy namic bind ing of the print method to the ob jects of the ar ray of shape ob -
jects.

21.4 Key Con cepts

21.4.1 Vir tual func tion

A func tion should be de clared vir tual if

· a class is ex pected to be an ob ject of der i va tion

· the im ple men ta tion is type de pend ent

21.4.2 Pure Vir tual Func tion

A func tion should be de clared a pure vir tual func tion if we are in ter ested in cre at ing an ab -
stract data type.

21.4.3 Pri vate

Can only be used by mem ber func tions and friends

21.4.4 Pro tected

Can only be used by mem ber func tions, friends and friends of classes de rived from it.

21.4.5 Pub lic

Can be used by any one.

21.5 Prob lems

1. Re write the cir cle class to call the base shape print rou tine.

2. Re write the rect an gle class to call the base shape print rou tine.

3. Add a tri an gle class.
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22 Pure Vir tual Func tions
This chap ter looks at pure vir tual func tions. 

22.1 Ex am ple 1 - Sim ple pure usage

Con sider the fol low ing ex am ple.

class shape
{
pro tected:

int x_;
int y_;

pub lic:
shape(int newx, int newy);
int getx();
int gety();
void setx(int newx);
void sety(int newy);
void moveto(int newx, int newy);
vir tual void print() = 0;

};

The key dif fer ence in this ex am ple to that in the pre vi ous chap ter is

vir tual void print() = 0;

This means that there is no im ple men ta tion for the print func tion - it is pure and vir tual.
This now makes the shape class ab stract. If a class con tains a pure vir tual func tion no ob -
jects of this class can be cre ated.

22.2 Sum mary

We have in cluded this ex am ple to round off our cov er age of ob ject ori ented pro gram ming.
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23 Cast ing
This chap ter looks at cast ing in C++.

23.1 In tro duc tion

Con vert ing an ex pres sion of one type into an other type is known as type-cast ing.

23.2 Ex am ple 1 - Im plicit con ver sion

Here is an ex am ple of im plicit con ver sion.

#in clude <iostream>
us ing namespace std;

int main()
{

  short s=1;
  int i=1;
  long l=1;

  float f=1.0f;
  dou ble d=1.0;

  l=i;
  i=s;

  d=f;

  cout << s << endl;
  cout << i << endl;
  cout << l << endl;
  cout << f << endl;
  cout << d << endl;

  re turn(0);

}

The as sign ments work with out cast ing as the vari able right hand side can 'hold' the value
from the left hand side.

23.3 Ex plicit con ver sion

C++ is a strong-typed lan guage. Many con ver sions, spe cially those that im ply a dif fer ent in -
ter pre ta tion of the value, re quire an ex plicit con ver sion. There are sev eral types of ex plicit
cast and they are

· const_cast

· dy namic_cast

· re in ter pret_cast
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· static_cast

· typeid

and we will look at each in turn be low.

23.4 const_cast

The fol low ing is taken from the stan dard.

· The re sult of the ex pres sion const_cast<T>(v) is of type T. If T is an lvalue ref -

er ence to ob ject type, the re sult is an lvalue; if T is an rvalue ref er ence to ob ject

type, the re sult is an xvalue; oth er wise, the re sult is a prvalue and the

lvalue-to-rvalue (4.1), ar ray-to-pointer (4.2), and func tion-to-pointer (4.3) stan -

dard con ver sions are per formed on the ex pres sion v. Con ver sions that can be

per formed ex plic itly us ing const_cast are listed be low. No other con ver sion shall 

be per formed ex plic itly us ing const_cast.

const_cast is re quired to be used to cast away the constness in or der to mod ify the ar gu -
ment’s value.

23.5 Ex am ple 2 - const cast

Here is an ex am ple.

#in clude <iostream>
us ing namespace std;

void print(char *  ptr)
{
  cout << ptr << endl;
}

int main()
{
  const char * c = "My name is Ian";
//  print(c);
  print(const_cast<char * > (c));
  re turn(0);
}

Com pile and run this ex am ple.

Now take out the com ments on the first print line and com pile again. Does it com pile?

23.6 dy namic_cast

The fol low ing is taken from the stan dard.

· The re sult of the ex pres sion dy namic_cast<T>(v) is the re sult of con vert ing the

ex pres sion v to type T. T shall be a pointer or ref er ence to a com plete class type, 

or “pointer to cv void." The dy namic_cast op er a tor shall not cast away

constness.

dy namic_cast can be used only with point ers and ref er ences to ob jects. Its pur pose is to en -
sure that the re sult of the type con ver sion is a valid com plete ob ject of the re quested class.
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23.7 Ex am ple 3 - dy namic cast

Here are some ex am ples, with com piler out put.

#in clude <iostream>
us ing namespace std;

class base {};
class de rived : pub lic base {};

int main()
{
  base  b ;
  base* ptr_b;

  de rived  d;
  de rived* ptr_d;

  ptr_b = dy namic_cast<base*>    (&d);
  ptr_d = dy namic_cast<de rived*> (&b);

  re turn(0);
}

Here is the out put from the g++ com piler.

$ g++ cast03.cpp

cast03.cpp: In func tion ‘int main()’:

cast03.cpp:17: er ror: can not dy namic_cast ‘& b’ (of type
‘class base*’) to type ‘class de rived*’ (source type is not
poly mor phic)

Here is the out put from the Microsoft com piler.

d:\doc u ment\cpp\newbook>cl cast03.cpp

Microsoft (R) 32-bit C/C++ Op ti miz ing Com piler Ver sion
16.00.40219.01 for 80x86

Copy right (C) Microsoft Cor po ra tion.  All rights re served.

cast03.cpp

c:\Pro gram Files (x86)\Microsoft Vi sual Stu dio 10.0\VC\IN -
CLUDE\xlocale(323) : wa

rning C4530: C++ ex cep tion han dler used, but un wind se man tics 
are not en abled. S

pecify /EHsc

cast03.cpp(17) : er ror C2683: 'dy namic_cast' : 'base' is not 
a poly mor phic type

        cast03.cpp(5) : see dec la ra tion of 'base'
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23.8 Ex am ple 4 - dy namic cast

Now look at the next ex am ple.

#in clude <iostream>
us ing namespace std;

class base { vir tual void do_noth ing() {} };
class de rived : pub lic base {};

int main()
{
  base  b ;
  base* ptr_b;

  de rived  d;
  de rived* ptr_d;

  ptr_b = dy namic_cast<base*>    (&d);
  ptr_d = dy namic_cast<de rived*> (&b);

  re turn(0);
}

Here is the out put from the g++ com piler.

$ g++ cast04.cpp

cast04.cpp: In func tion ‘int main()’:

cast04.cpp:17: warn ing: dy namic_cast of ‘base b’ to ‘class
de rived*’ can never suc ceed

Here is the out put from the Microsoft com piler.

d:\doc u ment\cpp\newbook>cl cast04.cpp

Microsoft (R) 32-bit C/C++ Op ti miz ing Com piler Ver sion
16.00.40219.01 for 80x86

Copy right (C) Microsoft Cor po ra tion.  All rights re served.

cast04.cpp

c:\Pro gram Files (x86)\Microsoft Vi sual Stu dio 10.0\VC\IN -
CLUDE\xlocale(323) : wa

rning C4530: C++ ex cep tion han dler used, but un wind se man tics 
are not en abled. S

pecify /EHsc

Microsoft (R) In cre men tal Linker Ver sion 10.00.40219.01

Copy right (C) Microsoft Cor po ra tion.  All rights re served.

/out:cast04.exe

cast04.obj
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23.9 Ex am ple 5 - dy namic cast

Now con sider the next ex am ple.

#in clude <iostream>
us ing namespace std;

class base { vir tual void do_noth ing() {} };
class de rived : pub lic base {};

int main()
{
  base*    ptr_b1 = new de rived ;
  base*    ptr_b2 = new base;  

  de rived* ptr_d;

  ptr_d = dy namic_cast<de rived*> (ptr_b1);
  if (ptr_d == NULL)
    cout << " In valid pointer on ptr_b1 cast " << endl;

  ptr_d = dy namic_cast<de rived*> (ptr_b2);
  if (ptr_d == NULL)
    cout << " In valid pointer on ptr_b2 cast " << endl;

  re turn(0);
}

Here is the out put from g++>

$ ./a.exe

 In valid pointer on ptr_b2 cast

Here is the out put from the Microsoft com piler.

d:\doc u ment\cpp\newbook>cast05

 In valid pointer on ptr_b2 cast

When dy namic_cast can not cast a pointer be cause it is not a com plete ob ject of the re quired 
class it re turns a null pointer to in di cate the fail ure. If dy namic_cast is used to con vert to a
ref er ence type and the con ver sion is not pos si ble, an ex cep tion of type bad_cast is thrown
instead.

23.10re in ter pret_cast

The fol low ing is taken from the stan dard.

· The re sult of the ex pres sion re in ter pret_cast<T>(v) is the re sult of con vert ing the 

ex pres sion v to type T. If T is an lvalue ref er ence type or an rvalue ref er ence to

func tion type, the re sult is an lvalue; if T is an rvalue ref er ence to ob ject type,

the re sult is an xvalue; oth er wise, the re sult is a prvalue and the lvalue-torvalue
(4.1), ar ray-to-pointer (4.2), and func tion-to-pointer (4.3) stan dard con ver sions

are per formed on the ex pres sion v. Con ver sions that can be per formed ex plic itly
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us ing re in ter pret_cast are listed be low. No other con ver sion can be per formed

ex plic itly us ing re in ter pret_cast.

re in ter pret_cast con verts any pointer type to any other pointer type, even of un re lated
classes. The op er a tion re sult is a sim ple bi nary copy of the value from one pointer to the
other. All pointer con ver sions are al lowed: nei ther the con tent pointed nor the pointer type
it self is checked.

23.11static_cast

The fol low ing is taken from the stan dard.

· The re sult of the ex pres sion static_cast<T>(v) is the re sult of con vert ing the ex -

pres sion v to type T. If T is an lvalue ref er ence type or an rvalue ref er ence to

func tion type, the re sult is an lvalue; if T is an rvalue ref er ence to ob ject type,

the re sult is an xvalue; oth er wise, the re sult is a prvalue. The static_cast op er a tor 

shall not cast away constness

static_cast can per form con ver sions be tween point ers to re lated classes, not only from the
de rived class to its base, but also from a base class to its de rived. This en sures that at least
the classes are com pat i ble if the proper ob ject is con verted, but no safety check is per -
formed dur ing runtime to check if the ob ject be ing con verted is in fact a full ob ject of the
des ti na tion type. There fore, it is up to the pro gram mer to en sure that the con ver sion is safe.
On the other side, the over head of the type-safety checks of dy namic_cast is avoided.

23.12Ex am ple 6 - static cast

Here is an ex am ple.

#in clude <iostream>
us ing namespace std;

class base { vir tual void do_noth ing() {} };
class de rived : pub lic base {};

int main()
{
  base*    ptr_b1 = new de rived ;
  base*    ptr_b2 = new base;  

  de rived* ptr_d;

  ptr_d = static_cast<de rived*> (ptr_b1);
  if (ptr_d == NULL)
    cout << " In valid pointer on ptr_b1 cast " << endl;

  ptr_d = static_cast<de rived*> (ptr_b2);
  if (ptr_d == NULL)
    cout << " In valid pointer on ptr_b2 cast " << endl;

  re turn(0);
}

Here is the out put from g++.
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ian@xps-435 /cygdrive/d/doc u ment/cpp/newbook

$ ./a.exe

Here is the out put from the Microsoft com piler.

d:\doc u ment\cpp\newbook>cast06

23.13typeid

The fol low ing is taken from the stan dard.

· The re sult of a typeid ex pres sion is an lvalue of static type const std::type_info

(18.7.1) and dy namic type const std::type_info or const name where name is an

im ple men ta tion-de fined class pub licly de rived from std :: type_info which pre -
serves the be hav ior de scribed in 18.7.1.66 The life time of the ob ject re ferred to

by the lvalue ex tends to the end of the pro gram. Whether or not the de struc tor is 

called for the std::type_info ob ject at the end of the pro gram is un spec i fied.

typeid al lows you to check the type of an ex pres sion:

· typeid (ex pres sion)

This op er a tor re turns a ref er ence to a con stant ob ject of type type_info that is de fined in the 
stan dard header file <typeinfo>. This re turned value can be com pared with an other one us -
ing op er a tors == and != or can serve to ob tain a null-ter mi nated char ac ter se quence rep re -
sent ing the data type or class name by us ing its name() member.

23.14Ex am ple 7 - typeid

Here is an ex am ple.

#in clude <iostream>
#in clude <typeinfo>
us ing namespace std;

class base { vir tual void do_noth ing() {} };
class de rived : pub lic base {};

int main()
{
  base*       ptr_b ;
  de rived*    ptr_d ;  

  cout << " base    " << typeid(ptr_b).name() << endl;
  cout << " de rived " << typeid(ptr_d).name() << endl;

  re turn(0);
}

Here is the out put from g++.

ian@xps-435 /cygdrive/d/doc u ment/cpp/newbook

$ ./a.exe
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 base    P4base

 de rived P7derived

Here is the out put from the Microsoft com piler.

d:\doc u ment\cpp\newbook>cast07

 base    class base *

 de rived class de rived *

23.15Prob lems

1. Com pile and run the ex am ples in this chap ter with your com piler. Com pare the out put.
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24 Class Meth ods and Data
24.1 Introduction

The ex am ple in this chap ter uses the date class we used ear lier. We will look at classes with 
dy nam i cally al lo cated data in a later chap ter.

24.2 Date Class

We split the prob lem down into sev eral parts. We will look at

· a date header file which pro vides de tails of the pri vate data and the pub lic in ter -

face. It will also con tain de tails of pri vate in ter nal meth ods to the date class;

· a date cpp file which con tains the ac tual im ple men ta tion of the date class;

· a de bug.h file which we use to turn on and off de bug ging in for ma tion;

· the main pro gram which ac tu ally tests out the date class.

We will look at each in turn.

24.2.1 Ex am ple 1 - The Date header file

Here is the date header file. We will go through each part of the file in turn.

#ifndef DATE_HEADER
#de fine DATE_HEADER
class date
{
pri vate:

int day;
int month;
int year;

pub lic:
date();
date(const date& d);
date(const int& d, const int& m, const int& y);
~date();
void set(const int& d, const int& m, const int& y);
void print();

pri vate:
void check_date(const int& d,const int& m, const int& y);
bool leap_year(const int& y);
static int n_days_in_month[12];

};
#endif

The first thing we have are con di tional com pi la tion state ments that are used to pre vent mul -
ti ple in clu sions of the header file into the com pi la tion. This would be an er ror as we would
have mul ti ple dec la ra tions for the date class.

#ifndef DATE_HEADER
#de fine DATE_HEADER
#endif

274 Class Meth ods and Data

Chap ter 24 © Ian D Chivers



If the sym bol DATE_HEADER is not al ready de fined then it will be de fined and all of the
sub se quent lines up to the #endif will be in cluded.

The next thing we have are the three pri vate data com po nents for the date.

  pri vate:

    int day;

    int month;

    int year;

We fol low the cod ing con ven tion of hav ing the pri vate data be fore any thing else.

The next thing we have is the pub lic in ter face that us ers of our class see.

  pub lic:

    date();

    date(const date& d);

    date(const int& d,const  int& m,const int& y);

    ~date();

    

    void set(const int& d,const int& m,const int& y);

    void print();

We have three con struc tors

· date() - the de fault, no ar gu ment con struc tor

· date(const date& d) - the copy con struc tor. Note the dec la ra tion for the data pa -

ram e ter. We are pass ing by const ref. Const means that we are not al ter ing the

data pa ram e ter in the con struc tor, and pass ing by ref er ence avoids a copy.

· date(const int& d,const  int& m,const int& y) - con struct a date from three in te -

ger val ues.

We then have a de struc tor and two pub lic meth ods. One to set the date and the sec ond to
print out a date.

Fi nally we have two pri vate in ter nal meth ods and a pri vate data ar ray. 

  pri vate :

    void check_date(const int& d,const int& m,const int& y);

    bool leap_year(const int& y);

    static int n_days_in_month[12] 

We will use the check_date method to test the va lid ity of day, month year com bi na tions and 
also have a boolean method to check for a leap year. 

The n_days_in_month ar ray is a class level data item. Only one oc cur rence will ex ist at any 
one time. We use the static key word to in di cate this.

We are not al lowed to have the in itial is ation of this ar ray within the header file. The in itial -
is ation is pro vided in the date.cpp file.

24.2.2 Ex am ple 2 - The Date cpp im ple men ta tion file

Here is one im ple men ta tion of the date class.
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#in clude <iostream>
#in clude "date.h"
#in clude "de bug.h"
us ing namespace std;

int date::n_days_in_month[12] = {31,28,31,30,31,30,
                            31,31,30,31,30,31};

date::date()
{
  DE BUG << " ***** De fault con struc tor " << endl;
  day = 1;
  month = 1;
  year = 1900;
}

date::date(const date& d)
{
  DE BUG << " ***** Copy con struc tor " << endl;
  day   = d.day;
  month = d.month;
  year  = d.year;
}

date::date(const int& d,const int& m,const int& y)
{
  DE BUG << " ***** Three ar gu ment con struc tor " << endl;
  check_date(d,m,y);
  day = d;
  month = m;
  year = y;
}

date::~date()
{
  DE BUG << " ***** De struc tor " << endl;
}

void date::set(const int& d,const int& m,const int& y)
{
  check_date(d,m,y);
  day = d;
  month = m;
  year = y;
}

void date::print()
{

276 Class Meth ods and Data

Chap ter 24 © Ian D Chivers



  cout << day << '/';
  cout << month << '/';
  cout << year << endl;
}

void date::check_date(const int& d,const int& m,const int& y)
{
  DE BUG << " ***** check date " << endl;
  int tm;
  int t;
  tm=m;
  if ( (m<1) || (m>12) )
  {
    cout << " ***** WARN ING: in valid month " << endl;
    cout << " ***** Set ting month to Jan u ary" << endl;
    tm=1;
  }
  else
    t=n_days_in_month[tm-1];
  if ( (leap_year(y)) && (tm==2) )
    t=29;
  if ( (d<1) || (d>t) )
    cout << " ***** WARN ING in valid num ber of days in month 
" << endl;
}

bool date::leap_year(const int& y)
{
  DE BUG << " ***** leap year check " << endl;
  bool t;
  t=false;
  if        ( (y/4  )*4   == y )
  {
    t=true;
    if      ( (y/400)*400 == y )
      t=true;
    else if ( (y/100)*100 == y )
      t=false;
  }
  else
    t=false;
  re turn(t);
} 

The first thing we have are the var i ous re quired in clude state ments.

The next thing is 

 int date::n_days_in_month[12] = {31,28,31,30,31,30,

                             31,31,30,31,30,31};
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the in itial is ation for the ar ray which was de clared in the date.h file. It was qual i fied by the
static key word.

The next thing we have are the three con struc tor meth ods. Note that the first two do not call 
the check_date method.

We then have the de struc tor and two pub lic meth ods to set and print out dates.

Fi nally we have the two pri vate in ter nal meth ods that are used within the date class to
check the va lid ity of dates.

All pa ram e ters are passed as const ref.

24.2.3 Ex am ple 3 - The de bug.h file

We use this file to con trol the pro duc tion of trace state ments when de bug ging the class. Re -
mem ber that 0 is false and non-zero is true in C terms.

#de fine DEBUGBUILD 0
#de fine DE BUG if (DEBUGBUILD) cout

To switch de bug ging on (re place DE BUG with cout) we would de fine DEBUGBUILD to
be non-zero.

24.2.4 Ex am ple 4 - The main pro gram

Here is the main pro gram. 

#in clude <iostream>
#in clude "ch2401_date.h"
#in clude "ch2402_date.cxx"
us ing namespace std;

void f()
{
  date d1;
  date d2(11,2,1952);
  date d3(d2);

  d1.print();
  d2.print();
  d3.print();
  for (int yy=1895;yy<1910;yy++)
    for ( int mm=-2;mm<4;mm++)
      for (int dd=25;dd<33;dd++)
      {
        d1.set(dd,mm,yy);
        d1.print();
      }
}

int main()
{
  cout << " Be fore call to f" << endl;
  f();
  cout << " Af ter call to  f" << endl;

278 Class Meth ods and Data

Chap ter 24 © Ian D Chivers



// dummy read in serted as the de fault in some ver sions of
// Vi sual stu dio are to close the con sole win dow

  int i;
  cout << " Type any char ac ter to end the pro gram: ";
  cin >> i; 

  re turn(0);
}

Note that we call a func tion f() that does all of the work. When this func tion goes out of
scope C++ is re quired to call all nec es sary de struc tors for ob jects cre ated within this func -
tion. There is no re quire ment in C++ to do this if we do all of the test ing (and hence ob ject
cre ation and de struc tion) in the main pro gram. The pro gram can just ter mi nate.

We then loop through a se quence of years, months and days to test out the im ple men ta tion
of our date class.

24.3 Ex am ple 5 - date vari a tion

This pro gram is an extension of an earlier ex am ple. Here is the code.

#in clude <iostream>
#in clude <string>
#in clude <ctime>
us ing namespace std;
class date
{

pub lic:

  date(int = 0, int = 0, int = 0);
  vir tual void print_date() = 0;

pro tected:

  int day, month, year;

pub lic:

  static const int ndays[];
  static const string monthname[];

pri vate:

  time_t lo cal_time;
  struct tm *tday;
  static const string day_names[];

  int date_to_week_day_num ber()
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  {

    int in dex;
    int d;
    int m;
    int y;

    d = day;
    m = month;
    y = year;

    if (m > 2)
      m -= 2;
    else
    {
      m += 10;
      y--;
    }

    in dex = ((13 * m - 1) / 5) + d + (y % 100)
      + ((y % 100) / 4) + ((y / 100) / 4)
      - 2 * (y / 100) + 77;

    in dex = in dex - 7 * (in dex / 7);

    if (in dex == 7)
      in dex = 0;

    re turn (in dex);
  }

pub lic:

  void de fault_date(int &d, int &m, int &y)
  {
    if ((d == 0) || (m == 0) || (y == 0))
    {
      time(&lo cal_time);
      tday = localtime(&lo cal_time);
      d = tday->tm_mday;
      m = tday->tm_mon + 1;
      y = tday->tm_year + 1900;
    }
    re turn;
  }

  void print_day_in_week()
  {
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    int i;
    i = date_to_week_day_num ber();
    cout << " You were born on a " << day_names[i] << endl;
    re turn;
  }

};

const int date::ndays[] = {
31,28,31,30,31,30,31,31,30,31,30,31 };

const string date::monthname[12] =
  { 
    "Jan u ary",
    "Feb ru ary",
    "March",
    "April",
    "May",
    "June",
    "July",
    "Au gust",
    "Sep tem ber",
    "Oc to ber",
    "No vem ber",
    "De cem ber" 
  };

const string date::day_names[] =
  {
    "Sunday",
    "Mon day",
    "Tues day",
    "Wednes day",
    "Thurs day",
    "Fri day",
    "Sat ur day"
  };

date::date(int d, int m, int y)
{
  de fault_date(d, m, y);
  day = d; month = m; year = y;
}

class world_date : pub lic date
{
pub lic:
  world_date(int = 0, int = 0, int = 0);
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  void print_date();
};

world_date::world_date(int d, int m, int y)
{
  de fault_date(d, m, y);
  day = d; month = m; year = y;
}
void world_date::print_date()
{
  cout << day << "/" << monthname[month - 1] << "/" << year 
<<
    endl;
}

class us_date : pub lic date
{
pub lic:
  us_date(int = 0, int = 0, int = 0);
  void print_date();
};

us_date::us_date(int m, int d, int y)
{
  de fault_date(d, m, y);
  day = d; month = m; year = y;
}

void us_date::print_date()
{
  cout << monthname[month - 1] << "/" << day << "/" << year 
<<
    endl;
}

int main()
{
  world_date d1;
  world_date d2(11, 02, 1952);
  us_date d3;
  us_date d4(1, 1, 1996);
  d1.print_date();
  d2.print_date();
  d2.print_day_in_week();
  d1 = world_date(1, 3, 1956);
  d1.print_date();
  d3.print_date();
  d4.print_date();
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  d3 = us_date(3, 1, 1956);
  d3.print_date();
  re turn(0);
}

The vari able 

ndays 

is an ar ray that holds the num ber of valid days in a month. We have a slight prob lem with
leap years though.

The vari able 

monthname 

holds ac tual strings for the months rather than in te gers. Note that the struc ture tm re turns
month val ues in the range 0-11, rather than the real world of 1-12.

The vari able

day_names

has the names of the days of the week.

lo cal_time is a vari able of type time_t and is used in the de fault_date func tion.

The vari able tday is a pointer to a struc ture tm. It is used in the de fault_date func tion.

The de fault_date func tion is called by the con struc tors and if any of day, month or year are
zero the date is set to to day’s date.

Ac cess to the com po nents of the struc ture are made through the -> op er a tor.

The func tion

int date_to_week_day_num ber()

is pri vate. We use it to pro vide ac cess to the day of the week on which we were born in the

print_day_in_week

func tion.

The ar gu ments to the de fault_date func tion are passed be ref er ence. We need to pass back
the mod i fied val ues.

The value of the month is in cre mented by one as moths are in the range 0-11, rather than
the real world of 1-12.

The value for the year is in cre mented by 1900, due to the way that the func tion works.

Within the two rou tines that print the date we dec re ment the in dex by one as the in dex to
the monthname ar ray goes from 0-11, not 1-12.

24.4 Prob lems

This ex am ple is still not com plete. We need to en sure that only valid dates are al lowed.
This will mean check ing for leap years, and when we have done this test ing for valid day
and month com bi na tions. The fol low ing is a boolean func tion that checks for leap years.

bool date::leapyear(int y)
{
 if ( y % 400 ==0) || ( y % 100 !=0 && y % 4 ==0))
 re turn true;
 else
 re turn false;
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}

Once you know if it is a leap year what are you go ing to do about the num ber of days in
Feb ru ary?

You can in dex into the ndays ar ray with the month to pick up a valid value for the num ber
of days in a month.

What kind of er ror mes sage are you go ing to pro vide? Are you go ing to ter mi nate the pro -
gram
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A man should keep his brain at tic stacked with all the fur ni ture he is likely to use, and the
rest he can put away in the lum ber room of his li brary, where he can get at it if he wants.

Sir Ar thur Conan Doyle, Five Or ange Pips.

25 Dynamic Integer Array Class
This chap ter looks at a class with dy namic mem ory al lo ca tion. We will use an in te ger ar ray
class as an ex am ple.

25.1 Introduction

Raw ar rays in C++ are rel a tively prim i tive. This is be cause of back wards compatability
with C and the de ci sion made by Kernighan and Ritchie to make the fol low ing equiv a lent
when X is an ar ray

· X º &X[0]

Be cause of this equality an ar ray is lit tle more than a pointer and a chunk of mem ory.

Some of the things we might look at in clud ing in an ar ray class are

· sub script check ing

· ar ray as sign ment

· ar ray copy ing

· ar ray i/o

· dy namic ar ray siz ing

· ar rays whose size are an in te gral part of the ob ject

· de fault ini tial val ues

A nu meric ex am ple has been chose again. We will look at im ple ment ing the above fea tures
over the next few chap ters. 

25.2 Ex am ple 1 - In te gers

The com plete pro gram list ing is given be low.

#in clude <iostream>
#in clude <iomanip>
#in clude <cstdlib>
#in clude <cassert>
#in clude "de bug.h"
us ing namespace std;
class dy namic_ar ray
{
friend ostream &op er a tor<<( ostream &,   const dy namic_ar ray 
&);
friend istream &op er a tor>>( istream &,   dy namic_ar ray &);
pri vate:
  int *p_;
  int size_;
pub lic:
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  dy namic_ar ray();
  dy namic_ar ray(const dy namic_ar ray &x);
  dy namic_ar ray(int size);
  ~dy namic_ar ray();
  const dy namic_ar ray &op er a tor=(const dy namic_ar ray &x);
  const int &op er a tor[](int in dex) const ;
        int &op er a tor[](int in dex);
  int getsize() const;
  bool op er a tor==(const dy namic_ar ray &) const;
  bool op er a tor!=(const dy namic_ar ray &rhs) const;
  int sum();
};
dy namic_ar ray::dy namic_ar ray()
{
  DE BUG << " De fault con struc tor " << endl;
  size_=0;
  p_  = new int[size_];
  as sert( p_ != NULL );
}
dy namic_ar ray::dy namic_ar ray(const dy namic_ar ray &ini tial)
   : size_(ini tial.size_)
{
  DE BUG << " Copy con struc tor " << endl;
  p_ = new int[size_];
  as sert(p_ != NULL);
  for (int i=0;i<size_;i++)
    p_[i]=ini tial.p_[i];
}
dy namic_ar ray::dy namic_ar ray(int n)
{
  DE BUG << " Set size con struc tor " << endl;
  size_ = ( n> 0 ? n : 10);
  p_  = new int[size_];
  as sert( p_ != NULL );
  for (int i=0;i<size_;i++)
    p_[i]=0;
}
dy namic_ar ray::~dy namic_ar ray()
{
  DE BUG << " De struc tor: size = " << size_ << endl;
de lete []p_;
}
const dy namic_ar ray &dy namic_ar ray::op er a tor=(
  const dy namic_ar ray &rhs)
{
  DE BUG << " as sign ment = over load " << endl;
  if ( &rhs != this)
  {
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    if(size_ != rhs.size_)
    {
      de lete [] p_;
      size_=rhs.size_;
      p_ = new int[size_];
      as sert(p_ != NULL);
    }
  for (int i=0;i<size_;i++)
    p_[i]=rhs[i];
  }
  re turn *this;
}
const int &dy namic_ar ray::op er a tor[](int n) const
{
  DE BUG << " const[] over load " << endl;
  as sert( (n>=0) && (n<size_) );
  re turn p_[n];
}
int &dy namic_ar ray::op er a tor[](int n)
{
  DE BUG << " non const[] over load " ;
  as sert( (n>=0) && (n<size_) );
  re turn p_[n];
}
int dy namic_ar ray::getsize() const { re turn size_; }
bool dy namic_ar ray::op er a tor==(
  const dy namic_ar ray &rhs) const
{
  DE BUG << " op er a tor == " << endl;
  if ( size_ != rhs.size_)
    re turn(false);
  for (int i=0;i<size_;i++)
    if ( p_[i] != rhs.p_[i] )
      re turn (false);
  re turn (true);
}
bool dy namic_ar ray::op er a tor!=(
  const dy namic_ar ray &rhs) const
{
  DE BUG << " op er a tor != " << endl;
  re turn ! ( *this == rhs) ;
}
int dy namic_ar ray::sum()
{
  int re sult = p_[0];
  for (int i = 1;i <size_ ;i++)
    re sult += p_[i];
  re turn re sult;

Dynamic Integer Array Class 287

© Ian D Chivers Chap ter 25



}
istream &op er a tor>>(istream &in put, dy namic_ar ray&a)
{
  for (int i=0;i<a.size_;i++)
    in put >> a.p_[i];
  re turn in put;
}
ostream & op er a tor<<(ostream &out put,const dy namic_ar ray &a)
{
  int i;
  for (i=0;i<a.size_;i++)
  {
    out put << setw(6) << a.p_[i];
    if ( (i+1) % 8 ==0 )
      out put << endl;
  }
  if ( (i%8) != 0 )
    out put << endl;
  re turn out put;
}
void foo()
{
  int i;
  const int j=5;
  int k;
  dy namic_ar ray x1;
  dy namic_ar ray x2(j);
  dy namic_ar ray x3(x2);
  cout << " Type in " << x2.getsize()
    << " val ues " << endl;
  cin >> x2;
  k=x3.getsize();
  for (i=0;i<k;i++)
    x3[i]=i;
  cout << x1 << endl;
  cout << x2 << endl;
  cout << x3 << endl;
  dy namic_ar ray y1;
  dy namic_ar ray y2;
  y1=x1;
  y2=x2;
  cout << y1 << endl;
  cout << y2 << endl;
  for (i=0;i<k;i++)
    cout << x3[i] << endl;
  cout << endl;
  cout << " sum of x2 = " << x2.sum() << endl;
  cout << boolalpha ;
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  cout << " (x1==y1) " << (x1==y1) << endl;
  cout << boolalpha ;
  cout << " (x1==y2) " << (x1==y2) << endl;
  cout << boolalpha ;
  cout << " (x1!=x2) " << (x1!=x2) << endl;
}
int main()
{
  cout << " Pro gram starts" << endl;
  foo();
  cout << " Pro gram ends" << endl;
  re turn (0);
}

25.2.1 Notes

We will go through the code in sec tions and have a look at each sec tion in turn.

friend ostream &op er a tor<<( ostream &, const dy namic_ar ray
&);

friend istream &op er a tor>>( istream &, dy namic_ar ray &);

If these were mem ber func tions the syn tax we would have to use would be:

· dy namic_ar ray << cout;

and

· dy namic_ar ray >> cin;

so we have de clared them as friends, so we can use the nor mal right hand side way of writ -
ing them that we have used so far. So when we have

· cin >> x;

the fol low ing call is gen er ated:

· op er a tor >>(cin,x);

The pro cess is iden ti cal for out put.

pri vate:

  int *p_;

  int size_;

These are the pri vate data com po nents of our class. We have added an un der score to the in -
ter nal vari able names to help dis tin guish be tween in ter nal data and pa ram e ter data.

  dy namic_ar ray();

  dy namic_ar ray(const dy namic_ar ray &x);

  dy namic_ar ray(int size);

  ~dy namic_ar ray();

  const dy namic_ar ray &op er a tor=(const dy namic_ar ray &x);

This class does dy namic mem ory al lo ca tion so we have pro vide
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· a de fault (no ar gu ment) con struc tor,.e.g.

· ob ject o1;

· a copy con struc tor, e.g.

· ob ject o2(o1);

· a con struc tor where we spec ify the size as for nor mal ar rays

· a de struc tor;

· an over loaded as sign ment op er a tor, e.g.

· o2=o1;

as if we don't C++ will pro vide a de fault con struc tor, copy con struc tor and as sign ment and
they will all do a shal low copy. In a shal low copy any point ers are cop ied from one ob ject
to an other. This is nor mally not what is wanted. A deep copy of a pointer com po nent means 
new al lo ca tion and the data that the pointer points to is cop ied to the new ob ject.

We pass by ref er ence in the copy con struc tor to avoid a copy be ing made and qual ify this
with const to in di cate that the ar ray is not to be mod i fied. If we did use call by value the
call would also re sult in in fi nite re cursion, as a copy of the ar ray would be made by call ing
the copy con struc tor, and so on ad in fi ni tum.

Copy con struc tors are called un der the fol low ing sit u a tions

· call by value

· when re turn ing an ar ray by value from a func tion

· when in itial is ing an ar ray to be a copy of an other

· when defining and in itial is ing an ar ray us ing an other ar ray

We also pro vide a de fault size for the sin gle in te ger ar gu ment constructor. In this case 10.

const int &op er a tor[](int in dex) const ;

int &op er a tor[](int in dex);

We need two ver sions of the over loaded ar ray sub script op er a tors. One for or di nary ar rays,
the sec ond for const ar rays. 

int getsize() const;

bool op er a tor==(const dy namic_ar ray &) const;

bool op er a tor!=(const dy namic_ar ray &rhs) const

int sum();

The size of the ar ray is a con stant.

We over load == and != to al low us to eas ily com pare ar rays. The != uses the == to re duce
the amount of code that needs to be writ ten, and there fore mini mise the num ber of places
where er rors might oc cur.

Sum is a func tion that cal cu lates the sum of the ar ray.

dy namic_ar ray::dy namic_ar ray(int n)
{
 size = ( n> 0 ? n : 10);
 ptr = new int[size];
 as sert( ptr != NULL );
 for (int i=0;i<size;i++)
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 ptr[i]=0;
}

The first state ment says if n is greater than 0 then size = n, else size=10.

The sec ond at tempts the al lo ca tion.

The as sert tests to see if the al lo ca tion has suc ceeded. If not the pro gram ter mi nates.

The loop in itial ises the ar ray to 0.

dy namic_ar ray::dy namic_ar ray(const dy namic_ar ray &ini tial) :
size(ini tial.size)
{
 ptr = new int[size];
 as sert(ptr != NULL);
 for (int i=0;i<size;i++)
 ptr[i]=ini tial.ptr[i];
}

This cre ates an ar ray as a copy of an other.

const dy namic_ar ray &dy namic_ar ray::op er a tor=(const dy -
namic_ar ray &rhs)
{
 if ( &rhs != this)
 {
 if(size != rhs.size)
 {
 de lete [] ptr;
 size=rhs.size;
 ptr = new int[size];
 as sert(ptr != NULL);
 }
 for (int i=0;i<size;i++)
 ptr[i]=rhs[i];
 }
 re turn *this;
}

The first thing to do is check that we have not writ ten a=a.

The sec ond is check the sizes. If they are not the same deallocate the old ar ray and re al lo -
cate and then in itial ise.

Finally re turn a pointer to the cur rent ob ject to al low a=b=c.

Pass by ref er ence to avoid the copy and make const to dis al low mod i fy ing the ar ray.

const int &dy namic_ar ray::op er a tor[](int n) const
{
 as sert( (n>=0) && (n<size) );
 re turn ptr[n];
}

Check the in dex to en sure it is in range.
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int &dy namic_ar ray::op er a tor[](int n)
{
 as sert( (n>=0) && (n<size) );
 re turn ptr[n];
}

As above.

istream &op er a tor>>(istream &in put, dy namic_ar ray&a)
{
 for (int i=0;i<a.size;i++)
 in put >> a.ptr[i];
 re turn in put;
}

The code that ac tu ally reads in the data. 

ostream & op er a tor<<(ostream &out put,const dy namic_ar ray &a)
{
 int i;
 for (i=0;i<a.size;i++)
 {
 out put << setw(6) << a.ptr[i];
 if ( (i+1) % 8 ==0 )
 out put << endl;
 }
 if ( (i%8) != 0 )
 out put << endl;
 re turn out put;
}

The code that ac tu ally does the out put. I’ve in cluded some out put for mat ting.

int dy namic_ar ray::sum()
{
 int re sult = ptr[0];
 for (int i = 1;i <size ;i++)
 re sult += ptr[i];
 re turn re sult;
}

The func tion that ac tu ally cal cu lates the sum.

25.3 Prob lems

1. Run the ex am ple with DEBUGBUILD set to both 0. This will show the se quence of the
calls to the var i ous meth ods within the class.

2. Mod ify the above to pro vide ar ray in dex ing from 1-n, rather than 0-(–1). 

3. Over load the ad di tion op er a tor to en able you to write:

x1=x2+x3

where x1, x2 and x3 are ar rays.

4. Re peat for the sub trac tion op er a tor.
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26 A Timer class
This is a sim ple class based on the <chronos> li brary. It has been writ ten to pro vide a sim -
ple mech a nism for tim ing C++ pro grams. We have our timer class, and a test pro gram.

26.1 Ex am ple 1 - ba sic timer class usage

#in clude <chrono>

us ing namespace std;

class timer
{
  pub lic:
    timer() : start_tim ing(hi_res_clock::now()) {}
    void re set() 
    { 
      start_tim ing = hi_res_clock::now(); 
    }
    dou ble elapsed() const 
    {
       re turn(std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - start_tim ing).count());
    }
  pri vate:
    typedef std::chrono::high_res o lu tion_clock 
      hi_res_clock;
    typedef std::chrono::du ra tion<dou ble, 
      std::ra tio<1> > sec ond_;
    std::chrono::time_point<hi_res_clock> start_tim ing;

};

#in clude <iostream>
#in clude <cassert>
#in clude <chrono>
#in clude <string>
#in clude <cstdlib>
us ing namespace std;

void print_time(const string & head ing , const dou ble & t)
{
  cout << head ing << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
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}

int main() 
{
  string head ing;
  int n=1000000;
  int i;
  int j;
  int * x;
  dou ble t;
  timer timer_01;
  timer timer_02;
  head ing = "\nProgram starts";
  t=timer_01.elapsed();
  print_time( head ing , t);
  cout << "\n";
  head ing = " Al lo ca tion and as sign ";
  for (i=1;i<4;i++)
  {
    cout.width(10);
    cout << n ;
    x = new int[n];
    if ( x == NULL)
    {
      cout << "Al lo ca tion failed" << endl;
      exit(1);
    }
    for (j=0;j<n;j++)
      x[j]=j; 
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
    de lete[] x;
    n=n*10;
  }
  t=timer_02.elapsed();
  head ing = "\nTotal time";
  print_time(head ing , t);
  re turn(0);
}

Here is some sam ple out put.

c:\doc u ment\cpp\ian>test_tim ing_mod ule.exe

Pro gram starts :   0.000000

   1000000 Al lo ca tion and as sign  :   0.000000
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  10000000 Al lo ca tion and as sign  :   0.046800

 100000000 Al lo ca tion and as sign  :   0.405601

To tal time :   0.499201

We will look at the pro gram in more depth be low. The first line

#in clude <chrono>

makes avail able the func tion al ity of the <chrono> part of the stan dard li brary. Here are
some de tails about this header.

chrono is the name of a header, but also of a sub-namespace: All the el e ments in this header 
(ex cept for the com mon_type spe cial iza tions) are not de fined di rectly un der the std
namespace (like most of the stan dard li brary) but un der the std::chrono namespace.

The el e ments in this header deal with time. This is done mainly by means of three con -
cepts:

Du ra tions

· They mea sure time spans, like: one min ute, two hours, or ten mil li sec onds.

· In this li brary, they are rep re sented with ob jects of the du ra tion class tem plate,

that cou ples a count rep re sen ta tion and a pe riod pre ci sion (e.g., ten mil li sec onds

has ten as count rep re sen ta tion and mil li sec onds as pe riod pre ci sion).

Time points

· A ref er ence to a spe cific point in time, like one's birth day, to day's dawn, or

when the next train passes.

· In this li brary, ob jects of the time_point class tem plate ex press this by us ing a

du ra tion rel a tive to an ep och (which is a fixed point in time com mon to all
time_point ob jects us ing the same clock).

Clocks

· A frame work that re lates a time point to real phys i cal time.

· The li brary pro vides at least three clocks that pro vide means to ex press the cur -
rent time as a time_point: sys tem_clock, steady_clock and high_res o lu -

tion_clock.

Classes

du ra tion and time_point:

· du ra tion

· Du ra tion (class tem plate )

· time_point

· Time point (class tem plate )

clocks:

· sys tem_clock

· Sys tem clock (class )

· steady_clock

· Steady clock (class )
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· high_res o lu tion_clock

· High res o lu tion clock (class )

traits:

· treat_as_float ing_point

· Treat as float ing point (class tem plate )

· du ra tion_val ues

· Du ra tion val ues (class tem plate )

· com mon_type (du ra tion)

· Spe cial iza tion of com mon_type for du ra tion (class tem -

plate )

Func tions

· du ra tion_cast

· Du ra tion cast (func tion tem plate )

· time_point_cast

· Time_point cast (func tion tem plate )

Class instantiation typedefs

The fol low ing con ve nience typedefs of instantiations of du ra tion are also de fined in this
namespace:

· hours

· Du ra tion in hours (class )

· min utes

· Du ra tion in min utes (class )

· sec onds

· Du ra tion in sec onds (class )

· mil li sec onds

· Du ra tion in mil li sec onds (class )

· mi cro sec onds

· Du ra tion in mi cro sec onds (class )

· nano sec onds

· Du ra tion in nano sec onds (class )

The internet is a good source of sam ple code. Josuttis also has a good in tro duc tion.

In our code we have three pub lic com po nents to the code:

· a start_tim ing method which is based on a time_point;

· a re set method to re set the timer;

· an elapsed_time method which pro vides tim ing de tails as a dou ble.

In the main pro gram we cre ate two tim ers, one to time parts of the code and one to pro vide
de tails of the over all run time.
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26.2 Ex am ple 2 - re plac ing tim ing with <ctime> to use <chrono>

This ex am ple is a re write of the quicksort ex am ple in an earlier chap ter re plac ing the tim ing 
calls from <ctime> with our new tim ing class based on <chronos>.

#in clude <chrono>

us ing namespace std;

class timer
{
  pub lic:
    timer() : start_tim ing(hi_res_clock::now()) {}
    void re set() 
    { 
      start_tim ing = hi_res_clock::now(); 
    }
    dou ble elapsed() const 
    {
       re turn(std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - start_tim ing).count());
    }
  pri vate:
    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
    typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
sec ond_;
    std::chrono::time_point<hi_res_clock> start_tim ing;
};

#in clude <fstream>
#in clude <string>
#in clude <cstdlib>
#in clude <iostream>
#in clude <cstdio>
#in clude <cstdlib>

us ing namespace std;

tem plate <class Type>
void swap(Type ar ray[],int i, int j)
{
  Type tmp=ar ray[i];
  ar ray[i]=ar ray[j];
  ar ray[j]=tmp;
}

tem plate <class Type>
void quicksort( Type ar ray[], int l, int r)
{
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int i=l;
int j=r;
Type v=ar ray[int((l+r)/2)];
for (;;)
{

while (ar ray[i] < v) i=i+1;
  while (v < ar ray[j]) j=j-1;
  if (i<=j) { swap(ar ray,i,j); i=i+1 ; j=j-1; }
  if (i>j) goto ended ;
}
ended: ;
if (l<j) quicksort(ar ray,l,j);
if (i<r) quicksort(ar ray,i,r);
}

tem plate <class Type>
void print(Type ar ray[],int size)
{
  string file_name ="sorted.txt";
  ofstream out put(file_name);
  for (int i=0;i<size;++i)
  {
    out put << ar ray[i] << endl;
  }
}

void print_time(const string & head ing , const dou ble & t)
{
  cout << head ing << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

int main()
{
  const int n=10000000;
  int* x;
  string head ing;
  string file_name ="ran dom.txt";

  dou ble t;
  timer timer_01;
  timer timer_02;
  head ing = "\nProgram starts";
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  t=timer_01.elapsed();
  print_time( head ing , t);
  timer_01.re set();
  head ing = "Al lo cate      ";
  x=new int[n];
  if (x==NULL)
  {
    cout << " Al lo ca tion failed " << endl;
    exit(1);
  }

  t=timer_01.elapsed();
  print_time( head ing , t);
  timer_01.re set();

  ifstream in put(file_name);
  for (int i=0;i<n;++i)
  {
    in put >> x[i] ;
  }
  head ing = "Read          ";
  t=timer_01.elapsed();
  print_time( head ing , t);
  timer_01.re set();

  quicksort(x,0,n-1);

  head ing = "Quicksort     ";
  t=timer_01.elapsed();
  print_time( head ing , t);
  timer_01.re set();

  t=timer_02.elapsed();
  head ing = "\nTotal time";
  print_time(head ing , t);

  re turn(0);
}

Here is some sam ple out put.

Pro gram starts :   0.000000

Al lo cate      :   0.000000

Read         :   1.809603

Quicksort     :   0.156000

To tal time :   1.981203
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26.3 Ex am ple 3 - read ing a csv file

This ex am ple looks at read ing a csv file. The pro gram provides tim ing de tails of the fol low -
ing

· cre at ing the in te ger ma trix used to store the data val ues from the csv file

· read ing the whole csv file into an ar ray of strings

· ex tract ing the in te ger data from the strings and pop u lat ing the in te ger ma trix.

The ma trix is 1200 * 1600.

The pro gram also prints out a sub set of the ma trix to en able check ing that the pro gram has
worked and cal cu lat ing the ma trix sum to en able check ing against the data in the csv file.

Here is the pro gram source.

#in clude <chrono>

us ing namespace std;

// TIM ING CLASS

class timer
{
  pub lic:
    timer() : start_tim ing(hi_res_clock::now()) {}
    void re set() 
    { 
      start_tim ing = hi_res_clock::now(); 
    }
    dou ble elapsed() const 
    {
       re turn(std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - start_tim ing).count());
    }
  pri vate:
    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
    typedef std::chrono::du ra tion<
      dou ble, std::ra tio<1> > sec ond_;
    std::chrono::time_point<hi_res_clock> start_tim ing;
};

// REST OF HEADER FILES

#in clude <iostream>
#in clude <fstream>
#in clude <cassert>
#in clude <chrono>
#in clude <string>
#in clude <cstdlib>
#in clude <vec tor>
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us ing namespace std;

// PRINT HEAD ING FUNC TION

void print_time(const string & head ing ,  
  const dou ble & t)
{
  const int max_head ing_length = 48;
  int l=head ing.length();
  int n_blanks = max_head ing_length - l;
  cout << head ing ;
  for(int i=0;i<n_blanks;i++)
    cout << " ";
  cout << ": ";
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

// MAIN PRO GRAM

int main() 
{

// Gen eral

  string head ing;

  int i;
  int j;

  int ma trix_sum=0;

// timer sup port

  dou ble t;
  timer timer_01;
  timer timer_02;

  head ing = " Pro gram starts";

  t=timer_01.elapsed();
  print_time( head ing , t);

// File i/o sup port
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  string line;

// Data file

  const int nrows = 1200;
  const int ncols = 1600;

  string in ter nal_data_file[nrows];

// coun ters to ex tract data be tween the com mas

  int start = 0;
  int next  = 0;

  head ing = " Cre ate in te ger ma trix";

  vec tor< vec tor < int  > >  ma trix(nrows , 
    vec tor< int > (ncols) );

  t=timer_01.elapsed();
  timer_01.re set();
  print_time( head ing , t);

  head ing = " Check the data file";

  string in put_file_name = "test_file.csv";
  ifstream in put_file(in put_file_name);

  if ( !( in put_file.good() ) )
  {
    cout << " File not found " << endl;
    cout << " Pro gram ter mi nates" << endl;
    exit(1);
  }

  t=timer_01.elapsed();
  timer_01.re set();
  print_time( head ing , t);

  head ing = " Read the in put file";

  for (i=0;i<nrows;i++)
  {
    getline(in put_file,line);
    in ter nal_data_file[i] =  line;
  }
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  t=timer_01.elapsed();
  timer_01.re set();
  print_time( head ing , t);

  // Close the data file

  in put_file.close();

  cout << " File closed" << endl;

  head ing = " Copy data to ma trix";

  // loop over the rows

  for (i=0;i<nrows;i++)
  {

    // loop over the col umns
    
    for(j=0;j<ncols;j++)
    {
      next = in ter nal_data_file[i].find(',',start);
      ma trix[i][j] = stoi( 
        in ter nal_data_file[i].substr( 
        start,(next-start) ) );
      start=next+1;
    }

  }

  t=timer_01.elapsed();
  timer_01.re set();
  print_time( head ing , t);

  head ing = " Print first 5 el e ments on first 5 lines";

  t=timer_01.elapsed();
  timer_01.re set();
  print_time(head ing , t);

  for(i=0;i<5;i++)
  {
    for(j=0;j<5;j++)
    {
      cout << " " << ma trix[i][j] << " " ;
    }
    cout << endl;
  }
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  head ing = " Print first 5 el e ments on last 5 lines";

  t=timer_01.elapsed();
  timer_01.re set();
  print_time(head ing , t);

  start = nrows-5;

  for(i=start;i<nrows;i++)
  {
    for(j=0;j<5;j++)
    {
      cout << " " << ma trix[i][j] << " " ;
    }
    cout << endl;
  }

// Cal cu late the ma trix sum
// Com pare with Ex cel to tal

  for(i=0;i<nrows;i++)
  {
    for(j=0;j<ncols;j++)
    {
       ma trix_sum += ma trix[i][j] ;
    }
  }

  cout << " Ma trix sum = " << ma trix_sum << endl;
    
  head ing = " To tal run time       ";
  t = timer_02.elapsed();
  print_time(head ing , t);
  re turn(0);

}

Here is some sample out put.

 Pro gram starts       :   0.000003
 Cre ate in te ger ma trix :   0.004250
 Check the data file   :   0.000227
 Read the in put file   :   0.073315
 File closed
 Copy data to ma trix   :   0.149849
... out put deleted
 Ma trix sum = 37297992
 To tal run time       :   0.229712
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The sys tem is a six core AMD Phenom II X6 1055T @ 2.80 GHz, with 16 GB of mem ory.

26.4 Prob lems

1. Com pile and run the ex am ples on your sys tem. What tim ing fig ures do you get?
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A man should keep his brain at tic stacked with all the fur ni ture he is likely to use, and the
rest he can put away in the lum ber room of his li brary, where he can get at it if he wants.

Sir Ar thur Conan Doyle, Five Or ange Pips.

27 Class templates
This chap ter in tro duces templated classes in C++. Tem plates pro vide di rect sup port for ge -
neric pro gram ming in C++. They en able us to use types as pa ram e ters in our code. This
means that we can write code once and have it work with a wide va ri ety of types.

The start ing point for a templated class should be an al ready work ing class. Try ing to de bug 
a class at the same time as mak ing it a templated class is not a good idea. The er ror mes -
sages you will get are quite hard to un der stand and de ter mine which are down to sim ple
class er rors, and which are down to tem plate er rors.

The key em pha sis in this chap ter will be on the ba sic mech a nism for defining and us ing
class tem plates.

Our start ing point for work ing code is the dy namic in te ger ar ray class in chap ter 25.

27.1 Ex am ple 1 - in te ger dy namic ar ray class

Here is the in te ger source file.

#in clude <iostream>
#in clude <iomanip>
#in clude <cstdlib>
#in clude <cassert>
#in clude "de bug.h"
us ing namespace std;
class dy namic_ar ray
{
friend ostream &op er a tor<<( ostream &,   const dy namic_ar ray 
&);
friend istream &op er a tor>>( istream &,   dy namic_ar ray &);
pri vate:
  int *p_;
  int size_;
pub lic:
  dy namic_ar ray();
  dy namic_ar ray(const dy namic_ar ray &x);
  dy namic_ar ray(int size);
  ~dy namic_ar ray();
  const dy namic_ar ray &op er a tor=(const dy namic_ar ray &x);
  const int &op er a tor[](int in dex) const ;
        int &op er a tor[](int in dex);
  int getsize() const;
  bool op er a tor==(const dy namic_ar ray &) const;
  bool op er a tor!=(const dy namic_ar ray &rhs) const;
  int sum();
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};
dy namic_ar ray::dy namic_ar ray()
{
  DE BUG << " De fault con struc tor " << endl;
  size_=0;
  p_  = new int[size_];
  as sert( p_ != NULL );
}
dy namic_ar ray::dy namic_ar ray(const dy namic_ar ray &ini tial)
   : size_(ini tial.size_)
{
  DE BUG << " Copy con struc tor " << endl;
  p_ = new int[size_];
  as sert(p_ != NULL);
  for (int i=0;i<size_;i++)
    p_[i]=ini tial.p_[i];
}
dy namic_ar ray::dy namic_ar ray(int n)
{
  DE BUG << " Set size con struc tor " << endl;
  size_ = ( n> 0 ? n : 10);
  p_  = new int[size_];
  as sert( p_ != NULL );
  for (int i=0;i<size_;i++)
    p_[i]=0;
}
dy namic_ar ray::~dy namic_ar ray()
{
  DE BUG << " De struc tor: size = " << size_ << endl;
de lete []p_;
}
const dy namic_ar ray &dy namic_ar ray::op er a tor=(
  const dy namic_ar ray &rhs)
{
  DE BUG << " as sign ment = over load " << endl;
  if ( &rhs != this)
  {
    if(size_ != rhs.size_)
    {
      de lete [] p_;
      size_=rhs.size_;
      p_ = new int[size_];
      as sert(p_ != NULL);
    }
  for (int i=0;i<size_;i++)
    p_[i]=rhs[i];
  }
  re turn *this;
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}
const int &dy namic_ar ray::op er a tor[](int n) const
{
  DE BUG << " const[] over load " << endl;
  as sert( (n>=0) && (n<size_) );
  re turn p_[n];
}
int &dy namic_ar ray::op er a tor[](int n)
{
  DE BUG << " non const[] over load " ;
  as sert( (n>=0) && (n<size_) );
  re turn p_[n];
}
int dy namic_ar ray::getsize() const { re turn size_; }
bool dy namic_ar ray::op er a tor==(
  const dy namic_ar ray &rhs) const
{
  DE BUG << " op er a tor == " << endl;
  if ( size_ != rhs.size_)
    re turn(false);
  for (int i=0;i<size_;i++)
    if ( p_[i] != rhs.p_[i] )
      re turn (false);
  re turn (true);
}
bool dy namic_ar ray::op er a tor!=(
  const dy namic_ar ray &rhs) const
{
  DE BUG << " op er a tor != " << endl;
  re turn ! ( *this == rhs) ;
}
int dy namic_ar ray::sum()
{
  int re sult = p_[0];
  for (int i = 1;i <size_ ;i++)
    re sult += p_[i];
  re turn re sult;
}
istream &op er a tor>>(istream &in put, dy namic_ar ray&a)
{
  for (int i=0;i<a.size_;i++)
    in put >> a.p_[i];
  re turn in put;
}
ostream & op er a tor<<(ostream &out put,const dy namic_ar ray &a)
{
  int i;
  for (i=0;i<a.size_;i++)
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  {
    out put << setw(6) << a.p_[i];
    if ( (i+1) % 8 ==0 )
      out put << endl;
  }
  if ( (i%8) != 0 )
    out put << endl;
  re turn out put;
}
void foo()
{
  int i;
  const int j=5;
  int k;
  dy namic_ar ray x1;
  dy namic_ar ray x2(j);
  dy namic_ar ray x3(x2);
  cout << " Type in " << x2.getsize()
    << " val ues " << endl;
  cin >> x2;
  k=x3.getsize();
  for (i=0;i<k;i++)
    x3[i]=i;
  cout << x1 << endl;
  cout << x2 << endl;
  cout << x3 << endl;
  dy namic_ar ray y1;
  dy namic_ar ray y2;
  y1=x1;
  y2=x2;
  cout << y1 << endl;
  cout << y2 << endl;
  for (i=0;i<k;i++)
    cout << x3[i] << endl;
  cout << endl;
  cout << " sum of x2 = " << x2.sum() << endl;
  cout << boolalpha ;
  cout << " (x1==y1) " << (x1==y1) << endl;
  cout << boolalpha ;
  cout << " (x1==y2) " << (x1==y2) << endl;
  cout << boolalpha ;
  cout << " (x1!=x2) " << (x1!=x2) << endl;
}
int main()
{
  cout << " Pro gram starts" << endl;
  foo();
  cout << " Pro gram ends" << endl;
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  re turn (0);
}

This is the same as the ex am ple in chap ter 25.

27.2 Ex am ple 2 - float dy namic ar ray class

Here is the float source file.

#in clude <iostream>
#in clude <iomanip>
#in clude <cstdlib>
#in clude <cassert>
#in clude "de bug.h"
us ing namespace std;
class dy namic_ar ray
{
friend ostream &op er a tor<<( ostream &,   const dy namic_ar ray 
&);
friend istream &op er a tor>>( istream &,   dy namic_ar ray &);
pri vate:
  float *p_;
  int size_;
pub lic:
  dy namic_ar ray();
  dy namic_ar ray(const dy namic_ar ray &x);
  dy namic_ar ray(int size);
  ~dy namic_ar ray();
  const dy namic_ar ray &op er a tor=(const dy namic_ar ray &x);
  const float &op er a tor[](int in dex) const ;
        float &op er a tor[](int in dex);
  int getsize() const;
  bool op er a tor==(const dy namic_ar ray &) const;
  bool op er a tor!=(const dy namic_ar ray &rhs) const;
  float sum();
};
dy namic_ar ray::dy namic_ar ray()
{
  DE BUG << " De fault con struc tor " << endl;
  size_=0;
  p_  = new float[size_];
  as sert( p_ != NULL );
}
dy namic_ar ray::dy namic_ar ray(const dy namic_ar ray &ini tial)
   : size_(ini tial.size_)
{
  DE BUG << " Copy con struc tor " << endl;
  p_ = new float[size_];
  as sert(p_ != NULL);
  for (int i=0;i<size_;i++)
    p_[i]=ini tial.p_[i];
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}
dy namic_ar ray::dy namic_ar ray(int n)
{
  DE BUG << " Set size con struc tor " << endl;
  size_ = ( n> 0 ? n : 10);
  p_  = new float[size_];
  as sert( p_ != NULL );
  for (int i=0;i<size_;i++)
    p_[i]=0;
}
dy namic_ar ray::~dy namic_ar ray()
{
  DE BUG << " De struc tor: size = " << size_ << endl;
de lete []p_;
}
const dy namic_ar ray &dy namic_ar ray::op er a tor=(
  const dy namic_ar ray &rhs)
{
  DE BUG << " as sign ment = over load " << endl;
  if ( &rhs != this)
  {
    if(size_ != rhs.size_)
    {
      de lete [] p_;
      size_=rhs.size_;
      p_ = new float[size_];
      as sert(p_ != NULL);
    }
  for (int i=0;i<size_;i++)
    p_[i]=rhs[i];
  }
  re turn *this;
}
const float &dy namic_ar ray::op er a tor[](int n) const
{
  DE BUG << " const[] over load " << endl;
  as sert( (n>=0) && (n<size_) );
  re turn p_[n];
}
float &dy namic_ar ray::op er a tor[](int n)
{
  DE BUG << " non const[] over load " ;
  as sert( (n>=0) && (n<size_) );
  re turn p_[n];
}
int dy namic_ar ray::getsize() const { re turn size_; }
bool dy namic_ar ray::op er a tor==(
  const dy namic_ar ray &rhs) const
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{
  DE BUG << " op er a tor == " << endl;
  if ( size_ != rhs.size_)
    re turn(false);
  for (int i=0;i<size_;i++)
    if ( p_[i] != rhs.p_[i] )
      re turn (false);
  re turn (true);
}
bool dy namic_ar ray::op er a tor!=(
  const dy namic_ar ray &rhs) const
{
  DE BUG << " op er a tor != " << endl;
  re turn ! ( *this == rhs) ;
}
float dy namic_ar ray::sum()
{
  float re sult = p_[0];
  for (int i = 1;i <size_ ;i++)
    re sult += p_[i];
  re turn re sult;
}
istream &op er a tor>>(istream &in put, dy namic_ar ray&a)
{
  for (int i=0;i<a.size_;i++)
    in put >> a.p_[i];
  re turn in put;
}
ostream & op er a tor<<(ostream &out put,const dy namic_ar ray &a)
{
  int i;
  for (i=0;i<a.size_;i++)
  {
    out put << setw(6) << a.p_[i];
    if ( (i+1) % 8 ==0 )
      out put << endl;
  }
  if ( (i%8) != 0 )
    out put << endl;
  re turn out put;
}
void foo()
{
  int i;
  const int j=5;
  int k;
  dy namic_ar ray x1;
  dy namic_ar ray x2(j);
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  dy namic_ar ray x3(x2);
  cout << " Type in " << x2.getsize()
    << " val ues " << endl;
  cin >> x2;
  k=x3.getsize();
  for (i=0;i<k;i++)
    x3[i]=i;
  cout << x1 << endl;
  cout << x2 << endl;
  cout << x3 << endl;
  dy namic_ar ray y1;
  dy namic_ar ray y2;
  y1=x1;
  y2=x2;
  cout << y1 << endl;
  cout << y2 << endl;
  for (i=0;i<k;i++)
    cout << x3[i] << endl;
  cout << endl;
  cout << " sum of x2 = " << x2.sum() << endl;
  cout << boolalpha ;
  cout << " (x1==y1) " << (x1==y1) << endl;
  cout << boolalpha ;
  cout << " (x1==y2) " << (x1==y2) << endl;
  cout << boolalpha ;
  cout << " (x1!=x2) " << (x1!=x2) << endl;
}
int main()
{
  cout << " Pro gram starts" << endl;
  foo();
  cout << " Pro gram ends" << endl;
  re turn (0);
}

27.3 us ing diff to high light the differences

The fol low ing is the diff out put from com par ing the two ver sions.

 diff ch2701.cxx ch2702.cxx
17c17
<   int *p_;
---
>   float *p_;
30,31c30,31
<   const int &op er a tor[](int in dex) const ;
<         int &op er a tor[](int in dex);
---
>   const float &op er a tor[](int in dex) const ;
>         float &op er a tor[](int in dex);
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39c39
<   int sum();
---
>   float sum();
47c47
<   p_  = new int[size_];
---
>   p_  = new float[size_];
55c55
<   p_ = new int[size_];
---
>   p_ = new float[size_];
65c65
<   p_  = new int[size_];
---
>   p_  = new float[size_];
89c89
<       p_ = new int[size_];
---
>       p_ = new float[size_];
98c98
< const int &dy namic_ar ray::op er a tor[](int n) const
---
> const float &dy namic_ar ray::op er a tor[](int n) const
106c106
< int &dy namic_ar ray::op er a tor[](int n)
---
> float &dy namic_ar ray::op er a tor[](int n)
134c134
< int dy namic_ar ray::sum()
---
> float dy namic_ar ray::sum()
136c136
<   int re sult = p_[0];
---
>   float re sult = p_[0];

This out put pro vides the in for ma tion nec es sary to cre ate a templated dy namic ar ray class.

27.4 Ex am ple 3 - the templated ar ray class

Here is the templated ver sion source code.

#in clude <iostream>
#in clude <iomanip>
#in clude <cstdlib>
#in clude <cassert>
#in clude "de bug.h"
us ing namespace std;

tem plate <typename Type>
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class ge neric_ar ray
{

tem plate <typename T> friend
  ostream &op er a tor<<( ostream &, const ge neric_ar ray<T> &);
tem plate <typename T> friend
  istream &op er a tor>>( istream &, ge neric_ar ray<T> &);

pri vate:

  Type *p_;
  int size_;

pub lic:

  ge neric_ar ray();
  ge neric_ar ray(const ge neric_ar ray &x);
  ge neric_ar ray(int size);

  ~ge neric_ar ray();

  const ge neric_ar ray &op er a tor=(const ge neric_ar ray &x);

  const Type &op er a tor[](int in dex) const ;
        Type &op er a tor[](int in dex);

  int getsize() const;

  bool op er a tor==(const ge neric_ar ray &) const;

  bool op er a tor!=(const ge neric_ar ray &rhs) const;

  Type sum();

};

tem plate <typename Type>
ge neric_ar ray<Type>::ge neric_ar ray()
{
  DE BUG << " De fault con struc tor " << endl;
  size_=0;
  p_  = new Type[size_];
  as sert( p_ != NULL );
}

tem plate <typename Type>
ge neric_ar ray<Type>::ge neric_ar ray(
  const ge neric_ar ray &ini tial) :

Class templates 315

© Ian D Chivers Chap ter 27



  size_(ini tial.size_)
{
  DE BUG << " Copy con struc tor " << endl;
  p_ = new Type[size_];
  as sert(p_ != NULL);
  for (int i=0;i<size_;i++)
    p_[i]=ini tial.p_[i];
}

tem plate <typename Type>
ge neric_ar ray<Type>::ge neric_ar ray(int n)
{
  DE BUG << " Set size con struc tor " << endl;
  size_ = ( n> 0 ? n : 10);
  p_  = new Type[size_];
  as sert( p_ != NULL );
  for (int i=0;i<size_;i++)
    p_[i]=0;
}

tem plate <typename Type>
ge neric_ar ray<Type>::~ge neric_ar ray()
{
  DE BUG << " De struc tor: size = " << size_ << endl;

de lete []p_;
}

tem plate <typename Type>
const ge neric_ar ray<Type>
  &ge neric_ar ray<Type>::op er a tor=(
  const ge neric_ar ray &rhs)
{
  DE BUG << " as sign ment = over load " << endl;

  if ( &rhs != this)
  {
    if(size_ != rhs.size_)
    {
      de lete [] p_;
      size_=rhs.size_;
      p_ = new Type[size_];
      as sert(p_ != NULL);
    }
  for (int i=0;i<size_;i++)
    p_[i]=rhs[i];
  }
  re turn *this;
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}

tem plate <typename Type>
const Type &ge neric_ar ray<Type>::op er a tor[](int n) const
{
  DE BUG << " const[] over load " << endl;

  as sert( (n>=0) && (n<size_) );
  re turn p_[n];
}

tem plate <typename Type>
Type &ge neric_ar ray<Type>::op er a tor[](int n)
{
  DE BUG << " non const[] over load " ;
  as sert( (n>=0) && (n<size_) );
  re turn p_[n];
}

tem plate <typename Type>
int ge neric_ar ray<Type>::getsize() const { re turn size_; }

tem plate <typename Type>
bool ge neric_ar ray<Type>::op er a tor==(
  const ge neric_ar ray &rhs) const
{
  DE BUG << " op er a tor == " << endl;
  if ( size_ != rhs.size_)
    re turn(false);
  for (int i=0;i<size_;i++)
    if ( p_[i] != rhs.p_[i] )
      re turn (false);
  re turn (true);
}

tem plate <typename Type>
bool ge neric_ar ray<Type>::op er a tor!=(
  const ge neric_ar ray &rhs) const
{
  DE BUG << " op er a tor != " << endl;
  re turn ! ( *this == rhs) ;
}

tem plate <typename Type>
Type ge neric_ar ray<Type>::sum()
{
  int re sult = p_[0];
  for (int i = 1;i <size_ ;i++)

Class templates 317

© Ian D Chivers Chap ter 27



    re sult += p_[i];
  re turn re sult;
}

tem plate <typename Type>
istream &op er a tor>>(istream &in put, ge neric_ar ray<Type>&a)
{
  for (int i=0;i<a.size_;i++)
    in put >> a.p_[i];
  re turn in put;
}

tem plate <typename Type>
ostream & op er a tor<<(
  ostream &out put,const ge neric_ar ray<Type> &a)
{
  int i;
  for (i=0;i<a.size_;i++)
  {
    out put << setw(6) << a.p_[i];
    if ( (i+1) % 8 ==0 )
      out put << endl;
  }
  if ( (i%8) != 0 )
    out put << endl;
  re turn out put;
}

void foo()
{
  int i;
  const int j=5;
  int k;
  ge neric_ar ray<int> x1;
  ge neric_ar ray<int> x2(j);
  ge neric_ar ray<int> x3(x2);
  cout << " Type in " << x2.getsize() <<
    " val ues " << endl;
  cin >> x2;
  k=x3.getsize();
  for (i=0;i<k;i++)
    x3[i]=i;
  cout << x1 << endl;
  cout << x2 << endl;
  cout << x3 << endl;
  ge neric_ar ray<int> y1;
  ge neric_ar ray<int> y2;
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  y1=x1;
  y2=x2;
  cout << y1 << endl;
  cout << y2 << endl;
  for (i=0;i<k;i++)
    cout << x3[i] << endl;
  cout << endl;
  cout << " sum of x2 = " << x2.sum() << endl;
  cout << boolalpha ;
  cout << " (x1==y1) " << (x1==y1) << endl;
  cout << boolalpha ;
  cout << " (x1==y2) " << (x1==y2) << endl;
  cout << boolalpha ;
  cout << " (x1!=x2) " << (x1!=x2) << endl;
}

int main()
{
  cout << " Pro gram starts" << endl;
  foo();
  cout << " Pro gram ends" << endl;
  re turn (0);
}

Com pile and run the ex am ple.

27.5 Prob lems

1. Run the ex am ple with DEBUGBUILD set to both 0. This will show the se quence of the
calls to the var i ous meth ods within the class.

2. Mod ify the above to pro vide ar ray in dex ing from 1-n, rather than 0-(–1). 

3. Over load the ad di tion op er a tor to en able you to write:

x1=x2+x3

where x1, x2 and x3 are ar rays.

4. Re peat for the sub trac tion op er a tor.
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Don’t in ter rupt me while I’m in ter rupt ing.

Winston Chur chill.

28 Exception Handling
The C++ stan dard li brary is quite di verse. Parts of the li brary sup port quite de tailed er ror
han dling, whilst oth ers pre fer speed over safety. In this chap ter we look at some of the ca -
pa bil ity of C++ in the ex cep tion han dling area.

All ex cep tions thrown by the lan guage are de rived from the base class ex cep tion, which is
de fined in

· <ex cep tion>

The hi er ar chy is

            ex cep tion

                        logic_er ror

                                    domain_er ror

                                    in valid_ar gu ment

                                    length_er ror

                                    out_of_range

                                    fu ture_error

                        runtime_er ror

                                    sys tem_er ror

                                                ios_base::failure

                                    range_er ror

                                    over flow_er ror

                                    un der flow_error

                        bad_cast

                        bad_typeid

                        bad_ex cep tion

                        bad_alloc

                                    bad_ar ray_new_length

                        bad_weak_ptr

                        bad_func tion_call 

The cov er age be low is taken from the MSDN on line doc u men ta tion.

28.1 The <stdexcept> header file

This header file de fines sev eral stan dard classes used for re port ing ex cep tions.

The classes form a der i va tion hi er ar chy all de rived from class ex cep tion and in clude two
gen eral types of ex cep tions: log i cal er rors and run-time er rors. The log i cal er rors are caused 
pro gram mer mis takes. They de rive from the base class logic_error and include:

· do main_er ror 
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· in valid_ar gu ment

· length_er ror

· out_of_range 

The run-time er rors oc cur be cause of mis takes in ei ther the li brary func tions or in the
run-time sys tem. They de rive from the base class runtime_er ror and in clude:

· over flow_er ror

· range_er ror

· un der flow_er ror 

28.1.1 Classes 

· do main_er ror Class 

· The class serves as the base class for all ex cep tions thrown 

to re port a do main er ror.

· in valid_ar gu ment Class 

· The class serves as the base class for all ex cep tions thrown 

to re port an in valid ar gu ment.

· length_er ror Class 

· The class serves as the base class for all ex cep tions thrown 

to re port an at tempt to gen er ate an ob ject too long to be

spec i fied.

· logic_er ror Class 

· The class serves as the base class for all ex cep tions thrown 

to re port er rors pre sum ably de tect able be fore the pro gram

ex e cutes, such as vi o la tions of log i cal pre con di tions.

· out_of_range Class 

· The class serves as the base class for all ex cep tions thrown 

to re port an ar gu ment that is out of its valid range.

· over flow_er ror Class

· The class serves as the base class for all ex cep tions thrown 

to re port an arith me tic over flow. 

· range_er ror Class

· The class serves as the base class for all ex cep tions thrown 

to re port a range er ror. 

· runtime_er ror Class

· The class serves as the base class for all ex cep tions thrown 

to re port er rors pre sum ably de tect able only when the pro -

gram ex e cutes.

· un der flow_er ror Class 

·  The class serves as the base class for all ex cep tions

thrown to re port an arith me tic un der flow.
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We will now look at some of the classes and il lus trate things us ing some sim ple ex am ples.
These are taken from the MSDN on line doc u men ta tion.

Some of the ex am ples re quire the in clu sion of

· #in clude <typeinfo>

in the source file to be able to use 

· typeid

Microsoft will com pile with out this in clude but g++ re quires it. This still leaves ad di tional
g++ com pi la tion er ror mes sages. This is sue is ad dressed later in this chap ter.

28.2 The do main_er ror class

The class serves as the base class for all ex cep tions thrown to re port a do main er ror.

class do main_er ror : pub lic logic_er ror
{
  pub lic:
    ex plicit do main_er ror(const string& mes sage);
    ex plicit do main_er ror(const char *mes sage);
};

The value re turned by ex cep tion Class is a copy of mes sage.data.

28.2.1 Ex am ple 1 - do main_error

// do main_er ror.cpp
// com pile with: /EHsc /GR
#in clude <iostream>
#in clude <typeinfo>

us ing namespace std;

int main( )
{
   try 
   {
      throw do main_er ror( "Your do main is in er ror!" );
   }
   catch (ex cep tion &e) 
   {
      cerr << "Caught: " << e.what( ) << endl;
      cerr << "Type: " << typeid(e).name( ) << endl;
   };
}

28.2.2 Out put

Caught: Your do main is in er ror!

Type: class std::do main_er ror

28.3 The in valid_ar gu ment class

The class serves as the base class for all ex cep tions thrown to re port an in valid ar gu ment.
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class in valid_ar gu ment : pub lic logic_er ror
{
pub lic:
    ex plicit in valid_ar gu ment(const string& mes sage);
    ex plicit in valid_ar gu ment(const char *mes sage);
};

The value re turned by ex cep tion Class is a copy of mes sage.data.

28.3.1 Ex am ple 2 - in valid_ar gu ment

// in valid_arg.cpp
// com pile with: /EHsc /GR
#in clude <bitset>
#in clude <iostream>
#in clude <typeinfo>
us ing namespace std;

int main( )
{
   try 
   {
      bitset< 32 > bitset( string(
"11001010101100001b100101010110000") );
   }
   catch ( ex cep tion &e ) 
   {
      cerr << "Caught " << e.what( ) << endl;
      cerr << "Type " << typeid( e ).name( ) << endl;
   };
}

28.3.2 Out put

Caught in valid bitset<N> char

Type class std::in valid_ar gu ment

28.4 The logic_er ror class

The class serves as the base class for all ex cep tions thrown to re port er rors pre sum ably de -
tect able be fore the pro gram ex e cutes, such as vi o la tions of log i cal pre con di tions.

class logic_er ror : pub lic ex cep tion {
pub lic:
    ex plicit logic_er ror(const string& mes sage);
    ex plicit logic_er ror(const char *mes sage);
};

The value re turned by ex cep tion Class is a copy of mes sage.data.

28.4.1 Ex am ple 3 - logic_error

// logic_er ror.cpp
// com pile with: /EHsc /GR
#in clude <iostream>
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#in clude <typeinfo>
us ing namespace std;

int main( )
{
   try 
   {
      throw logic_er ror( "logic er ror" );
   }
   catch ( ex cep tion &e ) 
   {
      cerr << "Caught: " << e.what( ) << endl;
      cerr << "Type: " << typeid( e ).name( ) << endl;
   };
}

28.4.2 Out put

Caught: logic er ror

Type: class std::logic_er ror

28.5 The out_of_range class

The class serves as the base class for all ex cep tions thrown to re port an ar gu ment that is out 
of its valid range.

class out_of_range : pub lic logic_er ror {
pub lic:
    ex plicit out_of_range(const string& mes sage);
    ex plicit out_of_range(const char *mes sage);
};

The value re turned by ex cep tion Class is a copy of mes sage.data.

28.5.1 Ex am ple 4 - out_of_range

Here is the source code. We look at ac cess ing a vec tor us ing [] no ta tion and .at() noation.

/*
  Com pile with /EHsc
*/
#in clude <iostream>
#in clude <vec tor>
us ing namespace std;
int main()
{
  const int n=10;
  vec tor<int> x(10);
  x = {1,2,3,4,5,6,7,8,9,10};
  for (int i : x)
  {
    cout << i << endl;
  }
  try
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  {
    cout << " [] ac cess " << endl;
    cout << x[20] << endl;
  }
  catch ( ex cep tion &e ) 
  {
    cerr << "Caught: " << e.what( ) << endl;
  };
  try
  {
    cout << " .at() ac cess " << endl;
    cout << x.at(20) << endl;
  }
  catch ( ex cep tion &e ) 
  {
    cerr << "Caught: " << e.what( ) << endl;
  };
  re turn(0);
}

28.5.2 Out put 

Here is the out put from the Microsoft com piler.

ch2804
1
2
3
4
5
6
7
8
9
10
 [] ac cess
7471184
 .at() ac cess
Caught: in valid vec tor sub script

28.6 The over flow_er ror class

The class serves as the base class for all ex cep tions thrown to re port an arith me tic over flow.

class over flow_er ror : pub lic runtime_er ror
{
pub lic:
    ex plicit over flow_er ror(const string& mes sage);
    ex plicit over flow_er ror(const char *mes sage);
};

The value re turned by ex cep tion Class is a copy of mes sage.data.
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28.6.1 Ex am ple 5 - over flow_error

// over flow_er ror.cpp
// com pile with: /EHsc /GR
#in clude <bitset>
#in clude <iostream>
#in clude <typeinfo>
us ing namespace std;

int main( )
{
   try 
   {
      bitset< 33 > bitset;
      bitset[32] = 1;
      bitset[0] = 1;
      un signed long x = bitset.to_ulong( );
   }
   catch ( ex cep tion &e ) 
   {
      cerr << "Caught " << e.what( ) << endl;
      cerr << "Type " << typeid( e ).name( ) << endl;
   };
}

28.6.2 Out put

Caught bitset<N> over flow

Type class std::over flow_er ror

28.7 The range_er ror class

The class serves as the base class for all ex cep tions thrown to re port a range er ror.

class range_er ror : pub lic runtime_er ror
{
pub lic:
    ex plicit range_er ror(const string& mes sage);
    ex plicit range_er ror(const char *mes sage);
};

The value re turned by ex cep tion Class is a copy of mes sage.data.

28.7.1 Ex am ple 6 - range_error

// range_er ror.cpp
// com pile with: /EHsc /GR
#in clude <iostream>
#in clude <typeinfo>
us ing namespace std;
int main()
{
   try 
   {
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      throw range_er ror( "The range is in er ror!" );
   }
   catch (ex cep tion &e) 
   {
      cerr << "Caught: " << e.what( ) << endl;
      cerr << "Type: " << typeid( e ).name( ) << endl;
   };
}

28.7.2 Out put

Caught: The range is in er ror!

Type: class std::range_er ror

28.8 The run_time_er ror class

The class serves as the base class for all ex cep tions thrown to re port er rors pre sum ably de -
tect able only when the pro gram ex e cutes.

class runtime_er ror : pub lic ex cep tion
{
pub lic:
    ex plicit runtime_er ror(const string& mes sage);
    ex plicit runtime_er ror(const char *mes sage);
};

The value re turned by ex cep tion Class is a copy of mes sage.data.

28.8.1 Ex am ple 7 - run_time_error

// runtime_er ror.cpp
// com pile with: /EHsc /GR
#in clude <iostream>
#in clude <typeinfo>
us ing namespace std;

int main( )
{
// runtime_er ror
   try 
   {
      lo cale loc( "test" );
   }
   catch ( ex cep tion &e ) 
   {
      cerr << "Caught " << e.what( ) << endl;
      cerr << "Type " << typeid( e ).name( ) << endl;
   };
}

28.8.2 Out put

Caught bad lo cale name

Type class std::runtime_er ror
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28.9 The un der_flow_er ror class

The class serves as the base class for all ex cep tions thrown to re port an arith me tic un der -
flow.

class un der flow_er ror : pub lic runtime_er ror
{
pub lic:
    ex plicit un der flow_er ror(const string& mes sage);
    ex plicit un der flow_er ror(const char *mes sage);
};

The value re turned by what is a copy of mes sage.data.

28.9.1 Ex am ple 8 - un der_flow_error

// un der flow_er ror.cpp
// com pile with: /EHsc /GR
#in clude <iostream>
#in clude <typeinfo>
us ing namespace std;

int main( )
{
   try 
   {
      throw un der flow_er ror( "The num ber's a bit small, cap -
tain!" );
   }
   catch ( ex cep tion &e ) {
      cerr << "Caught: " << e.what( ) << endl;
      cerr << "Type: " << typeid( e ).name( ) << endl;
   };
}

28.9.2 Out put

Caught: The num ber's a bit small, cap tain!

28.10Other ex am ples

Here are some ad di tional ex am ples.

28.10.1 Ex am ple 9 - ba sic syn tax

#in clude <iostream>
us ing namespace std;

int main()
{
 int i=0;
 int j=0;
 cout << " Type in a num ber " ;
 cin >> i;

328 Exception Handling

Chap ter 28 © Ian D Chivers



 try
 {
 if ( i<0 )
 throw j;
 else
 cout << " Num ber was " << i << endl;
 }

 catch (int j)
 {
 cout << " Ex cep tion raised " << endl;
 }

 re turn (0);
}

28.10.2 Ex am ple 10 - ex cep tion raised in a func tion

Here is the source.

#in clude <iostream>
us ing namespace std;

int f(int i)
{
 throw i;
}

int main()
{
 int a=0;
 int b=1;
 int c;

 try
 {
 c=f(a);
 c=f(b);
 }

 catch (int i)
 {
 cout << " Ex cep tion raised and han dled " << endl;
 }

 re turn(0);

}
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28.10.3 Ex am ple 11 - func tion with ex cep tion spec i fi ca tion

The fol low ing ex am ple uses 3 func tions to il lus trate the va ri ety of ways that we can use ex -
cep tion han dling in C++.

#in clude <iostream>
us ing namespace std;

int f1(int i) throw(int , dou ble)
{

if (i<0)
 throw i;
if (i>0)
 throw (dou ble)i;
re turn i;

}

int f2(int i) throw()
{

if (i<0)
 throw i;
if (i>0)
 throw (dou ble)i;
re turn i;

}

int f3(int i)
{

if (i<0)
 throw i;
if (i>0)
 throw (dou ble)i;
re turn i;

}

int main()
{

try
{
f1(-10);
f1(10);
f2(-10);
f2(10);
f3(-10);
f3(10);

}

catch (int i)
 {
 cout << " in te ger ex cep tion raised and han dled " << endl;
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 }

 catch (dou ble d)
 {
 cout << " dou ble ex cep tion raised and han dled " << endl;

}

 re turn(0);

}

The gen eral form of the func tion header is:–

re turn_type func tion_name (ar gu ment list) throw (type list)

You will need to com ment out the var i ous func tion calls to ver ify what is hap pen ing here.
You should see the fol low ing:–

f1(-10) works

f1(10) works

f2(-10) fails

f2(10) fails

f3(-10) works

f3(10) works

There are ex ten sions to this pro gram set as a prob lem at the end of this chap ter

28.11Prob lems

1. Mod ify the third ex am ple to throw a vari able of type char from each func tions. What
hap pens? 

2. Lo cate the ex cept.h header file and have a look at what is sup ported in the ver sion of
C++ that you use.

Look for ter mi nate(), set_ter mi nate(), un ex pected() and set_un ex pected.

Look also for the xmsg and xalloc classes.
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The good teacher is a guide who helps oth ers dis pense with his ser vices.

R. S. Pe ters, Eth ics and Ed u ca tion.

29 Introduction to the Standard  C++
Library

The Stan dard C++ li brary con sists of over 50 head ers. Some are given be low:-

· <al go rithm> for de fin ing nu mer ous tem plates that im ple ment use ful al go rithms

· <ar ray> in tro duced in TR1, wraps an or di nary static C style ar ray pro vid ing the

in ter face of an STL con tainer.

· <bitset> A bitset is a spe cial con tainer class that is de signed to store bits

· <com plex> The com plex li brary im ple ments the complex class to con tain com -

plex num bers in car te sian form and sev eral func tions and over loads to op er ate

with them

· <deque> for de fin ing a tem plate class that im ple ments a deque con tainer

· <for ward_list> In tro duced in C++11. This is a sin gly linked list.

· <func tional> for de fin ing sev eral tem plates that help con struct pred i cates for the

tem plates de fined in <al go rithm> and <nu meric>

· <iterator> for de fin ing sev eral tem plates that help de fine and ma nip u late iterators

· <list> for de fin ing a tem plate class that im ple ments a  dou bly linked list con -

tainer

· <map> for de fin ing tem plate classes that im ple ment as so cia tive con tain ers that

map keys to val ues

· <multimap> vari ant of map

· <mem ory> for de fin ing sev eral tem plates that al lo cate and free stor age for var i -

ous con tainer classes

· <multiset> vari ant of map

· <nu meric> for de fin ing sev eral tem plates that im ple ment use ful nu meric func -

tions

· <pri or ity_queue>

· <queue> for de fin ing a tem plate class that im ple ments a queue con tainer

· <set> for de fin ing tem plate classes that im ple ment as so cia tive con tain ers

· <stack> for de fin ing a tem plate class that im ple ments a stack con tainer

· <un or dered_map> C++11. Un or dered ver sion of a map.

· <un or dered_set> C++11. Un or dered ver sion of a set.

· <util ity> for de fin ing sev eral tem plates of gen eral util ity
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· <valarray> This header de clares the valarray class and its aux il iary classes and

func tions

· <vec tor> for de fin ing a tem plate class that im ple ments a vec tor con tainer

These can be looked at in a va ri ety of ways. One is given be low.

Con tainer class tem plates

            Se quence con tain ers:
                        array
                        vec tor 
                        deque  
                        list
                        for ward_list

            Con tainer ad ap tors:
                        stack  LIFO
                        queue  FIFO 
                        pri or ity_queue   

            As so cia tive con tain ers - keys in order:
                        set   
                        multiset  
                        map  
                        multimap  
                        bitset  

            Un or dered con tain ers:
                        un or dered_set   
                        un or dered_multiset  
                        un or dered_map  
                        un or dered_multimap
The STL is the out come of many years of work by a num ber of peo ple in clud ing Alex
Stepanov and Meng Lee at Hewlett Packard, and Da vid Musser at Rensselaer Poly tech nic
In sti tute. Stroustrup pro vides more in for ma tion about peo ple in volved in spe cific parts of
the STL.

In re al ity some prob lems are well suited to a tra di tional pro ce dural ap proach, oth ers are
well suited to an OO ap proach and oth ers well suited to a ge neric ap proach. Pick the right
tool for the job!

We will also look at the <string> class in this sec tion as well. The C++ string li brary pro -
vides the def i ni tions of the ba sic_string class, which is a class tem plate spe cif i cally de -
signed to ma nip u late strings of char ac ters of any char ac ter type. It also in clude two spe cific 
instantiations: string and wstring, which re spec tively use char and wchar_t as char ac ter
types.

29.1 Li brary Or gani sa tion

We are not go ing to cover the whole of the li brary in great depth. Our pri mary aim is to
give a quick over view and make you aware of what is of fered by the li brary. Don’t re in vent 
the wheel!

· Con tainers – ar ray, vec tor, list, queue, stack, deque, map, set, bitset

· Iterators – iterator

· Al go rithms – al go rithm

Introduction to the Standard  C++ Library 333

© Ian D Chivers Chap ter 29



· Strings – string

· Numerics – com plex, valarray, nu meric

29.1.1 Some ba sic ter mi nol ogy

Con tainer – an ob ject that you can put some thing in. In C++ a class that holds ob jects of a
par tic u lar type.

Iterator – a mech a nism that en ables us to ac cess and pro cess all of the ob jects in a con -
tainer.

Think of a tele phone list. We can use the list con tainer in the C++ STL to hold the names
and tele phone num bers. We can then use the iterators to tra verse the list and iden tify the
one we want.

29.2 Con tainers

A range of con tain ers are pro vided in the STL. They are suf fi cient to al low us to solve quite 
a wide range of prob lems.

29.2.1 ar ray

An ar ray is a con tainer that mod els a C style static ar ray. Al lo ca tor sup port is not pro vided.
It was in tro duced in TR1.It is safer and has no worse per for mance than an or di nary ar ray.

The C++ stan dard guar an tees that the el e ments are in con tig u ous mem ory.

The class pro vides a fixed num ber of el e ments and it has the best per for mance be cause
mem ory is al lo cated on the stack (if pos si ble), re al lo ca tion never hap pens and you have ran -
dom ac cess.

The class sup ports the fol low ing op er a tions

· c.empty

· c.size

· c.max_size

· c1 == c2

· c1 != c2

· c1 < c2

· c1 > c2

· c1 <= c2

· c1 >= c2

El e ment ac cess is pro vided by

· c[i]

· c.at(i)

· c.front()

· c.back()

29.2.2 vec tor

Key Fea tures in clude:–

· group of items of the same type

· se lected or in dexed by an in te ger key
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· hence con stant ac cess time – O(1)

· higher level than ar rays

· sub script check ing pos si ble

· size an in te gral part of the ob ject

· can be resized up or down – very in ef fi cient com pared to

raw ar rays if the size var ies widely

· this car ries a time pen alty, can be O(n) in the worst case

· unsequenced

29.2.3 list

Key fea tures in clude:–

· group of items of the same type

· ac cessed by tra versal – O(n)

· ef fi cient data struc ture when the size var ies widely

· has both a head and a tail

Op er a tions in clude:–

· erase(a) – re move el e ment at a

· erase(first,last) – re move el e ments first to last

· clear() – re move all el e ments

· in sert(a,b) – add b be fore a

· in sert(a,n,b) – add n cop ies of b be fore a 

· in sert(a,first,last) – add el e ments first through last be fore p

29.2.4 for ward list

· Sin gly linked list.

29.2.5 deque

A deque is the data struc ture of choice when most in ser tions and de le tions take place at the
be gin ning or at the end of the se quence.

29.2.6 queue

Key fea tures in clude:–

· first in first out data struc ture

· in sert at back

· re move from front

Op er a tions in clude:–

· push_back()

· pop_back()

· push_front()

· pop_front()
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29.2.7 pri or ity queue

Any se quence con tainer with ran dom ac cess iterator and sup port ing op er a tions front(),
push_back() and pop_back() can be used to instantiate pri or ity_queue. In par tic u lar, vec tor
(23.3.6) and deque (23.3.3) can be used. Instantiating pri or ity_queue also in volves sup ply -
ing a func tion or func tion ob ject for mak ing pri or ity com par i sons; the li brary as sumes that
the func tion or func tion ob ject de fines a strict weak or der ing.

29.2.8 stack

Key fea tures in clude:–

· last in first out data struc ture

· in sert at front

· re move from front

Op er a tions in clude:–

· push_back()

· pop_back()

· push_front()

· pop_front()

29.2.9 deque

Key fea tures in clude:–

· in sert and re move from ei ther end

29.2.10 map, multimap

Key fea tures in clude:–

· key and value data struc ture

· se lected by key, but key is n’t re stricted to be an in te ger

A sim ple ex am ple from ev ery day life is a dic tio nary, where we in dex by words and the as -
so ci ated val ues are the mean ings.

29.2.11 set, multiset

The fol low ing is taken from the draft stan dard.

A set is an as so cia tive con tainer that sup ports unique keys (con tains at most one of each
key value) and pro vides for fast re trieval of the keys them selves. The set class sup ports
bidirectional iterators. A set sat is fies all of the re quire ments of a con tainer, of a re vers ible
con tainer (23.2), of an as so cia tive con tainer (23.2.4), and of an al lo ca tor-aware con tainer
(Ta ble 99). A set also pro vides most op er a tions de scribed in (23.2.4) for unique keys. This
means that a set sup ports the a_uniq op er a tions in (23.2.4) but not the a_eq op er a tions. For
a set<Key> both the key_type and value_type are Key. De scrip tions are pro vided here only
for op er a tions on set that are not de scribed in one of these ta bles and for op er a tions where
there is ad di tional se man tic in for ma tion.

29.2.12 bitset

Key fea tures of set in clude:–

· group of items of the same type

· each item is unique
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· un or dered

· in ser tion, re moval and test ing can be done in O(log n) time

Two vari a tions are pro vided, bit set and multiset.

29.2.13 un or dered map, un or dered multimap

The header <un or dered_map> de fines the class tem plates un or dered_map and un or -
dered_multimap.

An un or dered_map is an un or dered as so cia tive con tainer that sup ports unique keys (an un -
or dered_map con tains at most one of each key value) and that as so ci ates val ues of an other
type mapped_type with the keys. The un or dered_map class sup ports for ward iterators.

29.2.14 unorder set, un or dered multiset

The header <un or dered_set> de fines the class tem plates un or dered_set and un or -
dered_multiset.

An un or dered_set is an un or dered as so cia tive con tainer that sup ports unique keys (an un or -
dered_set con tains at most one of each key value) and in which the el e ments’ keys are the
el e ments them selves. The un or dered_set class sup ports for ward iterators. 

29.3 Iterators

One of the most com monly wanted op er a tions with a con tainer is to pro cess all of the el e -
ments. The STL solves this prob lem by the pro vi sion of iterators. Iterators are ob jects that
can it er ate over the el e ments of a se quence us ing a com mon in ter face. There are sev eral
cat e go ries of iterator

· for ward iterator - for ward list, un or dered containers

· bidirectional iterator - list, set, multiset, map, multimap

· ran dom ac cess iterator - ar ray, vec tor, deque, string, C style array

· input iterators - istream

· out put iterator - ostream, inserter

All of the con tainer classes pro vide the same mem ber func tions that en able them to use
iterators to pro cess the el e ments of a con tainer.

· be gin() – Point to first el e ment

· end() – Point to one past last el e ment

· rbegin() – Points to first el e ment of re verse se quence

· rend – Points to one past last el e ment of re verse se quence

29.4 Mis cel la neous Op er a tions

The STL can be looked at in a va ri ety of ways. Any clas si fi ca tion scheme is in some sense
ar bi trary. 

· size()

· empty()

· max_size()

· ca pac ity()

· re serve()
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· resize()

· max_size()

· swap()

· get_al lo ca tor()

· ==

· !=

· <

29.5 Con struc tors

There are a small num ber of con struc tors.

· con tainer()

· con tainer(n)

· con tainer(n,x)

· con tainer(first,last)

· con tainer(x)

· ~con tainer()

29.6 Pairs

The C++98 stan dard pro vided a sim ple class to han dle pairs of dif fer ent types, typ i cally key 
value pairs. The pair class is used in sev eral places, in par tic u lar

· map

· multimap

· un or dered map

· un or dered multimap

use pairs to man age their el e ments.

29.7 Al go rithms

The STL pro vides al go rithms to solve many com monly oc cur ring prob lems. They pro vide
ser vices like search ing, sort ing, copy ing, re or der ing, mod i fy ing and nu meric pro cess ing.

Al go rithms are global func tions that op er ate with iterators. They of fer a ge neric func tional
pro gram ming par a digm.

29.7.1 Non mod i fy ing se quence op er a tions

As the name says they don’t mod ify the se quence.

· for_each()

· find()

· find_if()

· find_first_of()

· ad ja cent_find()

· count()

· count_if()
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· mis match()

· equal()

· search()

· find_end()

· search_n()

29.7.2 Mod ifying se quence op er a tions

Se quence is mod i fied. Some thought needs to be taken here re gard ing per for mance. The
cost of some of these op er a tions may be quite large.

· trans form()

· copy()

· copy_back ward()

· swap()

· iter_swap()

· swap_ranges()

· re place()

· re place_if()

· re place_copy()

· re place_copy_if()

· fill()

· fill_n()

· gen er ate()

· gen er ate_n()

· re move()

· re move_if()

· re move_copy()

· re move_copy_if()

· unique()

· unique_copy()

· re verse()

· re verse_copy()

· ro tate()

· rotae_copy()

· ran dom_shuf fle()

29.7.3 Sorted se quences

We have the following

· sort()

· sta ble_sort()
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· par tial_sort()

· par tial_sort_copy()

· nth_el e ment()

· lower_bound()

· up per_bound()

· equal_range()

· bi nary_search()

· merge()

· inplace_merge()

· par ti tion()

· sta ble_par ti tion()

29.7.4 Set al go rithms

Sets pro vide very el e gant ways of solv ing cer tain prob lems. 

· in cludes()

· set_un ion()

· set_in ter sec tion()

· set_dif fer ence()

· set_sym met ric_dif fer ence()

29.7.5 Heap op er a tions

There are a small num ber of heap op er a tions.

· make_heap()

· push_heap()

· pop_heap()

· sort_heap()

29.7.6 Min i mum and max i mum

Five func tions pro vided.

· min()

· max()

· min_el e ment()

· max_el e ment()

· lexicograhical_com pare()

29.7.7 Per mu ta tions

Two func tions.

· next_per mu ta tion()

· prev_per mu ta tion()

340 Introduction to the Standard  C++ Library

Chap ter 29 © Ian D Chivers



29.8 Com plete list of C++ tem plate classes

This was taken from ta ble 12 of the stan dard.

· al lo ca tor

· auto_ptr

· back_in sert_iterator

· ba sic_filebuf

· ba sic_ifstream

· ba sic_ios

· ba sic_isstringstream

· ba sic_ofstream

· ba sic_ostringstream

· ba sic_streambuf

· ba sic_string

· ba sic_stringbuf

· ba sic_ne gate

· binder1st

· binder2nd

· bitset

· codecvt

· codecvt_by name

· col late

· col late_by name

· com plex, ctype

· ctype_by name

· deque

· front_in sert_iterator

· gslice_ar ray

· in di rect_ar ray

· in sert_iterator

· istreambuf_iterator

· istream_iterator

· list

· map

· mask_ar ray

· mes sages

· mes sages_by name
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· moneypunct

· moneypunct_by name

· money_get

· money_put

· multimap

· multiset

· nu meric_lim its

· numpunct

· num_get

· num_put

· ostream_iterator

· pointer_to_bi nary_func tion

· pointer_to_unary_func tion

· pri or ity_queue

· queue

· raw_stor age_iterator

· re verse_bidirectional_iterator

· re verse_iterator

· set

· slice_ar ray

· stack

· time_get

· time_get_by name

· unary_ne gate

· valarray

· vec tor 

29.9 Mem ory issues

In this sec tion we look at some of the com pi la tion and ex e cu tion is sues that will oc cur
when using large ar rays, both tra di tional C style and STL <ar ray> style.

Here are two ta bles that will help in un der stand ing some of what is hap pen ing. The first ta -
ble looks at dou bles.

dou ble size Ar ray size Size in bytes Size in GB

in bytes

8 128 1024 1024 134,217,728 1,073,741,824 1

8 256 1024 1024 268,435,456 2,147,483,648 2
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dou ble size Ar ray size Size in bytes Size in GB

in bytes

8 512 1024 1024 536,870,912 4,294,967,296 4

The next ta ble looks at floats and ints.

int and 

float size
Ar ray size Size in bytes Size in GB

in bytes

4 256 1024 1024 268,435,456 1,073,741,824 1

4 512 1024 1024 536,870,912 2,147,483,648 2

4 1024 1024 1024 1,073,741,824 4,294,967,296 4

We will have stack is sues with the de fault com piler op tions. We will also have mem ory is -
sues with cygwin with some of the ex am ples in sub se quent chap ters.

We next look at prob lems spe cific to Win dows.

29.9.1 Stack size and Win dows

The fol low ing in for ma tion has been taken from the Intel com pil ers doc u men ta tion.

The fol low ing lists the lim its on 32-bit and 64-bit vari ants of Win dows:

32-bit 

· Static data - 2GB 

· Dy namic data - 2GB 

· Stack data - 1GB (the stack size is set by the linker, the de fault is 1MB. This

can be in creased us ing the Linker prop erty Sys tem > Stack Re serve Size)

· Note that on 32-bit Win dows, the sum of all types of data must be 2GB or less.

The prac ti cal limit is about 1.75GB due to space used by Win dows it self

64-bit 

Static data - 2GB 

Dy namic data - 8TB 

Stack data - 1GB (the stack size is set by the linker, the de fault is 1MB. This can be 

in creased us ing the Linker prop erty Sys tem > Stack Re serve Size)

Note that the limit on static and stack data is the same in both 32-bit and 64-bit vari ants.
This is due to the for mat of the Win dows Por ta ble Ex e cut able (PE) file type, which is used
to de scribe EXEs and DLLs as laid out by the linker. It has 32-bit fields for im age sec tion
off sets and lengths and was not ex tended for 64-bit vari ants of Win dows. As on 32-bit Win -
dows, static data and stack share the same first 2GB of ad dress space.

29.9.2 Com piler flags

g++ - Linux

g++ -O3 -fsplit-stack -fopenmp -std=c++1z 
-I"/usr/in clude/boost/boost_1_76_0"
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g++ - Win dows

cygwin g++ 10.2.0 won't al low a larger stack size than the one shown be low.

g++ -fopenmp -O3 -std=c++17 -Wl,--stack,1073741824 -I
"/cygdrive/c/lo cal/boost_1_76_0"   $1.cxx -o $1_cygwin.exe

Ex am ples com pile but segfault. Only ch3001 runs.

Intel - Windows

icl /Ofast /Qstd=c++20 /F0xffffffff

Note no par al lel op tions.

Intel - Linux

icc -qopenmp -par al lel -Ofast -std=c++20  -I
"/opt/boost/boost_1_76_0"  $1.cxx -o $1_intel.out

Set ulimit -s un lim ited.

Microsoft - Windows

cl /EHsc /O2 /std:c++lat est /Za /I 
"C:\lo cal\boost_1_76_0" /F 0xffffffff

Nvidia - Linux

nvc++ -fast  -mp -std=c++17  $1.cxx -o  $1_nvidia.out

Set ulimit -s un lim ited.

29.10Books

Here is one book on the STL. The sec ond edi tion covers C++11.

· Nicolai M. Josuttis, The C++ Stan dard Li brary: A Tu to rial and Ref er ence, Ad di -

son Wes ley.

http://www.josuttis.com/libbook/

29.11Sum mary

The STL pro vides very good so lu tions to a wide range of fre quently oc cur ring prob lems.

29.12Prob lems

1. Com pile and run the ex am ple(s).

344 Introduction to the Standard  C++ Library

Chap ter 29 © Ian D Chivers



30 C++ 11 <ar ray> con tainer revisited
30.0 Introduction

An ar ray is a con tainer that mod els a C style static ar ray. Al lo ca tor sup port is not pro vided.
An ar ray is a fixed size se quence of el e ments of a given type where the num ber of el e ments 
is known at com pile time. It can be re garded as a safe vari ant of the C style ar ray, which as 
it is pointer based can cause prob lems for the be gin ner. There is no over head in space or
time in us ing an <ar ray> com pared to us ing the plain C style ar ray. It was in tro duced in
TR1 and is avail able in most com pil ers that sup port C++11. It is safer and has no worse
per for mance than an or di nary ar ray. The C++ stan dard guar an tees that the el e ments are in
con tig u ous mem ory. Here are some sim ple ex am ples.

30.1 Op er a tions sup ported

The class sup ports the fol low ing op er a tions

· c.empty

· c.size

· c.max_size

· c1 == c2

· c1 != c2

· c1 < c2

· c1 > c2

· c1 <= c2

· c1 >= c2

El e ment ac cess is pro vided by

· c[i]

· c.at(i)

· c.front()

· c.back()

There are sev eral ex am ples that il lus trate some of the above. We use the tim ing class to
look at the per for mance of the op er a tions.

30.2 Ex am ple 1 - com pares ac cess via [] and .at()

#in clude <ar ray>
#in clude <chrono>
#in clude <iostream>
#in clude <string>

us ing namespace std;

class timer
{
  pub lic:
    timer() : start_tim ing(hi_res_clock::now()) {}
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    void re set()
    {
      start_tim ing = hi_res_clock::now();
    }
    dou ble elapsed() const
    {
       re turn(std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - start_tim ing).count());
    }
  pri vate:
    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
    typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
sec ond_;
    std::chrono::time_point<hi_res_clock> start_tim ing;

};

void print_time(const string & head ing , const dou ble & t)
{
// Right jus ti fies to col umn 30
  const int nb=30;
  int n;
  int i;
  int l;
  l = head ing.length();
  if ( l >= nb )
    cout << " Warn ing head ing too long. Re duce to less than 
30 char ac ters" << endl;
  n=nb-l;
  cout << head ing ;
  for (i=1;i<n;i++)
    cout << " ";
  cout << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

int main()
{
  string head ing;

  const int n1 = 1024 * 1024 ;
  const int n2 =  512 -   32 ;
  const int n  = n1 * n2;
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  ar ray<int,n> x;
  int i;
  int j;
  dou ble t;
  timer timer_01;
  timer timer_02;

  head ing = "Pro gram starts";

  t=timer_01.elapsed();
  print_time( head ing , t);

  head ing = "As sign via    [] no ta tion";

  for (j=0;j<n;j++)
      x[j]=j;

  t=timer_01.elapsed();
  print_time(head ing , t);
  timer_01.re set();

  head ing = "As sign via .at() no ta tion";

  for (j=0;j<n;j++)
      x.at(j)=1;

  t=timer_01.elapsed();
  print_time(head ing , t);

  t=timer_02.elapsed();
  head ing = "To tal time";
  print_time(head ing , t);
  re turn(0);
}

Tim ing in for ma tion for all of the ex am ples can be found at the end of the chap ter.

30.3 Ex am ple 2 - sort ing us ing <al go rithm> sort

#in clude <ar ray>
#in clude <al go rithm>
#in clude <chrono>
#in clude <climits>
#in clude <cstdlib>
#in clude <iostream>
#in clude <ran dom>
#in clude <string>

us ing namespace std;
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class timer
{
  pub lic:
    timer() : start_tim ing(hi_res_clock::now()) {}
    void re set()
    {
      start_tim ing = hi_res_clock::now();
    }
    dou ble elapsed() const
    {
       re turn(std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - start_tim ing).count());
    }
  pri vate:
    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
    typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
sec ond_;
    std::chrono::time_point<hi_res_clock> start_tim ing;

};

void print_time(const string & head ing , const dou ble & t)
{
// Right jus ti fies to col umn 30
  const int nb=30;
  int n;
  int i;
  int l;
  l = head ing.length();
  if ( l >= nb )
    cout << " Warn ing head ing too long. Re duce to less than 
30 char ac ters" << endl;
  n=nb-l;
  cout << head ing ;
  for (i=1;i<n;i++)
    cout << " ";
  cout << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

int main()
{

348 C++ 11 <ar ray> con tainer revisited

Chap ter 30 © Ian D Chivers



  string head ing;

  const int n1 = 1024 * 1024 ;
  const int n2 =  512 -   32 ;
  const int n  = n1 * n2;

  ar ray<int,n> x;

  int i;
  int j;
  dou ble t;

  de fault_ran dom_en gine         ran dom_en gine;
  uni form_int_dis tri bu tion<int> in te ger_ran dom(1,INT_MAX);
  timer timer_01;
  timer timer_02;

  head ing = "Pro gram starts";

  t=timer_01.elapsed();
  print_time( head ing , t);

  head ing = "de fault_ran dom_en gine";

  for (j=0;j<n;j++)
      x[j]=in te ger_ran dom(ran dom_en gine);

  t=timer_01.elapsed();
  print_time(head ing , t);
  timer_01.re set();

  head ing = "<al go rithm> Sort";

  sort(x.be gin(),x.end());

  t=timer_01.elapsed();
  print_time(head ing , t);

  cout << x[0] << "   " << x[n-1] << endl;

  t=timer_02.elapsed();
  head ing = "To tal time";
  print_time(head ing , t);
  re turn(0);
}

30.4 Ex am ple 3 - com par ing <al go rithm> with a user writ ten quicksort

This ex am ple also shows how to pass <ar ray>s as pa ram e ters.
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#in clude <ar ray>
#in clude <al go rithm>
#in clude <chrono>
#in clude <climits>
#in clude <cstdlib>
#in clude <iostream>
#in clude <ran dom>
#in clude <string>

us ing namespace std;

class timer
{
  pub lic:
    timer() : start_tim ing(hi_res_clock::now()) {}
    void re set()
    {
      start_tim ing = hi_res_clock::now();
    }
    dou ble elapsed() const
    {
       re turn(std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - start_tim ing).count());
    }
  pri vate:
    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
    typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
sec ond_;
    std::chrono::time_point<hi_res_clock> start_tim ing;

};

void print_time(const string & head ing , const dou ble & t)
{
// Right jus ti fies to col umn 30
  const int nb=30;
  int n;
  int i;
  int l;
  l = head ing.length();
  if ( l >= nb )
    cout << " Warn ing head ing too long. Re duce to less than 
30 char ac ters" << endl;
  n=nb-l;
  cout << head ing ;
  for (i=1;i<n;i++)
    cout << " ";
  cout << " : " ;
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  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

tem plate<std::size_t SIZE>
void swap(ar ray<int, SIZE> & ar ray,int i, int j)
{
 int tmp=ar ray[i];
 ar ray[i]=ar ray[j];
 ar ray[j]=tmp;
}

tem plate<std::size_t SIZE>
void quicksort(ar ray<int, SIZE> & ar ray, int l, int r)
{
int i=l;
int j=r;
int v=ar ray[int((l+r)/2)];
for (;;)
{
 while (ar ray[i] < v) i=i+1;
 while (v < ar ray[j]) j=j-1;
 if (i<=j) { swap(ar ray,i,j); i=i+1 ; j=j-1; }
 if (i>j) goto ended ;
}
ended: ;
if (l<j) quicksort(ar ray,l,j);
if (i<r) quicksort(ar ray,i,r);
}

int main()
{
  string head ing;

  const int n1 = 1024 * 1024 ;
  const int n2 =  512 -   32 ;
  const int n  = n1 * n2;

  ar ray<int,n> x;

  int i;
  int j;
  dou ble t;
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  de fault_ran dom_en gine         ran dom_en gine;
  uni form_int_dis tri bu tion<int> in te ger_ran dom(1,INT_MAX);
  timer timer_01;
  timer timer_02;

  head ing = "Pro gram starts";

  t=timer_01.elapsed();
  print_time( head ing , t);

  head ing = "de fault_ran dom_en gine";

  for (j=0;j<n;j++)
      x[j]=in te ger_ran dom(ran dom_en gine);

  t=timer_01.elapsed();
  print_time(head ing , t);
  timer_01.re set();

  head ing = "User Quicksort";

  quicksort(x,0,n-1);

  t=timer_01.elapsed();
  print_time(head ing , t);

  cout << x[0] << "   " << x[n-1] << endl;

  t=timer_02.elapsed();
  head ing = "To tal time";
  print_time(head ing , t);
  re turn(0);
}

30.5 Ex am ple 4 - us ing fill(), as sign ment and equal ity tests

#in clude <ar ray>
#in clude <chrono>
#in clude <iostream>
#in clude <string>

us ing namespace std;

class timer
{
  pub lic:
    timer() : start_tim ing(hi_res_clock::now()) {}
    void re set()
    {
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      start_tim ing = hi_res_clock::now();
    }
    dou ble elapsed() const
    {
       re turn(std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - start_tim ing).count());
    }
  pri vate:
    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
    typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
sec ond_;
    std::chrono::time_point<hi_res_clock> start_tim ing;

};

void print_time(const string & head ing , const dou ble & t)
{
// max head ing length of 30
  const int nb=30;
  int n;
  int i;
  int l;
  l = head ing.length();
  if ( l >= nb )
    cout << " Warn ing head ing too long. Re duce to less than 
30 char ac ters" << endl;
  n=nb-l;
  cout << head ing ;
  for (i=1;i<n;i++)
    cout << " ";
  cout << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

int main()
{

  string head ing;

  const int n1 = 1024 * 1024 ;
  const int n2 =  (512 -   32)/2 ;
  const int n  = n1 * n2;
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  int      i = 0 ;
  int      j = 0 ;

  ar ray<int,n> x1 ;
  ar ray<int,n> x2 ;

  dou ble t;
  timer timer_01;
  timer timer_02;

    head ing = "Pro gram starts";
    t=timer_01.elapsed();
    print_time( head ing , t);
  
    x1.fill(1);
  
    head ing = "In itial ise us ing fill()";
  
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
  
    x2=x1;
  
    head ing = "Ar ray as sign ment x2=x1";
  
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
  
    head ing = "if x1=x2 test";
  
    if ( x1==x2 ) cout << " Ar rays are equal" << endl;
  
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
  
    t=timer_02.elapsed();
    head ing = "To tal time";
    print_time(head ing , t);
    re turn(0);
}

30.6 Ex am ple 5 - com par ing ac cu mu late with ex plicit summation

#in clude <ar ray>
#in clude <chrono>
#in clude <ex e cu tion>
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#in clude <nu meric>
#in clude <iostream>
#in clude <string>

us ing namespace std;

class timer
{
  pub lic:
    timer() : start_tim ing(hi_res_clock::now()) {}
    void re set()
    {
      start_tim ing = hi_res_clock::now();
    }
    dou ble elapsed() const
    {
       re turn(std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - start_tim ing).count());
    }
  pri vate:
    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
    typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
sec ond_;
    std::chrono::time_point<hi_res_clock> start_tim ing;

};

void print_time(const string & head ing , const dou ble & t)
{
// max head ing length of 30
  const int nb=30;
  int n;
  int i;
  int l;
  l = head ing.length();
  if ( l >= nb )
    cout << " Warn ing head ing too long. Re duce to less than 
30 char ac ters" << endl;
  n=nb-l;
  cout << head ing ;
  for (i=1;i<n;i++)
    cout << " ";
  cout << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
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  cout << t << endl;
}

int main()
{

  string head ing;

  const int n1 = 1024 * 1024 ;
  const int n2 =  512 -   32 ;
  const int n  = n1 * n2;

  ar ray<int,n> x ;

  int      i = 0 ;
  int      j = 0 ;

  int sum_1  = 0 ;
  int sum_2  = 0 ;

  dou ble t;
  timer timer_01;
  timer timer_02;

    head ing = "Pro gram starts";
    t=timer_01.elapsed();
    print_time( head ing , t);
  
    x.fill(1);
  
    head ing = "x.fill(1)";
  
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
  
    head ing = "Ex plicit sum ma tion";
  
    for (i=0;i<n;i++)
      sum_1 = sum_1 + x[i];
 
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
    cout << sum_1 << endl;

    head ing = "Sum via ac cu mu late";
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    sum_2 = ac cu mu late(x.be gin(), x.end(), 0);
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
    cout << sum_2 << endl;

    t=timer_02.elapsed();
    head ing = "To tal time";
    print_time(head ing , t);
    re turn(0);
}

30.7 Ex am ple 6 - com par ing ac cu mu late with re duce par

#in clude <ar ray>
#in clude <chrono>
#in clude <ex e cu tion>
#in clude <nu meric>
#in clude <iostream>
#in clude <string>

us ing namespace std;

class timer
{
  pub lic:
    timer() : start_tim ing(hi_res_clock::now()) {}
    void re set()
    {
      start_tim ing = hi_res_clock::now();
    }
    dou ble elapsed() const
    {
       re turn(std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - start_tim ing).count());
    }
  pri vate:
    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
    typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
sec ond_;
    std::chrono::time_point<hi_res_clock> start_tim ing;

};

void print_time(const string & head ing , const dou ble & t)
{
// max head ing length of 30
  const int nb=30;
  int n;
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  int i;
  int l;
  l = head ing.length();
  if ( l >= nb )
    cout << " Warn ing head ing too long. Re duce to less than 
30 char ac ters" << endl;
  n=nb-l;
  cout << head ing ;
  for (i=1;i<n;i++)
    cout << " ";
  cout << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

int main()
{

  string head ing;

  const int n1 = 1024 * 1024 ;
  const int n2 =  512 -   32 ;
  const int n  = n1 * n2;

  ar ray<int,n> x ;

  int      i = 0 ;
  int      j = 0 ;
  int sum_1  = 0 ;
  int sum_2  = 0 ;

  dou ble t;
  timer timer_01;
  timer timer_02;

    head ing = "Pro gram starts";
    t=timer_01.elapsed();
    print_time( head ing , t);
  
    x.fill(1);
  
    head ing = "x.fill(1)";
  
    t=timer_01.elapsed();
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    print_time(head ing , t);
    timer_01.re set();
  
    head ing = "Sum via ac cu mu late";
  
    sum_1 = ac cu mu late(x.be gin(), x.end(), 0);
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
    cout << sum_1 << endl;
 
    head ing = "Sum via re duce par";
  
    sum_2 = re duce(std::ex e cu tion::par,x.be gin(), x.end(),
0);
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
    cout << sum_2 << endl;
  
    t=timer_02.elapsed();
    head ing = "To tal time";
    print_time(head ing , t);
    re turn(0);
}

30.8 Ex am ple 7 - com par ing ac cu mu late with re duce par_unseq

#in clude <ar ray>
#in clude <chrono>
#in clude <ex e cu tion>
#in clude <nu meric>
#in clude <iostream>
#in clude <string>

us ing namespace std;

class timer
{
  pub lic:
    timer() : start_tim ing(hi_res_clock::now()) {}
    void re set()
    {
      start_tim ing = hi_res_clock::now();
    }
    dou ble elapsed() const
    {
       re turn(std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - start_tim ing).count());
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    }
  pri vate:
    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
    typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
sec ond_;
    std::chrono::time_point<hi_res_clock> start_tim ing;

};

void print_time(const string & head ing , const dou ble & t)
{
// max head ing length of 30
  const int nb=30;
  int n;
  int i;
  int l;
  l = head ing.length();
  if ( l >= nb )
    cout << " Warn ing head ing too long. Re duce to less than 
30 char ac ters" << endl;
  n=nb-l;
  cout << head ing ;
  for (i=1;i<n;i++)
    cout << " ";
  cout << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

int main()
{

  string head ing;

  const int n1 = 1024 * 1024 ;
  const int n2 =  512 -   32 ;
  const int n  = n1 * n2;

  ar ray<int,n> x ;

  int      i = 0 ;
  int      j = 0 ;
  int sum_1 = 0 ;
  int sum_2 = 0 ;
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  dou ble t;
  timer timer_01;
  timer timer_02;

    head ing = "Pro gram starts";
    t=timer_01.elapsed();
    print_time( head ing , t);
  
    x.fill(1);
  
    head ing = "x.fill(1)";
  
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
  
    head ing = "Sum via ac cu mu late";
  
    sum_1 = ac cu mu late(x.be gin(), x.end(), 0);
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
    cout << sum_1 << endl;
 
    head ing = "Sum via re duce par_unseq";
  
    sum_2 = re duce(std::ex e cu tion::par_unseq,x.be gin(),
x.end(), 0);
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
    cout << sum_2 << endl;
  
    t=timer_02.elapsed();
    head ing = "To tal time";
    print_time(head ing , t);
    re turn(0);
}

30.9 Tim ing data

Here is the tim ing data for these pro grams on the same sys tem us ing the gfortran, Intel and
Microsoft com pilers.
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Microsoft Intel gnu

ch3001 <ar ray> ac cess [] 0.032305 0.031042 0.003619

ch3001 <ar ray> ac cess .at() 0.216606 0.325130 0.002188

ch3002 <ar ray> ran dom stl 4.507963 1.849209 20.622174

ch3002 <ar ray> sort stl 46.696916 50.081673 42.171786

ch3003 <ar ray> sort user quicksort 39.990338 42.253199 199.632775

ch3005 <ar ray> as sign fill() 0.090294 0.088947 0.780335

ch3005 <ar ray> sum ma tion Ex plicit 0.122843 0.131121 0.130653

ch3005 <ar ray> sum ma tion ac cu mu late 0.121791 0.131952 0.123320

ch3006 <ar ray> sum ma tion re duce par 0.050175 0.050963 0.162126

ch3007 <ar ray> sum ma tion re duce par unseq 0.051153 0.050836 0.123786

What do you no tice about the ac cess tim ing us ing [] and .at()?

Ditto stl sort and user sort.

Ditto ex plicit loop ing, ac cu mu late, re duce par and re duce par unseq.

30.10Prob lems

1. Com pile and run the ex am ples.
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31 STL <vec tor> con tainer re vis ited
The vec tor class is one of the most widely used STL containers. The el e ments of a vec tor
are stored con tig u ously. Like all dy namic ar ray im ple men ta tions, vec tors have low mem ory
us age and good lo cal ity of ref er ence and data cache uti li za tion. Un like other STL con tain -
ers, such as deques and lists, vec tors al low the user to de note an ini tial ca pac ity for the con -
tainer.

Vec tors al low ran dom ac cess; that is, an el e ment of a vec tor may be ref er enced in the same
man ner as el e ments of ar rays (by ar ray in di ces). 

Linked-lists and sets, on the other hand, do not sup port ran dom ac cess or pointer arith me tic.

The vec tor data struc ture is able to quickly and eas ily al lo cate the nec es sary mem ory
needed for spe cific data stor age, and it is able to do so in am or tized con stant time. 

This is par tic u larly use ful for stor ing data in lists whose length may not be known prior to
set ting up the list but where re moval (other than, per haps, at the end) is rare. Eras ing el e -
ments from a vec tor or even clear ing the vec tor en tirely does not nec es sar ily free any of the 
mem ory as so ci ated with that element.

Ca pac ity and re al lo ca tion

A typ i cal vec tor im ple men ta tion con sists, in ter nally, of a pointer to a dy nam i cally al lo cated
ar ray, and pos si bly data mem bers hold ing the ca pac ity and size of the vec tor. 

The size of the vec tor re fers to the ac tual num ber of el e ments, while the ca pac ity re fers to
the size of the in ter nal array.

When new el e ments are in serted, if the new size of the vec tor be comes larger than its ca -
pac ity, re al lo ca tion oc curs.

This typ i cally causes the vec tor to al lo cate a new re gion of stor age, move the pre vi ously
held el e ments to the new re gion of stor age, and free the old region.

Be cause the ad dresses of the el e ments change dur ing this pro cess, any ref er ences or
iterators to el e ments in the vec tor be come in val i dated. Us ing an in val i dated ref er ence
causes un de fined be hav iour. 

The re serve() op er a tion may be used to pre vent un nec es sary reallocations. Af ter a call to re -
serve(n), the vec tor's ca pac ity is guar an teed to be at least n.

The vec tor main tains a cer tain or der of its el e ments, so that when a new el e ment is in serted
at the be gin ning or in the mid dle of the vec tor, sub se quent el e ments are moved back wards
in terms of their as sign ment op er a tor or copy con struc tor. Con se quently, ref er ences and
iterators to el e ments af ter the in ser tion point be come in val i dated.

C++ vec tors do not sup port in-place re al lo ca tion of mem ory, by de sign; i.e., upon re al lo ca -
tion of a vec tor, the mem ory it held will al ways be cop ied to a new block of mem ory us ing
its el e ments' copy con struc tor, and then re leased. This is in ef fi cient for cases where the vec -
tor holds plain old data and ad di tional con tig u ous space be yond the held block of mem ory
is avail able for al lo ca tion.

The most im por tant fea tures of the vec tor class are:–

· it is an ob ject;

· the size is an in te gral part of the ob ject;

· it is a con tainer – it can hold ob jects of any type;

· sub script check ing is avail able;
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· its size is dy namic;

The first set of ex am ples are <vec tor> equiv a lents of the <ar ray> ex am ples in the last chap -
ter.

31.1 Ex am ple 1 - ac cess us ing []and .at()

#in clude <vec tor>
#in clude <chrono>
#in clude <iostream>
#in clude <string>

us ing namespace std;

class timer
{
  pub lic:
    timer() : start_tim ing(hi_res_clock::now()) {}
    void re set()
    {
      start_tim ing = hi_res_clock::now();
    }
    dou ble elapsed() const
    {
       re turn(std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - start_tim ing).count());
    }
  pri vate:
    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
    typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
sec ond_;
    std::chrono::time_point<hi_res_clock> start_tim ing;

};

void print_time(const string & head ing , const dou ble & t)
{
// Right jus ti fies to col umn 30
  const int nb=30;
  int n;
  int i;
  int l;
  l = head ing.length();
  if ( l >= nb )
    cout << " Warn ing head ing too long. Re duce to less than 
30 char ac ters" << endl;
  n=nb-l;
  cout << head ing ;
  for (i=1;i<n;i++)
    cout << " ";
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  cout << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

int main()
{
  string head ing;

  const int n1 = 1024*1024;
  const int n2 =  128 + (3*16);
  const int n  = n1 * n2;

  vec tor<int> x(n);
  int i;
  int j;
  dou ble t;
  timer timer_01;
  timer timer_02;

  head ing = "Pro gram starts";

  t=timer_01.elapsed();
  print_time( head ing , t);

  head ing = "As sign via    [] no ta tion";

  for (j=0;j<n;j++)
      x[j]=j;

  t=timer_01.elapsed();
  print_time(head ing , t);
  timer_01.re set();

  head ing = "As sign via .at() no ta tion";

  for (j=0;j<n;j++)
      x.at(j)=1;

  t=timer_01.elapsed();
  print_time(head ing , t);

  t=timer_02.elapsed();
  head ing = "To tal time";
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  print_time(head ing , t);
  re turn(0);
}

31.2 Ex am ple 2 - sort ing us ing <al go rithm>

#in clude <vec tor>
#in clude <chrono>
#in clude <iostream>
#in clude <string>

us ing namespace std;

class timer
{
  pub lic:
    timer() : start_tim ing(hi_res_clock::now()) {}
    void re set()
    {
      start_tim ing = hi_res_clock::now();
    }
    dou ble elapsed() const
    {
       re turn(std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - start_tim ing).count());
    }
  pri vate:
    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
    typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
sec ond_;
    std::chrono::time_point<hi_res_clock> start_tim ing;

};

void print_time(const string & head ing , const dou ble & t)
{
// Right jus ti fies to col umn 30
  const int nb=30;
  int n;
  int i;
  int l;
  l = head ing.length();
  if ( l >= nb )
    cout << " Warn ing head ing too long. Re duce to less than 
30 char ac ters" << endl;
  n=nb-l;
  cout << head ing ;
  for (i=1;i<n;i++)
    cout << " ";

366 STL <vec tor> con tainer re vis ited

Chap ter 31 © Ian D Chivers



  cout << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

int main()
{
  string head ing;

  const int n1 = 1024*1024;
  const int n2 =  128 + (3*16);
  const int n  = n1 * n2;

  vec tor<int> x(n);
  int i;
  int j;
  dou ble t;
  timer timer_01;
  timer timer_02;

  head ing = "Pro gram starts";

  t=timer_01.elapsed();
  print_time( head ing , t);

  head ing = "As sign via    [] no ta tion";

  for (j=0;j<n;j++)
      x[j]=j;

  t=timer_01.elapsed();
  print_time(head ing , t);
  timer_01.re set();

  head ing = "As sign via .at() no ta tion";

  for (j=0;j<n;j++)
      x.at(j)=1;

  t=timer_01.elapsed();
  print_time(head ing , t);

  t=timer_02.elapsed();
  head ing = "To tal time";
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  print_time(head ing , t);
  re turn(0);
}

31.3 Ex am ple 3 - com par ing <al go rithm> with a user writ ten quicksort

#in clude <vec tor>
#in clude <al go rithm>
#in clude <chrono>
#in clude <climits>
#in clude <cstdlib>
#in clude <iostream>
#in clude <ran dom>
#in clude <string>

us ing namespace std;

class timer
{
  pub lic:
    timer() : start_tim ing(hi_res_clock::now()) {}
    void re set()
    {
      start_tim ing = hi_res_clock::now();
    }
    dou ble elapsed() const
    {
       re turn(std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - start_tim ing).count());
    }
  pri vate:
    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
    typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
sec ond_;
    std::chrono::time_point<hi_res_clock> start_tim ing;

};

void print_time(const string & head ing , const dou ble & t)
{
// Right jus ti fies to col umn 30
  const int nb=30;
  int n;
  int i;
  int l;
  l = head ing.length();
  if ( l >= nb )
    cout << " Warn ing head ing too long. Re duce to less than 
30 char ac ters" << endl;
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  n=nb-l;
  cout << head ing ;
  for (i=1;i<n;i++)
    cout << " ";
  cout << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

void swap(vec tor<int> & vec tor,int i, int j)
{
 int tmp=vec tor[i];
 vec tor[i]=vec tor[j];
 vec tor[j]=tmp;
}

void quicksort(vec tor<int> & vec tor, int l, int r)
{
int i=l;
int j=r;
int v=vec tor[int((l+r)/2)];
for (;;)
{
 while (vec tor[i] < v) i=i+1;
 while (v < vec tor[j]) j=j-1;
 if (i<=j) { swap(vec tor,i,j); i=i+1 ; j=j-1; }
 if (i>j) goto ended ;
}
ended: ;
if (l<j) quicksort(vec tor,l,j);
if (i<r) quicksort(vec tor,i,r);
}

int main()
{
  string head ing;

  const int n1 = 1024*1024;
  const int n2 =  128 + (3*16);
  const int n  = n1 * n2;

  vec tor<int> x(n);

  int i;
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  int j;
  dou ble t;

  de fault_ran dom_en gine         ran dom_en gine;
  uni form_int_dis tri bu tion<int> in te ger_ran dom(1,INT_MAX);
  timer timer_01;
  timer timer_02;

  head ing = "Pro gram starts";

  t=timer_01.elapsed();
  print_time( head ing , t);

  head ing = "de fault_ran dom_en gine";

  for (j=0;j<n;j++)
      x[j]=in te ger_ran dom(ran dom_en gine);

  t=timer_01.elapsed();
  print_time(head ing , t);
  timer_01.re set();

  head ing = "User Quicksort";

  quicksort(x,0,n-1);

  t=timer_01.elapsed();
  print_time(head ing , t);

  cout << x[0] << "   " << x[n-1] << endl;

  t=timer_02.elapsed();
  head ing = "To tal time";
  print_time(head ing , t);
  re turn(0);
}

31.4 Ex am ple 4 - vec tor cre ation, as sign ment and com par i son

#in clude <vec tor>
#in clude <chrono>
#in clude <iostream>
#in clude <string>

us ing namespace std;

class timer
{
  pub lic:
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    timer() : start_tim ing(hi_res_clock::now()) {}
    void re set()
    {
      start_tim ing = hi_res_clock::now();
    }
    dou ble elapsed() const
    {
       re turn(std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - start_tim ing).count());
    }
  pri vate:
    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
    typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
sec ond_;
    std::chrono::time_point<hi_res_clock> start_tim ing;

};

void print_time(const string & head ing , const dou ble & t)
{
// max head ing length of 30
  const int nb=30;
  int n;
  int i;
  int l;
  l = head ing.length();
  if ( l >= nb )
    cout << " Warn ing head ing too long. Re duce to less
thann 30 char ac ters" << endl;
  n=nb-l;
  cout << head ing ;
  for (i=1;i<n;i++)
    cout << " ";
  cout << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

int main()
{

  string head ing;

  const int n1 = 1024*1024;
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  const int n2 =   64;
  const int n  = n1 * n2;

  int      i = 0 ;
  int      j = 0 ;

  dou ble t;
  timer timer_01;
  timer timer_02;

    head ing = "Pro gram starts";
    t=timer_01.elapsed();
    print_time( head ing , t);
  
    vec tor<int> x1(n) ;
  
    head ing = "Cre ate x1(n)";
  
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();

    vec tor<int> x2(n,1) ;
  
    head ing = "Cre ate x2(n,1)";
  
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
  
    x1=x2;
  
    head ing = "Ar ray as sign ment x1=x2";
  
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
  
    head ing = "if x1=x2 test";
  
    if ( x1==x2 ) cout << " Ar rays are equal" << endl;
  
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
  
    t=timer_02.elapsed();
    head ing = "To tal time";
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    print_time(head ing , t);
    re turn(0);
}

31.5 Ex am ple 5 - com par ing ac cu mu late with ex plicit sum ma tion

#in clude <vec tor>
#in clude <chrono>
#in clude <ex e cu tion>
#in clude <nu meric>
#in clude <iostream>
#in clude <string>

us ing namespace std;

class timer
{
  pub lic:
    timer() : start_tim ing(hi_res_clock::now()) {}
    void re set()
    {
      start_tim ing = hi_res_clock::now();
    }
    dou ble elapsed() const
    {
       re turn(std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - start_tim ing).count());
    }
  pri vate:
    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
    typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
sec ond_;
    std::chrono::time_point<hi_res_clock> start_tim ing;

};

void print_time(const string & head ing , const dou ble & t)
{
// max head ing length of 30
  const int nb=30;
  int n;
  int i;
  int l;
  l = head ing.length();
  if ( l >= nb )
    cout << " Warn ing head ing too long. Re duce to less than 
30 char ac ters" << endl;
  n=nb-l;
  cout << head ing ;
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  for (i=1;i<n;i++)
    cout << " ";
  cout << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

int main()
{

  string head ing;

  const int n1 = 1024*1024;
  const int n2 =  512 -   32 ;
  const int n  = n1 * n2;

  int      i = 0 ;
  int      j = 0 ;

  int sum_1  = 0 ;
  int sum_2  = 0 ;

  dou ble t;
  timer timer_01;
  timer timer_02;

    head ing = "Pro gram starts";
    t=timer_01.elapsed();
    print_time( head ing , t);
  
    vec tor<int> x(n,1);
  
    head ing = "vec tor<int> x(n,1)";
  
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
  
    head ing = "Ex plicit sum ma tion";
  
    for (i=0;i<n;i++)
      sum_1 = sum_1 + x[i];
 
    t=timer_01.elapsed();

374 STL <vec tor> con tainer re vis ited

Chap ter 31 © Ian D Chivers



    print_time(head ing , t);
    timer_01.re set();
    cout << sum_1 << endl;

    head ing = "Sum via ac cu mu late";
  
    sum_2 = ac cu mu late(x.be gin(), x.end(), 0);
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
    cout << sum_2 << endl;

    t=timer_02.elapsed();
    head ing = "To tal time";
    print_time(head ing , t);
    re turn(0);
}

31.6 Ex am ple 6 - com par ing ac cu mu late with re duce par

#in clude <vec tor>
#in clude <chrono>
#in clude <ex e cu tion>
#in clude <nu meric>
#in clude <iostream>
#in clude <string>

us ing namespace std;

class timer
{
  pub lic:
    timer() : start_tim ing(hi_res_clock::now()) {}
    void re set()
    {
      start_tim ing = hi_res_clock::now();
    }
    dou ble elapsed() const
    {
       re turn(std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - start_tim ing).count());
    }
  pri vate:
    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
    typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
sec ond_;
    std::chrono::time_point<hi_res_clock> start_tim ing;

};
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void print_time(const string & head ing , const dou ble & t)
{
// max head ing length of 30
  const int nb=30;
  int n;
  int i;
  int l;
  l = head ing.length();
  if ( l >= nb )
    cout << " Warn ing head ing too long. Re duce to less than 
30 char ac ters" << endl;
  n=nb-l;
  cout << head ing ;
  for (i=1;i<n;i++)
    cout << " ";
  cout << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

int main()
{

  string head ing;

  const int n1 = 1024*1024;
  const int n2 =  512 -   32 ;
  const int n  = n1 * n2;

  int      i = 0 ;
  int      j = 0 ;
  int sum_1  = 0 ;
  int sum_2  = 0 ;

  dou ble t;
  timer timer_01;
  timer timer_02;

    head ing = "Pro gram starts";
    t=timer_01.elapsed();
    print_time( head ing , t);
  
    vec tor<int> x(n,1);
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    head ing = "vec tor<int> x(n,1)";
  
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
  
    head ing = "Sum via ac cu mu late";
  
    sum_1 = ac cu mu late(x.be gin(), x.end(), 0);
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
    cout << sum_1 << endl;
 
    head ing = "Sum via re duce par";
  
    sum_2 = re duce(std::ex e cu tion::par,x.be gin(), x.end(),
0);
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
    cout << sum_2 << endl;
  
    t=timer_02.elapsed();
    head ing = "To tal time";
    print_time(head ing , t);
    re turn(0);
}

31.7 Ex am ple 7 - com par ing ac cu mu late with re duce par_unseq

#in clude <vec tor>
#in clude <chrono>
#in clude <ex e cu tion>
#in clude <nu meric>
#in clude <iostream>
#in clude <string>

us ing namespace std;

class timer
{
  pub lic:
    timer() : start_tim ing(hi_res_clock::now()) {}
    void re set()
    {
      start_tim ing = hi_res_clock::now();
    }
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    dou ble elapsed() const
    {
       re turn(std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - start_tim ing).count());
    }
  pri vate:
    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
    typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
sec ond_;
    std::chrono::time_point<hi_res_clock> start_tim ing;

};

void print_time(const string & head ing , const dou ble & t)
{
// max head ing length of 30
  const int nb=30;
  int n;
  int i;
  int l;
  l = head ing.length();
  if ( l >= nb )
    cout << " Warn ing head ing too long. Re duce to less than 
30 char ac ters" << endl;
  n=nb-l;
  cout << head ing ;
  for (i=1;i<n;i++)
    cout << " ";
  cout << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

int main()
{

  string head ing;

  const int n1 = 1024*1024;
  const int n2 =  512 -   32 ;
  const int n  = n1 * n2;

  int      i = 0 ;
  int      j = 0 ;
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  int sum_1 = 0 ;
  int sum_2 = 0 ;

  dou ble t;
  timer timer_01;
  timer timer_02;

    head ing = "Pro gram starts";
    t=timer_01.elapsed();
    print_time( head ing , t);
  
    vec tor<int> x(n,1) ;
  
    head ing = "vec tor<int> x(n,1)";
  
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
  
    head ing = "Sum via ac cu mu late";
  
    sum_1 = ac cu mu late(x.be gin(), x.end(), 0);
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
    cout << sum_1 << endl;
 
    head ing = "Sum via re duce par_unseq";
  
    sum_2 = re duce(std::ex e cu tion::par_unseq,x.be gin(),
x.end(), 0);
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
    cout << sum_2 << endl;
  
    t=timer_02.elapsed();
    head ing = "To tal time";
    print_time(head ing , t);
    re turn(0);
}

31.8 Tim ing

Here are the tim ing runs on one sys tem, us ing the Microsoft com piler. 

It is the same sys tem as in the pre vi ous chap ter.

14:13:25 c:\doc u ment\cpp\ex am ples >  ch3101.exe
Pro gram starts                :   0.000003
As sign via    [] no ta tion     :   0.120319
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As sign via .at() no ta tion     :   0.146314
To tal time                    :   0.268697

14:13:26 c:\doc u ment\cpp\ex am ples >  ch3102.exe
Pro gram starts                :   0.000003
de fault_ran dom_en gine         :   3.316220
Sort                          :  16.963160
14   2147483619
To tal time                    :  20.283398

14:13:46 c:\doc u ment\cpp\ex am ples >  ch3103.exe
Pro gram starts                :   0.000003
de fault_ran dom_en gine         :   3.295523
User Quicksort                :  13.277165
14   2147483619
To tal time                    :  16.576828

14:14:03 c:\doc u ment\cpp\ex am ples >  ch3104.exe
Pro gram starts                :   0.000003
Cre ate x1(n)                  :   0.134364
Cre ate x2(n,1)                :   0.123427
Ar ray as sign ment x1=x2        :   0.082673
 Ar rays are equal
if x1=x2 test                 :   0.118622
To tal time                    :   0.465437

14:14:04 c:\doc u ment\cpp\ex am ples >  ch3105.exe
Pro gram starts                :   0.000003
vec tor<int> x(n,1)            :   0.261826
Ex plicit sum ma tion            :   0.078342
133169152
Sum via ac cu mu late            :   0.086183
133169152
To tal time                    :   0.431548

14:14:04 c:\doc u ment\cpp\ex am ples >  ch3106.exe
Pro gram starts                :   0.000003
vec tor<int> x(n,1)            :   0.254680
Sum via ac cu mu late            :   0.085119
133169152
Sum via re duce par            :   0.088654
133169152
To tal time                    :   0.433772

14:14:05 c:\doc u ment\cpp\ex am ples >  ch3107.exe
Pro gram starts                :   0.000003
vec tor<int> x(n,1)            :   0.256163
Sum via ac cu mu late            :   0.085230
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133169152
Sum via re duce par_unseq      :   0.086192
133169152
To tal time                    :   0.432392

Here is a ta ble com par ing the ex am ples in both chap ters on the same sys tem.

Microsoft Intel gnu

ch3001 <ar ray> ac cess [] 0.032305 0.031042 0.003619

ch3001 <ar ray> ac cess .at() 0.216606 0.325130 0.002188

ch3002 <ar ray> ran dom stl 4.507963 1.849209 20.622174

ch3002 <ar ray> sort stl 46.696916 50.081673 42.171786

ch3003 <ar ray> sort user quicksort 39.990338 42.253199 199.632775

ch3005 <ar ray> as sign fill() 0.090294 0.088947 0.780335

ch3005 <ar ray> sum ma tion Ex plicit 0.122843 0.131121 0.130653

ch3005 <ar ray> sum ma tion ac cu mu late 0.121791 0.131952 0.123320

ch3006 <ar ray> sum ma tion re duce par 0.050175 0.050963 0.162126

ch3007 <ar ray> sum ma tion re duce par unseq 0.051153 0.050836 0.123786

ch3101 <vec tor> ac cess [] 0.157825 0.169708 0.159345

ch2101 <vec tor> ac cess .at() 0.163861 0.233356 0.161872

ch3102 <vec tor> ran dom stl 4.963838 1.827162 19.159595

ch3102 <vec tor> sort stl 46.301625 50.296183 39.145441

ch3103 <vec tor> sort user quicksort 46.900258 48.302531 45.858977

ch3103 <vec tor> as sign con struc tor 0.361875 0.420625 1.547353

ch3105 <vec tor> sum ma tion Ex plicit 0.123607 0.141746 0.128522

ch3105 <vec tor> sum ma tion ac cu mu late 0.126304 0.124978 0.126203

ch3106 <vec tor> sum ma tion re duce par 0.051674 0.051083 0.149349

ch3107 <vec tor> sum ma tion re duce par unseq 0.051324 0.052053 0.122972

Try the ex am ples out on your sys tem.

STL <vec tor> con tainer re vis ited 381

© Ian D Chivers Chap ter 31



31.9 Vec tor sum mary

Vec tors al low con stant time in ser tions and de le tions at the end of the se quence. In sert ing or
de let ing el e ments in the mid dle of a vec tor re quires lin ear time. The per for mance of the
deque Class con tainer is su pe rior with re spect to in ser tions and de le tions at the be gin ning
and end of a se quence. The list Class con tainer is su pe rior with re spect to in ser tions and de -
le tions at any lo ca tion within a se quence. 

Vec tor re al lo ca tion oc curs when a mem ber func tion must in crease the se quence con tained in 
the vec tor ob ject be yond its cur rent stor age ca pac ity. Other in ser tions and era sures may al -
ter var i ous stor age ad dresses within the se quence. In all such cases, iterators or ref er ences
that point at al tered por tions of the se quence be come in valid. If no re al lo ca tion hap pens,
only iterators and ref er ences be fore the insertion/deletion point remain valid.

The vec tor<bool> Class is a full spe cial iza tion of the tem plate class vec tor for el e ments of
type bool with an al lo ca tor for the un der ly ing type used by the spe cial iza tion.

The vec tor<bool> ref er ence Class is a nested class whose ob jects are able to pro vide ref er -
ences to el e ments (sin gle bits) within a vec tor<bool> object.

The vec tor<bool> ref er ence Class is a nested class whose ob jects are able to pro vide ref er -
ences to el e ments (sin gle bits) within a vec tor<bool> object.

31.9.1 Mem bers

31.9.1.1 Con struc tors

vec tor Con structs a vec tor of a spe cific size or with el e ments of a spe cific

value or with a spe cific al lo ca tor or as a copy of some other vec tor.

31.9.1.2 Typedefs

al lo ca tor_type A type that rep re sents the al lo ca tor class for the vec tor ob ject.

const_iterator A type that pro vides a ran dom-ac cess iterator that can read a const el -

e ment in a vec tor.

const_pointer A type that pro vides a pointer to a const el e ment in a vec tor.

const_ref er ence A type that pro vides a ref er ence to a const el e ment stored in a vec tor

for read ing and per form ing const op er a tions.

const_re verse_iteratorA type that pro vides a ran dom-ac cess iterator that can read any const

el e ment in the vec tor.

dif fer ence_type A type that pro vides the dif fer ence be tween the ad dresses of two el e -

ments in a vec tor.

iterator A type that pro vides a ran dom-ac cess iterator that can read or mod ify 

any el e ment in a vec tor.

pointer A type that pro vides a pointer to an el e ment in a vec tor.

ref er ence A type that pro vides a ref er ence to an el e ment stored in a vec tor.

re verse_iterator A type that pro vides a ran dom-ac cess iterator that can read or mod ify 

any el e ment in a re versed vec tor.

size_type A type that counts the num ber of el e ments in a vec tor.

value_type A type that rep re sents the data type stored in a vec tor.

31.9.1.3 Mem ber Func tions

as sign Erases a vec tor and cop ies the spec i fied el e ments to the empty vec tor.
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at Re turns a ref er ence to the el e ment at a spec i fied lo ca tion in the vec -

tor.

back Re turns a ref er ence to the last el e ment of the vec tor.

be gin Re turns a ran dom-ac cess iterator to the first el e ment in the vec tor.

ca pac ity Re turns the num ber of el e ments that the vec tor could con tain with out

al lo cat ing more stor age.

cbegin Re turns a ran dom-ac cess const iterator to the first el e ment in the vec -

tor.

cend Re turns a ran dom-ac cess const iterator that points just be yond the end 

of the vec tor.

crbegin Re turns a const iterator to the first el e ment in a re versed vec tor.

crend Re turns a const iterator to the end of a re versed vec tor.

clear Erases the el e ments of the vec tor.

data Re turns a pointer to the first el e ment in the vec tor.

emplace In serts an el e ment con structed in place into the vec tor at a spec i fied
po si tion.

emplace_back Adds an el e ment con structed in place to the end of the vec tor.

empty Tests if the vec tor con tainer is empty.

end Re turns a ran dom-ac cess iterator that points to the end of the vec tor.

erase Re moves an el e ment or a range of el e ments in a vec tor from spec i fied 

po si tions.

front Re turns a ref er ence to the first el e ment in a vec tor.

get_al lo ca tor Re turns an ob ject to the al lo ca tor class used by a vec tor.

in sert In serts an el e ment or a num ber of el e ments into the vec tor at a spec i -

fied po si tion.

max_size Re turns the max i mum length of the vec tor.

pop_back De letes the el e ment at the end of the vec tor.

push_back Add an el e ment to the end of the vec tor.

rbegin Re turns an iterator to the first el e ment in a re versed vec tor.

rend Re turns an iterator to the end of a re versed vec tor.

re serve Re serves a min i mum length of stor age for a vec tor ob ject.

resize Spec i fies a new size for a vec tor.

shrink_to_fit Dis cards ex cess ca pac ity.

size Re turns the num ber of el e ments in the vec tor.

swap Ex changes the el e ments of two vec tors.

31.9.1.4 Op er a tors

op er a tor[] Re turns a ref er ence to the vec tor el e ment at a spec i fied po si tion.

op er a tor= Re places the el e ments of the vec tor with a copy of an other vec tor.
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31.10Key Con cepts

31.10.1 Ar ray and Vec tor Data Types

          ar ray          vec tor
Dec la ra tion    float x(10);   vec tor<float>

                         x(10);
Us age          x[i];          x[i];;

                         x.at(i);
Size           See note       x.size();
Sub script
Check ing       no             yes
Vec tors should nor mally be used in pref er ence to C style ar rays.

31.11Prob lems

1. Visit the fol low ing site.

http://www.metoffice.gov.uk/cli mate/uk/stationdata/

Choose a lo ca tion.

Then choose a year.

Cut and paste a years data into a file.

Us ing the vec tor rain fall ex am ple as a start ing point read the rain fall data from this file and
cal cu late the sum and av er age of the rain fall.

Hint - read the whole line into a string and one of the meth ods of the string class to ac cess
the data you want. 

2. Write a pro gram that reads in a per son’s weight and a per son’s name. Try a vector of size 
10 in the first in stance. Use strings for the peo ples names.  Print out a ta ble link ing a per -
son’s name and weight.

3. Mod ify the pro gram that cal cu lates the to tal and av er age of peo ple’s weights to ad di tion -
ally read in their heights and cal cu late the to tal and av er age of their height. Use the data
given be low. This has been taken from a group of first year un der grad u ates.

1.85    85
1.80    76
1.85    85
1.70    90
1.75    69
1.67    83
1.55    64
1.63    57
1.79    65
1.78    76

Your body mass in dex is given by your weight di vided by your height squared ( all met ric
measurements). Cal cu late the BMI for each per son. 

Grades of obe sity ac cord ing to Garrow as fol lows:
            Grade 0 (de sir able) 20–24.9

            Grade 1 (over weight) 25–29.9
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            Grade 2 (obese) 30–40

            Grad 3 (mor bidly obese) >40

            Ideal BMI range, 

            Men, Range 20.1 – 25 kg/m2

            Women, Range 18.7 – 23.8 kg/m2

When work ing on ei ther a Unix sys tem or a PC in a DOS box it is pos si ble to use the fol -
low ing char ac ters to en able you to read data from a file or write out put to a file when run -
ning your pro gram.
            Char ac ter                     Mean ing

            <                                  read from file

            >                                  write to file

On a typ i cal Unix sys tem we could use:

a.out < data.dat > re sults.txt

to read the data from the file called data.dat and write the out put to a file called re sults.txt.

On a PC in a DOS box the equiv a lent would be:

pro gram.exe < data.dat > re sults.txt

This is a quick and dirty way of de vel op ing pro grams that do sim ple I/O, and we don’t
have to keep typ ing in the data and we also have a re cord of the be hav iour of the pro gram.

4. Mod ify the rain fall pro gram (which as sumes that the mea sure ment is in inches) to con -
vert the val ues to centi metres. One inch equals 2.54 centi metres. Print out the two sets of
val ues as a ta ble.

Hint: Use a sec ond ar ray to hold the met ric mea sure ments

5. Write a pro gram to ei ther read the fol low ing data val ues into a 3*3 vector or as sign us ing 
a tem po rary 2d ar ray.
            1          2          3

            4          5          6

            7          8          9

Pro duce to tals for each row and col umn. The out put should be
            1          2          3          6

            4          5          6          15

            7          8          9          24

            12        15        18

There are a va ri ety of ways of set ting up the vari ables to do this.

· One would to use 3 vari ables for the row sums, say r1,r2,r2, and an other 3 vari -

ables for the col umn sums, say c1,c2,c3.
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· A sec ond would be to use 2 one di men sional vectors rsum[3], csum[3]

There are a va ri ety of ways of ac tu ally sum ming also. 

· Hard code r1 as the sum of three ar ray ref er ences for the first row

· us ing loops for r over the vector x for the first row

For small scale prob lems you can get away with the hard coded ap proach. It does not scale
very well though!
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32 C style arrays revisited
32.1 Introduction

In this chap ter we look at a few more leg acy C style ar ray ex am ples. This chap ter will be of 
most in ter est to peo ple hav ing to work with code that orig i nated as C source..

32.2 Ex am ple 1 - us ing new with arrays

Here is the source.

#in clude <iostream>
us ing namespace std;

int main()

{

  int n = 1024 * 1024 * 1024;

  dou ble * x      = new dou ble[n];

  dou ble sum = 0.0;

  for (int i = 0; i < n; i++)

  {

    x[i] = 1.0;

    sum += x[i];

  }

  cout << " sum = " ;

  cout.width(16);

  cout.pre ci sion(2);

  cout.setf(ios::right);

  cout.setf(ios::showpoint);

  cout.setf(ios::fixed);

  cout << sum << endl;

  cout << "       1,073,741,824.00" << endl;

  re turn(0);

}

We can de clare vari ables as point ers and use an ar ray no ta tion.

We can over come some of the the size lim i ta tions on stat i cally al lo cated ar rays.

Run this ex am ple.

32.3 Ex am ple 2 - pass ing dy namic 2 d ar rays as pa ram e ters

Here is the source.

#in clude <iostream>
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us ing namespace std;

void initalise(int* a, int nr, int nc);
int sum(int* a, int nr, int nc);
void printdata(int* a, int nr, int nc);

void initalise(int* a, int nr, int nc)
{
  for (int r = 0; r < nr; ++r)
    for (int c = 0; c < nc; ++c)
      *(a + nc * r + c) = (r*nc) +c +1;
  re turn;
}

int sum(int* a, int nr, int nc)
{
  int s = 0;
  for (int r = 0; r < nr; ++r)
    for (int c = 0; c < nc; ++c)
      s += *(a + nc * r + c);
  re turn(s);
}

void printdata(int* a, int nr, int nc)
{
  for (int r = 0; r < nr; ++r)
  {
    for (int c = 0; c < nc; ++c)
    {
      cout << " " << *(a + nc * r + c) << " ";
    }
    cout << endl;
  }
  re turn;
}

int main()
{
  int nr = 2;
  int nc = 3;

  int r;
  int c;

  int* a_ptr = new int[nr*nc];

  int s = 0;
  initalise(a_ptr, nr, nc);
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  s = sum(a_ptr, nr, nc);
  printdata(a_ptr, nr, nc);
  cout << " sum is " << s << endl;
  re turn(0);
}

The key part is the syn tax be low

*(a + nc * r + c)

which pro vides ac cess to the lin ear mem ory as a two d ar ray.

Com pile and run the pro gram.

32.4 Prob lems

1. Com pile and run the ex am ples.
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33 STL list container
This chap ter looks at the list con tainer.

33.1 Ex am ple 1 - sim ple list usage

Here is an ex am ple that reads in an un known num ber of in te ger val ues into a list and then
cop ies them to a vec tor.

#in clude <vec tor>
#in clude <al go rithm>
#in clude <chrono>
#in clude <climits>
#in clude <cstdlib>
#in clude <iostream>
#in clude <fstream>
#in clude <list>
#in clude <ran dom>
#in clude <string>

us ing namespace std;

class timer
{
  pub lic:
    timer() : start_tim ing(hi_res_clock::now()) {}
    void re set()
    {
      start_tim ing = hi_res_clock::now();
    }
    dou ble elapsed() const
    {
       re turn(std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - start_tim ing).count());
    }
  pri vate:
    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
    typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
sec ond_;
    std::chrono::time_point<hi_res_clock> start_tim ing;

};

void print_time(const string & head ing , const dou ble & t)
{
// Right jus ti fies to col umn 30
  const int nb=30;
  int n;
  int i;
  int l;
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  l = head ing.length();
  if ( l >= nb )
    cout << " Warn ing head ing too long. Re duce to less than 
30 char ac ters" << endl;
  n=nb-l;
  cout << head ing ;
  for (i=1;i<n;i++)
    cout << " ";
  cout << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

int main()
{
  string head ing;

  int n=0;
  int temp=0;

  dou ble t;

  timer timer_01;
  timer timer_02;

  string   in put_file_name = "ran dom_in te gers.txt";
  ifstream in put_file(in put_file_name);

  list< int > in put_list;

  head ing = "Pro gram starts";

  t=timer_01.elapsed();
  print_time( head ing , t);

  for (;;)
  {
    in put_file >> temp;
    if (in put_file.eof()) break;
    in put_list.push_back( temp );
    n++;
  }

  cout << "End of file reached" << endl;
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  cout << n << " items read " << endl;
  in put_file.close();

  head ing="List cre ated";

  t=timer_01.elapsed();
  print_time(head ing , t);
  timer_01.re set();

  head ing = "Copy to vec tor";

  vec tor<int> x(n);
  int i=0;
  list<int>::iterator it;

  for (it=in put_list.be gin(); it != in put_list.end(); ++it)
  {
     x[i]=*it;
     i++;
  }

  t=timer_01.elapsed();
  print_time(head ing , t);

  cout << x[0] << "   " << x[n-1] << endl;

  t=timer_02.elapsed();
  head ing = "To tal time";
  print_time(head ing , t);
  re turn(0);
}

Here is the out put.

Pro gram starts                :   0.000112
End of file reached
1048576 items read 
List cre ated                  :   1.326324
Copy to vec tor                :   0.006136
1351727966   1092562785
To tal time                    :   1.332601

33.2 Prob lems
1. Com pile and run the list ex am ple.
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34 STL set container
This chap ter looks at the set con tainer class.

34.1 Ex am ple 1 - sim ple set usage

In math e mat ics sets are un or dered and have no du pli cates.

In this ex am ple we cre ate a set of words in the Eng lish lan guage. There are 375,086 words
in this file.

#in clude <iostream>
#in clude <fstream>
#in clude <set>
#in clude <string>
#in clude <cassert>
#in clude <chrono>
#in clude <cstdlib>

us ing namespace std;

class timer
{
pub lic:
  timer() : start_tim ing(hi_res_clock::now()) {}
  void re set()
  {
    start_tim ing = hi_res_clock::now();
  }
  dou ble elapsed() const
  {
    re turn(std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - start_tim ing).count());
  }
pri vate:
  typedef std::chrono::high_res o lu tion_clock hi_res_clock;
  typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
    sec ond_;
  std::chrono::time_point<hi_res_clock> start_tim ing;
};

void print_time(const string & head ing, const dou ble & t)
{
  cout << head ing << " : ";
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}
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us ing namespace std;
int main()
{
  string head ing;
  const int nwords = 375086;
  typedef std::set<string> words;
  words dic tio nary;
  string word;

  dou ble t;
  timer timer_01;
  timer timer_02;
  head ing = "\nProgram starts";
  t = timer_01.elapsed();
  print_time(head ing, t);

  string file_name = "words";
  ifstream in put_file(file_name);
  if (!in put_file)
  {
    cerr << " Er ror in open ing the file" << endl;
    cerr << " Ex pect ing to find a file called \"words\" "
            << endl;
    exit(EXIT_FAIL URE);
  }
  string line;
  words::iterator j;
  for (int i = 1; i < nwords; ++i)
  {
    getline(in put_file,line);
    word = line;
    dic tio nary.in sert(word);
  }

  head ing = "\n Read \n";

  t = timer_01.elapsed();
  print_time(head ing, t);
  timer_01.re set();
  cout << "Type in a word ";
  cin >> word;
  t = timer_01.elapsed();
  head ing="\n User in put\n";
  print_time(head ing, t);
  timer_01.re set();
  j = dic tio nary.find(word);
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  if (j != dic tio nary.end())
    cout << " Word " << word << " in dic tio nary " << endl;
  else
    cout << " word not found " << endl;
  head ing="\n Dic tio nary lookup\n";
  t = timer_01.elapsed();
  print_time(head ing, t);
  timer_01.re set();
  re turn(0);
}

In C++ the set is or dered. Here is some tim ing.

Pro gram starts :   0.000003

 Read
 :   0.537066
Type in a word asbo

 User in put
 :   2.811711
 word not found

 Dic tio nary lookup
 :   0.001061

And both the read and look up time are very short.

34.2 Ex am ple 2 - C and C++ key word look up

This ex am ple tests to see if the key word is in C and C++. Hre is the source.

#in clude <iostream>
#in clude <fstream>
#in clude <set>
#in clude <string>
#in clude <cassert>
#in clude <chrono>
#in clude <cstdlib>

us ing namespace std;

us ing namespace std;
int main()
{
  const int n_cxx = 61 ;
  const int n_c   = 32 ;

  typedef std::set<string> cxx_words;
  cxx_words cxx_keywords;
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  typedef std::set<string> c_words;
  c_words c_keywords;

  string word;

  string file_name1 = "cxx_words.txt";
  ifstream in put_file1(file_name1);
  if (!in put_file1)
  {
    cerr << " Er ror in open ing the cxx key word file" <<
endl;
    exit(EXIT_FAIL URE);
  }

  string line;
  cxx_words::iterator j;

  for (int i = 1; i < n_cxx; ++i)
  {
    getline(in put_file1,line);
    word = line;
    cxx_keywords.in sert(word);
  }

  string file_name2 = "c_words.txt";
  ifstream in put_file2(file_name2);
  if (!in put_file2)
  {
    cerr << " Er ror in open ing the c key word file" << endl;
    exit(EXIT_FAIL URE);
  }

  for (int i = 1; i < n_c; ++i)
  {
    getline(in put_file2,line);
    word = line;
    c_keywords.in sert(word);
  }

  cout << "Type in a key word ";
  cin >> word;

  j = cxx_keywords.find(word);

  if (j != cxx_keywords.end())
    cout << " key word " << word << " in C++ " << endl;
  else
    cout << " key word not in C++ " << endl;
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  j = c_keywords.find(word);

  if (j != c_keywords.end())
    cout << " key word " << word << " in C " << endl;
  else
    cout << " key word not in C " << endl;

  re turn(0);
}

34.3 Prob lems

1. Run the first set ex am ple. What hap pens if you type in a word with up per case char ac -
ters? How long be fore the prompt is printed?

2. Com pile and run the sec ond ex am ple. Are the C and C++ key word files up to date?
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35 STL map container
This chap ter looks at the map con tainer.

35.1 Ex am ple 1 - sim ple Map syntax

This ex am ple uses a first name and an ad dress.

#in clude <iostream>
#in clude <map>
#in clude <string>
us ing namespace std;

int main()
{

typedef map<string,string> NameAddress;

NameAddress NamesAddresses;

NamesAddresses["Ian"] = 
"21 Winterwell Road, Brixton, Lon don, SW2 5JB";
NamesAddresses["Joan"] = 
"21 Winterwell Road, Brixton, Lon don, SW2 5JB";
NamesAddresses["Mar tin"] = 
"21 Winterwell Road, Brixton, Lon don, SW2 5JB";
NamesAddresses["Jenny"] = 
"21 Winterwell Road, Brixton, Lon don, SW2 5JB";
NamesAddresses["Thea"] = 
"7 Winterwell Road, Brixton, Lon don";
NamesAddresses["Jack"] = 
"116 Branksome Road, Brixton, Lon don";

NameAddress::iterator i;

 for (i=NamesAddresses.be gin();
    i!=NamesAddresses.end();
    ++i)
 {
 cout << i->first ;
 cout << " lives at \t" ;
 cout << i->sec ond ;
 cout << endl;
 }

 re turn(0);

}
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35.2 Sum mary

The map is a very use ful con tainer, as this ex am ple shows.

35.3 Prob lems
1. Run the map ex am ple. What do you no tice about the out put?

2. Mod ify the map ex am ple to read the name and ad dress data from a file.
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36 Parallel programming with OpenMP
The main site is

http://openmp.org/wp/

and this site has de tails about the var i ous specifications

http://openmp.org/wp/openmp-spec i fi ca tions/

We rec om mend down loading the documentation if you are go ing to do OpenMP pro gram -
ming. You should visit

http://openmp.org/wp/openmp-com pil ers/

to see an up to date list of what com pil ers sup port the OpenMP spec i fi ca tion, and at what
level.

The OpenMP site has a range of re sources avail able, check out

http://openmp.org/wp/re sources

for more in for ma tion.

We've run the ex am ples in this chap ter with one or more of the fol low ing com pil ers

· Microsoft C++: cl

· gnu g++ - Linux and Win dows: g++

· Intel Win dows: icl

· Intel linux: icpc

· Sun Or a cle CC - SuSe Linux: sunCC

36.1 OpenMP mem ory model

OpenMP is a shared mem ory pro gram ming model. It has sev eral fea tures in clud ing

· All threads have ac cess to the same shared mem ory

· Data can be shared or pri vate

· Data trans fer is trans par ent to the pro gram mer

· Syn chro ni za tion takes place and is gen er ally im plicit

We will look at a small num ber of ex am ples to high light some of the key fea tures. We pro -
vide a brief cov er age of some of the OpenMP glos sary to pro vide a ba sic back ground to
OpenMP.

· Thread ing Con cepts

· Thread -  An ex e cu tion en tity with a stack and as so ci ated

static mem ory, called threadprivate mem ory.

· OpenMP thread - A thread that is man aged by the

OpenMP runtime sys tem.

· Thread-safe rou tine -  A rou tine that per forms the in tended 

func tion even when ex e cuted con cur rently (by more than

one thread). 

· OpenMP lan guage ter mi nol ogy
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· Struc tured block - For For tran, a block of ex e cut able state -

ments with a sin gle en try at the top and a sin gle exit at the 

bot tom.

· Loop di rec tive - An OpenMP ex e cut able di rec tive whose

as so ci ated user code must be a loop that is a struc tured

block. For For tran, only the do di rec tive and the op tional

end do di rec tive are loop di rec tives.

· Mas ter thread - The thread that en coun ters a par al lel con -

struct, cre ates a team, gen er ates a set of tasks, then ex e -

cutes one of those tasks as thread num ber 0.

· Worksharing con struct - A con struct that de fines units of

work, each of which is ex e cuted ex actly once by one of

the threads in the team ex e cut ing the con struct. For For -

tran, worksharing con structs are do, sec tions, sin gle and

workshare.

· Bar rier - A point in the ex e cu tion of a pro gram en coun -
tered by a team of threads, be yond which no thread in the

team may ex e cute un til all threads in the team have

reached the bar rier and all ex plicit tasks gen er ated by the

team have ex e cuted to com ple tion.

· Data Ter mi nol ogy

· Vari able - A named data ob ject, whose value can be de -

fined and re de fined dur ing the ex e cu tion of a pro gram.

Only an ob ject that is not part of an other ob ject is con sid -

ered a vari able. For ex am ple, ar ray el e ments, struc ture

com po nents, ar ray sec tions and substrings are not con sid -

ered vari ables.

· Pri vate vari able - With re spect to a given set of task re -

gions that bind to the same par al lel re gion, a vari able

whose name pro vides ac cess to a dif fer ent block of stor age 

for each task re gion.

· Shared vari able - With re spect to a given set of task re -

gions that bind to the same par al lel re gion, a vari able

whose name pro vides ac cess to the same block of stor age

for each task re gion.

· Ex e cu tion Model

· The OpenMP API uses the fork-join model of par al lel ex e -

cu tion. Mul ti ple threads of ex e cu tion per form tasks de -

fined im plic itly or ex plic itly by OpenMP di rec tives.

OpenMP is in tended to sup port pro grams that will ex e cute
cor rectly both as par al lel pro grams (mul ti ple threads of ex -

e cu tion and a full OpenMP sup port li brary) and as se quen -
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tial pro grams (di rec tives ig nored and a sim ple OpenMP

stubs li brary).

The above cov er age should be enough to get started with OpenMP and un der stand the ex -
am ples that fol low.

36.2 Ex am ple 1 - Hello world

This is the clas sic hello world pro gram.

#in clude <iostream>
#in clude <omp.h>
us ing namespace std;

int main()
{
  int nthreads;
  int thread_num ber;
  int i;

  nthreads = omp_get_max_threads();
  cout << " Num ber of threads = " <<  nthreads << endl;

#pragma omp par al lel for
  for (i=0;i<nthreads;i++)
  {
    cout << i <<  " Hello from thread " <<
omp_get_thread_num() << endl;
  }
  re turn(0);
}

Let us go through the pro gram one state ment at a time. 

#in clude <omp.h>

This use state ment makes avail able the OpenMP en vi ron ment. OpenMP state ments are
treated as com ments with out this state ment. 

  nthreads = omp_get_max_threads();
  cout << " Num ber of threads = " <<  nthreads << endl;

The first state ment sets the vari able nthread to the value re turned by the OpenMP func tion
omp_get_max_threads(). We then print out this value.

#pragma omp par al lel for

OpenMP directives in C and C++ start with #pragma and the char ac ters omp. 

The par al lel for words in di cate that the code that follows is a par al lel re gion con struct. In
this case a for loop. Con sult the OpenMP doc u men ta tion for more de tails. Here are some of 
the main con structs

· par al lel re gion

· work shar ing

· com bined par al lel work shar ing con structs
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· synchronisation con structs

· data en vi ron ment

We next have  the par al lel for.

  for (i=0;i<nthreads;i++)
  {
    cout << i <<  " Hello from thread " <<
       omp_get_thread_num() << endl;
  }

This loop prints out a mes sage from each thread show ing the thread num ber.

So at the start of the loop the OpenMP run time sys tem does a fork and cre ates mul ti ple
threads. At the end of the loop we have a join op er a tion and we are back to one thread of
ex e cu tion.

Here is the out put from an AMD sys tem with 6 cores.

C:\doc u ment\cpp>cl openmp01.cxx /openmp
Microsoft (R) C/C++ Op ti miz ing Com piler Ver sion 18.00.31101
for x86
Copy right (C) Microsoft Cor po ra tion.  All rights re served.

openmp01.cxx
C:\Pro gram Files (x86)\Microsoft Vi sual Stu dio 12.0\VC\IN -
CLUDE\xlocale(337) : wa
rning C4530: C++ ex cep tion han dler used, but un wind se man tics 
are not en abled. S
pecify /EHsc
Microsoft (R) In cre men tal Linker Ver sion 12.00.31101.0
Copy right (C) Microsoft Cor po ra tion.  All rights re served.

/out:openmp01.exe
openmp01.obj

C:\doc u ment\cpp>openmp01
 Num ber of threads = 6
0 Hello from thread 0
3 Hello from thread 3
2 Hello from thread 2
4 Hello from thread 4
1 Hello from thread 1
5 Hello from thread 5

Here is the out put from the Microsoft com piler on an Intel i7 sys tem.

  Num ber of threads =            8
  Hello from thread            0
  Hello from thread            4
  Hello from thread            2
  Hello from thread            3
  Hello from thread            1
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  Hello from thread            7
  Hello from thread            6
  Hello from thread            5

These Intel sys tems have four real cores and each core sup ports hy per thread ing in Intel ter -
mi nol ogy. So the OpenMP sys tem sees eight threads.

Here is the out put from the g++  com piler on the same sys tem.

  Num ber of threads =            8
  Hello from thread            1
  Hello from thread            3
  Hello from thread            2
  Hello from thread            4
  Hello from thread            5
  Hello from thread            6
  Hello from thread            0
  Hello from thread            7

The out put is very sim i lar, as one would ex pect.

With the Microsoft com piler un der Win dows all you need to do is com pile with the
/openmp op tion and there is no need to set the OMP_NUM_THREADS en vi ron ment vari -
able.

36.3 Ex am ple 2 - Hello world us ing de fault vari able data scoping

This is a sim ple vari a tion on the first ex am ple. At first sight it ap pears to be iden ti cal in ef -
fect to ex am ple one.

#in clude <iostream>
#in clude <omp.h>
us ing namespace std;

int main()
{
  int nthreads;
  int thread_num ber;
  int i;

  nthreads = omp_get_max_threads();
  cout << " Num ber of threads = " <<  nthreads << endl;

#pragma omp par al lel for 
  for (i=0;i<nthreads;i++)
  {
    thread_num ber = omp_get_thread_num(); 
    cout << i <<  " Hello from thread " << thread_num ber << 
endl;
  }
  re turn(0);
}
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How ever we have in tro duced a vari able thread_num ber and are us ing the OpenMP de fault
data scoping rules, i.e. we have said noth ing. Here is the out put from the Microsoft com -
piler.

D:\doc u ment\cpp\ian>openmp02
 Num ber of threads = 8
4 Hello from thread 7
3 Hello from thread 7
7 Hello from thread 7
5 Hello from thread 7
1 Hello from thread 7
6 Hello from thread 7
0 Hello from thread 7
2 Hello from thread 7

Here is the out put from the gfortran com piler.

$ ./a.exe
  Num ber of threads =            8
  Hello from thread            6
  Hello from thread            7
  Hello from thread            7
  Hello from thread            7
  Hello from thread            7
  Hello from thread            7
  Hello from thread            7
  Hello from thread            7

Now some thing ap pears to be not quite right! The de fault vari able scoping rules mean that
the vari able thread_num ber is avail able to all threads - in OpenMP ter mi nol ogy it is
shared. The op po site of shared is pri vate and each thread has their own copy. Ex am ple 3
cor rects this prob lem.

36.4 Ex am ple 3 - Hello world with pri vate thread_num ber vari able

#in clude <iostream>
#in clude <omp.h>
us ing namespace std;

int main()
{
  int nthreads;
  int thread_num ber;
  int i;

  nthreads = omp_get_max_threads();
  cout << " Num ber of threads = " <<  nthreads << endl;

#pragma omp par al lel for pri vate(thread_num ber)
  for (i=0;i<nthreads;i++)
  {
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    thread_num ber = omp_get_thread_num(); 
    cout << i <<  " Hello from thread " << thread_num ber << 
endl;
  }
  re turn(0);
}

Here is the out put from the Microsoft com piler.

$ ./a.exe
  Num ber of threads =            8
  Hello from thread            2
  Hello from thread            1
  Hello from thread            4
  Hello from thread            3
  Hello from thread            0
  Hello from thread            6
  Hello from thread            5
  Hello from thread            7

Care must be taken with vari ables in OpenMP to en sure they have the cor rect data scoping
state.

36.5 Ex am ple 4 - Par al lel so lu tion for pi cal cu la tion

This is an OpenMP par al lel im ple men ta tion of an integration prob lem. A com plete cov er age 
of the prob lem and with so lu tions us ing For tran and MPI, For tran and OpenMP and
Coarray For tran can be found in Chivers and Sleightholme, In tro duc tion to Pro gram ming
with For tran, Springer Verlag, 2012. Our web site is

http://www.fortranplus.co.uk

where the source code can be found as well. The fol low ing intergral
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The cal cu la tion in volves cal cu lat ing the area un der a curve. Here is a plot.

Here is the C++ and OpenMP so lu tion to the prob lem.

#in clude <chrono>
us ing namespace std;
class timer
{

  pub lic:

    timer() : start_tim ing(hi_res_clock::now()) {}

    void re set() 
    { 
      start_tim ing = hi_res_clock::now(); 
    }

    dou ble elapsed() const 
    {
      dou ble temp;
      temp = std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - start_tim ing).count();
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      re turn(temp);
    }

    dou ble time_dif fer ence() const 
    {
      dou ble temp;
      temp = std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - last_time).count();
      re turn(temp); 
    }

  pri vate:

    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
    typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
sec ond_;
    std::chrono::time_point<hi_res_clock> start_tim ing;
    std::chrono::time_point<hi_res_clock> last_time;
};

#in clude <iostream>
#in clude <cmath>
#in clude <string>
#in clude <omp.h>
us ing namespace std;

void tidy_print()
{
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(25);
  cout.pre ci sion(16);
}

void print_sum mary(const int & n,const dou ble & d,const dou -
ble & real_pi)
{
  cout << "                               n = " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(15);
  cout << n << endl;

  tidy_print();
  cout << d <<  endl;
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  tidy_print();
  cout << real_pi ;

  tidy_print();
  cout << (abs(real_pi-d)) << endl;
}

void print_time(const string & head ing , const dou ble & t)
{
  cout << head ing << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

inline dou ble f(dou ble x)
{
  dou ble f;
  f = 4.0/(1.0+x*x);
  re turn(f);
}

int main()
{
  dou ble cplusplus_in ter nal_pi;
  dou ble par tial_pi;
  dou ble openmp_pi;
  dou ble width;
  dou ble x;
  int nthreads;
  int i;
  int j;
  int k;
  int n;

  dou ble t1,t2;
  timer timer_01;
  timer timer_02;
  string head ing;

  nthreads = omp_get_max_threads();
  cplusplus_in ter nal_pi = 4.0*atan(1.0);
  cout << " Max i mum num ber of threads is " << nthreads <<
endl;
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  head ing = "\nProgram starts";
  t1=timer_01.elapsed();
  t2=timer_02.elapsed();
  print_time( head ing , t1);

  head ing = " Time = ";

  k = 1;
  for(;;)
  {
    n = 100000;
    omp_set_num_threads(k);
    cout << "***********************" << endl;
    cout << " Num ber of threads = " << k << endl;
    cout << "***********************" << endl;

    for (j = 1;j<= 5;j++)
    {
      width = 1.0/n;
      par tial_pi = 0.0;

#pragma omp par al lel for pri vate(x) shared(width) re duc -
tion(+:par tial_pi) 

      for(i = 1;i<= n;i++)
      {
        x = width*(dou ble(i)-0.5);
        par tial_pi = par tial_pi + f(x);
      }

      openmp_pi = width*par tial_pi;
      t1=timer_01.elapsed(); 
      print_sum mary(n,openmp_pi,cplusplus_in ter nal_pi);
      print_time(head ing,t1);
      timer_01.re set();
      n = n*10;

    }

    k = k*2;

    if (k>nthreads) goto fin ish;

  }

  fin ish:cout << " Pro gram ends" << endl;
  t2=timer_02.elapsed();
  head ing = " To tal time" ;
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  print_time(head ing,t2);

  re turn(0);
}

Here is the out put from the Microsoft com piler.

 Max i mum num ber of threads is 8

Pro gram starts :   0.000000
***********************
 Num ber of threads = 1
***********************
                               n =          100000
       3.1415926535981615
       3.1415926535897931       0.0000000000083684
 Time =  :   0.015624
                               n =         1000000
       3.1415926535897643
       3.1415926535897931       0.0000000000000289
 Time =  :   0.015625
                               n =        10000000
       3.1415926535897309
       3.1415926535897931       0.0000000000000622
 Time =  :   0.250000
                               n =       100000000
       3.1415926535904264
       3.1415926535897931       0.0000000000006333
 Time =  :   2.437600
                               n =      1000000000
       3.1415926535899708
       3.1415926535897931       0.0000000000001776
 Time =  :  24.360477
***********************
 Num ber of threads = 2
***********************
                               n =          100000
       3.1415926535981464
       3.1415926535897931       0.0000000000083533
 Time =  :   0.000000
                               n =         1000000
       3.1415926535898993
       3.1415926535897931       0.0000000000001061
 Time =  :   0.000000
                               n =        10000000
       3.1415926535899228
       3.1415926535897931       0.0000000000001297
 Time =  :   0.125000
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                               n =       100000000
       3.1415926535899099
       3.1415926535897931       0.0000000000001168
 Time =  :   1.218792
                               n =      1000000000
       3.1415926535899010
       3.1415926535897931       0.0000000000001079
 Time =  :  12.188024
***********************
 Num ber of threads = 4
***********************
                               n =          100000
       3.1415926535981269
       3.1415926535897931       0.0000000000083338
 Time =  :   0.000000
                               n =         1000000
       3.1415926535898757
       3.1415926535897931       0.0000000000000826
 Time =  :   0.000000
                               n =        10000000
       3.1415926535896697
       3.1415926535897931       0.0000000000001235
 Time =  :   0.062499
                               n =       100000000
       3.1415926535896825
       3.1415926535897931       0.0000000000001106
 Time =  :   0.609436
                               n =      1000000000
       3.1415926535898211
       3.1415926535897931       0.0000000000000280
 Time =  :   6.109655
***********************
 Num ber of threads = 8
***********************
                               n =          100000
       3.1415926535981251
       3.1415926535897931       0.0000000000083320
 Time =  :   0.000000
                               n =         1000000
       3.1415926535898713
       3.1415926535897931       0.0000000000000782
 Time =  :   0.000000
                               n =        10000000
       3.1415926535898033
       3.1415926535897931       0.0000000000000102
 Time =  :   0.046873
                               n =       100000000
       3.1415926535898149
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       3.1415926535897931       0.0000000000000218
 Time =  :   0.328126
                               n =      1000000000
       3.1415926535897687
       3.1415926535897931       0.0000000000000244
 Time =  :   3.140630
 Pro gram ends
 To tal time :  50.908363

With one thread we have a se rial so lu tion. With 8 threads we get a so lu tion in ap prox i -
mately 1/8 of the time - quite im pres sive!

36.6 Ex am ple 5 - Par al lel ar ray el e ment sum ma tion

In this ex am ple we look at parallelising the sum ma tion of the el e ments in an ar ray.

#in clude <chrono>
us ing namespace std;
class timer
{

  pub lic:

    timer() : start_tim ing(hi_res_clock::now()) {}

    void re set()
    {
      start_tim ing = hi_res_clock::now();
    }

    dou ble elapsed() const
    {
      dou ble temp;
      temp = std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - start_tim ing).count();
      re turn(temp);
    }

    dou ble time_dif fer ence() const
    {
      dou ble temp;
      temp = std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - last_time).count();
      re turn(temp);
    }

  pri vate:

    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
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    typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
sec ond_;
    std::chrono::time_point<hi_res_clock> start_tim ing;
    std::chrono::time_point<hi_res_clock> last_time;
};

#in clude <iostream>
#in clude <cmath>
#in clude <string>
#in clude <omp.h>
us ing namespace std;

void print_time(const string & head ing , const dou ble & t)
{
  cout << head ing << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

int main()
{
  dou ble openmp_sum;
  dou ble real_sum;
  dou ble * x;
  int nthreads;
  int i;
  int j;
  int k;
  int l;

  int one_mb =       1024 * 1024;
  int n      = 255 * one_mb;

  dou ble t1,t2;
  timer timer_01;
  timer timer_02;
  string head ing;

  nthreads = omp_get_max_threads();
  cout << " Max i mum num ber of threads is " << nthreads <<
endl;
  head ing = "\nProgram starts";
  t1=timer_01.elapsed();
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  t2=timer_02.elapsed();
  print_time( head ing , t1);

  k = 1;
  x = new dou ble[n];
  real_sum=n*1.0;

  for(i=0;i<nthreads;i++)
  {
    omp_set_num_threads(k);
    openmp_sum=0.0;
    cout << "***********************" << endl;
    cout << " Num ber of threads = " << k << endl;
    cout << "***********************" << endl;

#pragma omp par al lel for pri vate(j) shared(n) shared(x)
    for(j = 0;j< n;j++)
    {
      x[j]=1.0;
    }

    t1=timer_01.elapsed();
    head ing = "In itial is ation";
    print_time(head ing,t1);
    timer_01.re set();

#pragma omp par al lel for pri vate(l) shared(n) shared(x) re -
duc tion(+:openmp_sum)
    for(l = 0;l< n;l++)
    {
      openmp_sum+=x[l];
    }

    t1=timer_01.elapsed();
    head ing = "Sum ma tion     ";
    print_time(head ing,t1);
    cout << real_sum << endl;
    cout << openmp_sum << endl;
    timer_01.re set();

    k=k+1;

  }

  cout << " Pro gram ends" << endl;
  t2=timer_02.elapsed();
  head ing = " To tal time" ;
  print_time(head ing,t2);
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  re turn(0);
}

Here is the out put from the Microsoft com piler on one plat form.

cl /EHsc /F 1073741824  /O2 /openmp /std:c++lat est 
ch3605.cxx /Fe:ch3605
Microsoft (R) C/C++ Op ti miz ing Com piler Ver sion 19.28.29335
for x64
Copy right (C) Microsoft Cor po ra tion.  All rights re served.

/std:c++lat est is pro vided as a pre view of lan guage fea tures 
from the lat est C++
work ing draft, and we're ea ger to hear about bugs and sug -
ges tions for im prove ments.
How ever, note that these fea tures are pro vided as-is with out 
sup port, and sub ject
to changes or re moval as the work ing draft evolves. See
https://go.microsoft.com/fwlink/?linkid=2045807 for de tails.

ch3605.cxx
Microsoft (R) In cre men tal Linker Ver sion 14.28.29335.0
Copy right (C) Microsoft Cor po ra tion.  All rights re served.

/stack:4294967295
/out:ch3605.exe
ch3605.obj

ch3605
 Max i mum num ber of threads is 6

Pro gram starts :   0.000678
***********************
 Num ber of threads = 1
***********************
In itial is ation :   0.957489
Sum ma tion      :   0.410896
267386880.000000
267386880.000000
***********************
 Num ber of threads = 2
***********************
In itial is ation :   0.355231
Sum ma tion      :   0.236510
267386880.000000
267386880.000000
***********************
 Num ber of threads = 3
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***********************
In itial is ation :   0.328315
Sum ma tion      :   0.183306
267386880.000000
267386880.000000
***********************
 Num ber of threads = 4
***********************
In itial is ation :   0.320781
Sum ma tion      :   0.163547
267386880.000000
267386880.000000
***********************
 Num ber of threads = 5
***********************
In itial is ation :   0.322932
Sum ma tion      :   0.154461
267386880.000000
267386880.000000
***********************
 Num ber of threads = 6
***********************
In itial is ation :   0.326538
Sum ma tion      :   0.149705
267386880.000000
267386880.000000
 Pro gram ends
 To tal time :   3.93824914:

The tim ing ben e fits are quite significant.

36.7 Sum mary

This chap ter briefly in tro duced the es sen tials of OpenMP pro gram ming. We have also seen
the tim ing ben e fits that OpenMP pro gram ming can of fer in the so lu tion of some prob lems.

36.8 Prob lems

1. Com pile and run the ex am ples in this chap ter with your com piler and com pare the re -
sults.

36.9 Books

Here are a num ber of books. They have been taken from the openmp web site. 

· OpenMP Com mon Core: Mak ing OpenMP Sim ple Again – by Tim Mattson,

Helen He, Al ice Koniges (2019)

· Us ing OpenMP – The Next Step – by Ruud van der Pas, Eric Stotzer and Chris -

tian Terboven (2017)

· Us ing OpenMP – Por ta ble Shared Mem ory Par al lel Pro gram ming – by Chap -

man, Jost, and Van Der Pas (2007)

· Par al lel Pro gram ming in OpenMP – by Rohit Chandra et al.
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· Par al lel Pro gram ming in C with MPI and OpenMP – by Mi chael J. Quinn.

· Par al lel Pro gram ming Pat terns: Work ing with Concurrency in OpenMP, MPI,

Java, and OpenCL – by Tim o thy G. Mattson, Berna Massingill and Beverly

Sanders

· An In tro duc tion to Par al lel Pro gram ming with OpenMP, PThreads and MPI – by 

Rob ert Cook

· The In ter na tional Jour nal of Par al lel Pro gram ming – Is sues and ar ti cles de voted

to OpenMP

I rec om mend get ting them from abebooks.

https://www.abebooks.co.uk/servlet/SearchResults?sts=t&cm_sp=SearchF-_-home-_-Re -
sults&an=&tn=openmp+pro gram ming&kn=&isbn=.
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In al most ev ery com pu ta tion a great va ri ety of ar range ments for the suc ces sion of the pro -
cesses is pos si ble, and var i ous con sid er ations must in flu ence the se lec tions amongst them
for the pur poses of a cal cu lat ing en gine. One es sen tial ob ject is to choose that ar range ment
which shall tend to re duce to a min i mum the time nec es sary for com plet ing the cal cu la tion.

Ada Lovelace

37 Par al lel pro gram ming with MPI
The aims of this chap ter is to pro vide a short in tro duc tion to MPI pro gram ming. Doc u ments 
for the MPI stan dard are avail able from the MPI Fo rum. Their web ad dress is

http://www.mpi-fo rum.org

If you are go ing to do MPI pro gram ming we rec om mend get ting hold of the doc u ment that
re fers to your im ple men ta tion.

37.1 MPI Pro gram ming 

MPI pro gram ming typ i cally re quires two com po nents, a com piler and an MPI im ple men ta -
tion. Two com mon ways of do ing MPI pro gram ming are

· a clus ter or mul ti ple sys tems run ning MPI

· a sin gle sys tem run ning MPI

In both cases an MPI in stal la tion will nor mally pro vide an MPI dae mon or ser vice that can
then be called from an MPI pro gram.

37.2 Com piler and im ple men ta tion com bi na tion

A num ber of com mer cial com pa nies pro vide a com bined bun dle in clud ing

·  Cray

·  IBM

·  Intel

·  PGI

The Cray and IBM of fer ings will most likely be for a clus ter. Intel and PGI pro vide prod -
ucts for both clus ters and sin gle sys tems. You should check their sites for up to date in for -
ma tion.

37.3 In di vid ual im ple men ta tion

A low cost op tion is to get hold of an MPI im ple men ta tion that works with your ex ist ing
com piler, and in stall it your self on your own sys tem. The Intel MPI prod uct is avail able as
a free down load for eval u a tion pur poses. There are a num ber of free MPI im ple men ta tions,
and de tails are given be low for two of them.

37.3.1 MPICH2 

They are based at Argonne Na tional Lab o ra tory

http://www.mpich.org/

MPICH2 is dis trib uted as source (with an open-source, freely avail able li cense). It has been 
tested on sev eral plat forms, in clud ing Linux (on IA32 and x86-64), Mac OS/X (PowerPC
and Intel), Solaris (32- and 64-bit), and Win dows.
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37.3.2 Open MPI 

They can be found at

http://www.open-mpi.org/

They de velop Open MPI on Linux, OS X, Solaris (both 32 and 64 on all plat forms) and
Win dows (Win dows XP, Win dows HPC Server 2003/2008 and also Win dows 7 RC).

37.4 Com piler and MPI com bi na tions used

We have used a va ri ety of com pil ers and MPI com bi na tions, in clud ing

· Intel com piler + mpich2, Win dows

· Intel com piler + Intel MPI, Win dows

· gfortran + openmpi, openSuSe Linux

· gfortran + openmpi, ubuntu Linux

· Cray com piler, Hec tor Ser vice

· Cray com piler, Ar cher Ser vice

· PGI com piler, Hec tor Ser vice

· IBM com piler, Met Of fice Slovakia

We have n't tried out all of the ex am ples with all of the com piler and MPI im ple men ta tions.

37.5 The MPI mem ory model 

MPI is char ac ter ised gen er ally by dis trib uted mem ory and

·  All threads/pro cesses have ac cess to their own pri vate mem ory only

·  Data trans fer and most syn chro ni za tion has to be pro grammed ex plic itly

·  All data is pri vate

·  Data is shared ex plic itly by ex chang ing buff ers in MPI ter mi nol ogy

and in this chap ter we show the use of MPI on one sys tem.

37.6 Ex am ple 1 - hello world  

The first ex am ple is the clas sic hello world pro gram.

#in clude <iostream>
#in clude "mpi.h"

/*

int MPI_Init(int *argc     , char ***argv)
int MPI_COMM_SIZE(MPI_Comm , int *size)
int MPI_Comm_rank(MPI_Comm , int * rank)
int MPI_Fi nal ize()

*/

us ing namespace std;

int main()
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{
  int er ror_num ber;
  int this_pro cess_num ber;
  int num ber_of_pro cesses;

  MPI_Init(NULL,NULL);
  MPI_Comm_size(MPI_COMM_WORLD, &num ber_of_pro cesses);
  MPI_Comm_rank(MPI_COMM_WORLD, &this_pro cess_num ber);
  cout << " Hello from pro cess " << this_pro cess_num ber 
       << " of " << num ber_of_pro cesses << " pro cesses!" << 
endl;
  MPI_Fi nal ize();
  re turn(0);
}

Let us look at each state ment in turn.

#in clude "mpi.h"

With most mod ern MPI im ple men ta tions we can make avail able the MPI setup with an
include state ment. 

  MPI_Init(NULL,NULL);

This must be the first MPI rou tine called. It sets up the MPI en vi ron ment.

  MPI_Comm_size(MPI_COMM_WORLD, &num ber_of_pro cesses);

is typ i cally the sec ond MPI rou tine called. All MPI com mu ni ca tion is as so ci ated with a so
called com mu ni ca tor that de scribes the com mu ni ca tion context and an as so ci ated set of pro -
cesses.

In this sim ple ex am ple we use the de fault com mu ni ca tor. The num ber of pro cesses avail able 
is re turned via the sec ond ar gu ment. This means that the above pro gram is du pli cated on
each pro cess, i.e. num ber_of_pro cesses de ter mines how many cop ies are run ning.

  MPI_Comm_rank(MPI_COMM_WORLD, &this_pro cess_num ber);

The call above re turns the pro cess num ber for this pro cess or copy of the pro gram.

  cout << " Hello from pro cess " << this_pro cess_num ber 
       << " of " << num ber_of_pro cesses << " pro cesses!" << 
endl;

Each copy of the pro gram will print out this mes sage.

  MPI_Fi nal ize();

The call to mpi_fi nal ize is the last call to the MPI sys tem we need to make.

Here are some sam ple out put(s).

mpirun -n 6 ch3701.out
 Hello from pro cess 0 of 6 pro cesses!
 Hello from pro cess 1 of 6 pro cesses!
 Hello from pro cess 2 of 6 pro cesses!
 Hello from pro cess 3 of 6 pro cesses!
 Hello from pro cess 4 of 6 pro cesses!
 Hello from pro cess 5 of 6 pro cesses!
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37.7 Ex am ple 2 - test ing the MPI sta tus

This ex am ple is a vari ant of the above check ing the MPI er ror sta tus of each call.
#in clude <iostream>
#in clude "mpi.h"

us ing namespace std;

/*

int MPI_Init(int *argc     , char ***argv)
int MPI_COMM_SIZE(MPI_Comm , int *size)
int MPI_Comm_rank(MPI_Comm , int * rank)
int MPI_Fi nal ize()

*/

void check_mpi_er ror(int x)
{
  if (x!=0) 
  {
    cout << "Er ror in mpi call - pro gram ter mi nates " <<
endl;
    exit(1);
  }
}

us ing namespace std;

int main()
{
  int er ror_num ber        = 0;
  int this_pro cess_num ber = 0;
  int num ber_of_pro cesses = 0;

  er ror_num ber = MPI_Init(NULL,NULL);

  check_mpi_er ror(er ror_num ber);

  er ror_num ber = MPI_Comm_size(MPI_COMM_WORLD, &num -
ber_of_pro cesses);

  check_mpi_er ror(er ror_num ber);

  er ror_num ber = MPI_Comm_rank(MPI_COMM_WORLD, &this_pro -
cess_num ber);

  check_mpi_er ror(er ror_num ber);
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  cout << " Hello from pro cess " << this_pro cess_num ber 
       << " of " << num ber_of_pro cesses << " pro cesses!" << 
endl;

  er ror_num ber = MPI_Fi nal ize();

  check_mpi_er ror(er ror_num ber);

  re turn(0);
}

The sig na ture of the MPI calls re turns an er ror value. We test this in each call.

Here is some sam ple out put(s).

mpirun -n 6 ch3702.out
 Hello from pro cess 1 of 6 pro cesses!
 Hello from pro cess 2 of 6 pro cesses!
 Hello from pro cess 5 of 6 pro cesses!
 Hello from pro cess 3 of 6 pro cesses!
 Hello from pro cess 4 of 6 pro cesses!
 Hello from pro cess 0 of 6 pro cesses!

37.8 Ex am ple 3 - Hello World us ing send and re ceive

The fol low ing is a vari a tion of the above. In the first ex am ple we had no com mu ni ca tion
be tween pro cesses. Send ing and re ceiv ing of mes sages by pro cesses is the ba sic MPI com -
mu ni ca tion mech a nism. The ba sic point-to-point com mu ni ca tion op er a tions are send and re -
ceive. Their use is shown in the ex am ple be low. These are block ing send and re ceive op er a -
tions. A block ing send does not re turn un til the mes sage data and en ve lope have been safely 
stored away so that the sender is free to mod ify the send buffer. The mes sage might be cop -
ied di rectly into the match ing re ceive buffer, or it might be cop ied into a tem po rary sys tem
buffer.

In this ex am ple pro cess 0 is the mas ter pro cess and this com mu ni cates with ev ery other
pro cess or pro gram. 

#in clude <iostream>
#in clude "mpi.h"

us ing namespace std;

/*

int MPI_Send(const void *buf    , int count, MPI_Datatype
datatype, int dest   , int tag, MPI_Comm comm)   
    MPI_Send(this_pro cess_num ber, 1        , MPI_INT              
, 0          , 1      , MPI_COMM_WORLD);
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int MPI_Recv(      void *buf    , int count, MPI_Datatype
datatype, int source , int tag, MPI_Comm comm , MPI_Sta tus
*sta tus)
    MPI_Recv(this_pro cess_num ber, 1        , MPI_INT              
, i          , 1      , MPI_COMM_WORLD, sta tus)

*/

int main()
{

  int er ror_num ber;
  int this_pro cess_num ber;
  int num ber_of_pro cesses;
  MPI_Sta tus *sta tus;
  void * buf;

  int i;

  MPI_Init(NULL,NULL);
  MPI_Comm_size(MPI_COMM_WORLD, &num ber_of_pro cesses);
  MPI_Comm_rank(MPI_COMM_WORLD, &this_pro cess_num ber);

  if (this_pro cess_num ber==0)
  {
    cout << " Hello from pro cess " <<
              this_pro cess_num ber  <<
              " of "               << 
              num ber_of_pro cesses  << 
              " pro cesses."         << endl;
    for( i = 1 ; i < num ber_of_pro cesses ;i++)
    { 
      buf = &this_pro cess_num ber ;
      MPI_Recv(buf, 1, MPI_INT, i, 1, MPI_COMM_WORLD, sta -
tus);
      cout << " Hello from pro cess " <<
                this_pro cess_num ber  << 
                " of "               << 
                num ber_of_pro cesses  << 
                " pro cesses."         << endl;
    }
  }
  else
  {
    buf=&this_pro cess_num ber;
    MPI_Send(buf, 1, MPI_INT, 0, 1, MPI_COMM_WORLD);
  }
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  MPI_Fi nal ize();
  re turn(0);

}

Here are some sam ple out put(s).

mpirun -n 6 ch3703.out
 Hello from pro cess 0 of 6 pro cesses.
 Hello from pro cess 1 of 6 pro cesses.
 Hello from pro cess 2 of 6 pro cesses.
 Hello from pro cess 3 of 6 pro cesses.
 Hello from pro cess 4 of 6 pro cesses.
 Hello from pro cess 5 of 6 pro cesses.

37.9 Ex am ple 4 - Se rial so lu tion for pi cal cu la tion  

We choose nu mer i cal in te gra tion in this ex am ple. We solve the same prob lem as in the pre -
vi ous chap ter.

Here is the se rial so lu tion.

#in clude <chrono>
#in clude <cmath>

us ing namespace std;

class timer
{
  pub lic:
    timer() : start_tim ing(hi_res_clock::now()) {}
    void re set()
    {
      start_tim ing = hi_res_clock::now();
    }
    dou ble elapsed() const
    {
       re turn(std::chrono::du ra tion_cast<sec ond_>
            (hi_res_clock::now() - start_tim ing).count());
    }
  pri vate:
    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
    typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
sec ond_;
    std::chrono::time_point<hi_res_clock> start_tim ing;

};

#in clude <iostream>
#in clude <cassert>
#in clude <chrono>
#in clude <string>
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#in clude <cstdlib>

us ing namespace std;

void print_time(const string & head ing , const dou ble & t)
{
  cout << head ing << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

dou ble f(dou ble x)
{
  dou ble f;
  f = 4.0/(1.0+x*x);
  re turn(f);
}

int main()
{

  timer timer_01;
  timer timer_02;

  dou ble t;

  string head ing;

  int i, j;
  int n_in ter vals;
  dou ble in ter val_width, x, to tal, pi;
  dou ble cplusplus_in ter nal_pi;
  dou ble time_dif fer ence;

  head ing = "\n Pro gram starts ";

  t=timer_01.elapsed();
  print_time(head ing , t);

  n_in ter vals = 1000000;

  cplusplus_in ter nal_pi = 4.0*atan(1.0);

  cout << "\n C++ in ter nal pi 4.0*atan(1.0) \n" << endl;
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  cout << "            " ;

  cout.width(20);
  cout.pre ci sion(16);
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);

  cout << cplusplus_in ter nal_pi << endl;

  head ing = " Loop time ";

  for(j=1;j<5;j++)
  {

    in ter val_width = 1.0/n_in ter vals;
    to tal = 0.0;

    for (i=1; i <= n_in ter vals;i++)
    {
      x = in ter val_width*(dou ble(i)-0.5);
      to tal = to tal + f(x);
    }

    t = timer_01.elapsed();
    time_dif fer ence = t;
    timer_01.re set();

    pi = in ter val_width*to tal;

    cout << "                     ";
    cout << "                N in ter vals " ;  
    cout.width(12);
    cout <<  n_in ter vals ;
    cout << " time = " ;

    cout.width(8);
    cout.pre ci sion(6);
    cout.setf(ios::right);
    cout.setf(ios::showpoint);
    cout.setf(ios::fixed);

    cout << time_dif fer ence << endl;

    cout << " Cal cu lated "  ;

    cout.width(20);
    cout.pre ci sion(16);
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    cout.setf(ios::right);
    cout.setf(ios::showpoint);
    cout.setf(ios::fixed);

    cout << pi << endl;

    cout << " Dif fer ence " ;
    cout.width(20);
    cout.pre ci sion(16);
    cout.setf(ios::right);
    cout.setf(ios::showpoint);
    cout.setf(ios::fixed);

    cout << abs(pi-cplusplus_in ter nal_pi) << endl;
    n_in ter vals = n_in ter vals*10;

  }

  t = timer_02.elapsed();
  head ing = " \n To tal time ";
  print_time(head ing,t);  

  re turn(0);

}

Here is some sam ple out put(s).

 Pro gram starts  :   0.000031
 C++ in ter nal pi 4.0*atan(1.0) 
              3.1415926535897931
                                     N in ter vals      
1000000 time = 0.003267
 Cal cu lated   3.1415926535899601
 Dif fer ence   0.0000000000001670
                                     N in ter vals    
10000000 time = 0.028063
 Cal cu lated   3.1415926535897216
 Dif fer ence   0.0000000000000715
                                     N in ter vals   
100000000 time = 0.282852
 Cal cu lated   3.1415926535900236
 Dif fer ence   0.0000000000002305
                                     N in ter vals  
1000000000 time = 2.849530
 Cal cu lated   3.1415926535896523
 Dif fer ence   0.0000000000001408
 
 To tal time  :   3.163912
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37.10Ex am ple 5 - Par al lel so lu tion for pi cal cu la tion 

This ex am ple is a par al lel so lu tion to the above prob lem us ing MPI. 

Here is the source.

#in clude <chrono>
#in clude <cmath>

us ing namespace std;

class timer
{
pub lic:
  timer() : start_tim ing(hi_res_clock::now()) {}
  void re set()
  {
    start_tim ing = hi_res_clock::now();
  }
  dou ble elapsed() const
  {
    re turn(std::chrono::du ra tion_cast<sec ond_>
      (hi_res_clock::now() - start_tim ing).count());
  }
pri vate:
  typedef std::chrono::high_res o lu tion_clock hi_res_clock;
  typedef std::chrono::du ra tion<dou ble, std::ra tio<1> > sec -
ond_;
  std::chrono::time_point<hi_res_clock> start_tim ing;

};

#in clude <iostream>
#in clude <cassert>
#in clude <chrono>
#in clude <string>
#in clude <cstdlib>
#in clude <mpi.h>

us ing namespace std;

void print_time(const string& head ing, const dou ble& t)
{
  cout << head ing << " : ";
  cout.width(10);cout.pre ci sion(6);
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout << t << endl;
}
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void for mat_20_16()
{
  cout.width(20);cout.pre ci sion(16);
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
}

void for mat_08_06()
{
  cout.width(8);cout.pre ci sion(6);
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
}

dou ble f(dou ble x)
{
  dou ble f;
  f = 4.0 / (1.0 + x * x);
  re turn(f);
}

int main()
{

  timer timer_01;
  timer timer_02;

  dou ble t;

  string head ing;

  dou ble cplusplus_in ter nal_pi;

  dou ble in ter val_width;

  dou ble par tial_pi;
  dou ble par tial_sum;

  dou ble to tal_pi;

  dou ble x;

  dou ble time_dif fer ence;

  dou ble* sendbuf;
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  dou ble* recbuf;

  int    i;
  int    j;
  int    n_in ter vals;
  int    er ror_num ber;
  int    this_pro cess;
  int    n_pro cesses;

  MPI_Init(NULL, NULL);
  MPI_Comm_size(MPI_COMM_WORLD, &n_pro cesses);
  MPI_Comm_rank(MPI_COMM_WORLD, &this_pro cess);

  head ing = "\n Pro gram starts ";

  if (this_pro cess == 0)
  {
    t = timer_01.elapsed();
    print_time(head ing, t);
  }

  n_in ter vals = 1000000;

  cplusplus_in ter nal_pi = 4.0 * atan(1.0);

  if (this_pro cess == 0)
  {

    cout << "\n C++ in ter nal pi 4.0*atan(1.0) \n" << endl;
    cout << "            ";
    for mat_20_16();
    cout << cplusplus_in ter nal_pi << endl;

  }

  head ing = " Loop time ";

  for (j = 1; j < 5; j++)
  {

    in ter val_width = 1.0 / n_in ter vals;
    par tial_sum = 0.0;

    for (i = this_pro cess +1 ; i <= n_in ter vals; i = i +
n_pro cesses)
    {
      x = in ter val_width * (dou ble(i) - 0.5);
      par tial_sum = par tial_sum + f(x);
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    }

    par tial_pi = in ter val_width * par tial_sum;

    sendbuf = &par tial_pi;
    recbuf  = &to tal_pi;

    MPI_Re duce(sendbuf,
      recbuf,
      1,
      MPI_DOU BLE,
      MPI_SUM,
      0,
      MPI_COMM_WORLD);

    if (this_pro cess == 0)
    {

      t = timer_01.elapsed();
      time_dif fer ence = t;
      timer_01.re set();

      cout << "                     ";
      cout << "                N in ter vals ";
      cout.width(12);
      cout << n_in ter vals;
      cout << " time = ";
      for mat_08_06();
      cout << time_dif fer ence << endl;

      cout << " Cal cu lated ";
      for mat_20_16();
      cout << to tal_pi << endl;

      cout << " Dif fer ence ";
      for mat_20_16();
      cout << abs(to tal_pi - cplusplus_in ter nal_pi) << endl;

    }

    n_in ter vals = n_in ter vals * 10;

  }

  if (this_pro cess == 0)
  {
    t = timer_02.elapsed();
    head ing = " \n To tal time ";
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    print_time(head ing, t);
  }

  MPI_Fi nal ize();
 
  re turn(0);

}

Here are some sam ple out put(s).

 Pro gram starts  :   0.351598
 C++ in ter nal pi 4.0*atan(1.0) 
              3.1415926535897931
                                     N in ter vals      
1000000 time = 0.353844
 Cal cu lated   3.1415926535898979
 Dif fer ence   0.0000000000001048
                                     N in ter vals    
10000000 time = 0.013927
 Cal cu lated   3.1415926535897705
 Dif fer ence   0.0000000000000226
                                     N in ter vals   
100000000 time = 0.135810
 Cal cu lated   3.1415926535896723
 Dif fer ence   0.0000000000001208
                                     N in ter vals  
1000000000 time = 1.437270
 Cal cu lated   3.1415926535897052
 Dif fer ence   0.0000000000000879
 
 To tal time  :   1.940937

37.11Ex am ple 6 - Work shar ing be tween pro cesses  

This ex am ple looks at one way of split ting work up be tween pro cesses.  We use the pro cess 
num ber to de ter mine which pro cess does which work. We will use the fol low ing For tran
pro gram as the ba sis of our ex am ple.

pro gram ch3205
  use mpi
  im plicit none
  in te ger :: er ror_num ber
  in te ger :: this_pro cess_num ber
  in te ger :: num ber_of_pro cesses
  in te ger, di men sion (mpi_sta tus_size) :: sta tus
  in te ger, allocatable, di men sion (:) :: x
  in te ger :: n
  in te ger, pa ram e ter :: fac tor = 5
  in te ger :: i, j, k
  in te ger :: start
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  in te ger :: end
  in te ger :: recv_start

  call mpi_init(er ror_num ber)
  call mpi_comm_size(mpi_comm_world, num ber_of_pro cesses, er -
ror_num ber)
  call mpi_comm_rank(mpi_comm_world, this_pro cess_num ber, er -
ror_num ber)
  n = num ber_of_pro cesses*fac tor
  al lo cate (x(1:n))
  x = 0
  start = (fac tor*this_pro cess_num ber) + 1
  end = fac tor*(this_pro cess_num ber+1)
  print 100, this_pro cess_num ber, start, end
  do i = start, end
    x(i) = i*fac tor
  end do
  do i = 1, n
    print 110, this_pro cess_num ber, i, x(i)
  end do
  if (this_pro cess_num ber==0) then
    do i = 1, num ber_of_pro cesses - 1
      recv_start = (fac tor*i) + 1
      call mpi_recv(x(recv_start), fac tor, mpi_in te ger, i,
1, mpi_comm_world, sta tus, er ror_num ber)
    end do
  else
    call mpi_send(x(start), fac tor, mpi_in te ger, 0, 1,
mpi_comm_world, er ror_num ber)
  end if
  if (this_pro cess_num ber==0) then
    do i = 1, n
      print 120, i, fac tor, x(i)
    end do
  end if
  call mpi_fi nal ize(er ror_num ber)
100 for mat (' Pro cess num ber = ', i3, ' start ', i3, ' end
', i3)
110 for mat (1x, i4, ' i ', i4, ' x(i) ', i4)
120 for mat (1x, i4, ' * ', i2, ' = ', i5)
end pro gram

Here is the C++ ver sion.

#in clude <iostream>
#in clude "mpi.h"
us ing namespace std;
int main()
{
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  const int fac tor = 5;
  int       er ror_num ber;
  int       this_pro cess_num ber;
  int       num ber_of_pro cesses;
  int       n;
  int       i, j, k;
  int       start;
  int       end;
  int       recv_start;
  MPI_Sta tus* sta tus;
  int* x;
  const void* sbuf;
  void*       rbuf;
  MPI_Init(NULL, NULL);
  MPI_Comm_size(MPI_COMM_WORLD, &num ber_of_pro cesses);
  MPI_Comm_rank(MPI_COMM_WORLD, &this_pro cess_num ber);
  n = num ber_of_pro cesses * fac tor;
  x = new int[n];
  if (this_pro cess_num ber == 0)
  {
    for (i = 0; i < n; i++)
    {
      x[i] = 0;
      cout << i << " " << x[i] << endl;
    }
  }
  start = (fac tor * this_pro cess_num ber);
  end   = (fac tor * this_pro cess_num ber) + (fac tor - 1) ;
  cout << this_pro cess_num ber << " " << start << " " << end 
<< endl;
  for ( i = start ; i <= end ; i++)
    x[i] = (i+1) * fac tor;
  if (this_pro cess_num ber == 0)
  {
    for (i = 1; i < num ber_of_pro cesses; i++)
    {
      recv_start = (fac tor * i)   ;
      rbuf = &x[recv_start];
      MPI_Recv(rbuf, fac tor, MPI_INT, i, 1, MPI_COMM_WORLD,
sta tus);
    }
  }
  else
  {
    sbuf = &x[start];
    MPI_Send(sbuf, fac tor, MPI_INT, 0, 1, MPI_COMM_WORLD);
  }
  if (this_pro cess_num ber == 0)

Par al lel pro gram ming with MPI 435

© Ian D Chivers Chap ter 37



  {
    for (i = 0; i < n; i++)
      cout << " i " << i << " fac tor " << fac tor << " x[i] 
" << x[i] << endl;
  }
  MPI_Fi nal ize();
  re turn(0);
}

Here is some sam ple out put.

3 15 19
4 20 24
1 5 9
5 25 29
0 0
1 0
2 0
3 0
4 0
5 0
6 0
7 0
8 0
9 0
10 0
11 0
12 0
13 0
14 0
15 0
16 0
17 0
18 0
19 0
20 0
21 0
22 0
23 0
24 0
25 0
26 0
27 0
28 0
29 0
0 0 4
 i 0 fac tor 5 x[i] 5
 i 1 fac tor 5 x[i] 10
 i 2 fac tor 5 x[i] 15
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 i 3 fac tor 5 x[i] 20
 i 4 fac tor 5 x[i] 25
 i 5 fac tor 5 x[i] 30
 i 6 fac tor 5 x[i] 35
 i 7 fac tor 5 x[i] 40
 i 8 fac tor 5 x[i] 45
 i 9 fac tor 5 x[i] 50
 i 10 fac tor 5 x[i] 55
 i 11 fac tor 5 x[i] 60
 i 12 fac tor 5 x[i] 65
 i 13 fac tor 5 x[i] 70
 i 14 fac tor 5 x[i] 75
 i 15 fac tor 5 x[i] 80
 i 16 fac tor 5 x[i] 85
 i 17 fac tor 5 x[i] 90
 i 18 fac tor 5 x[i] 95
 i 19 fac tor 5 x[i] 100
 i 20 fac tor 5 x[i] 105
 i 21 fac tor 5 x[i] 110
 i 22 fac tor 5 x[i] 115
 i 23 fac tor 5 x[i] 120
 i 24 fac tor 5 x[i] 125
 i 25 fac tor 5 x[i] 130
 i 26 fac tor 5 x[i] 135
 i 27 fac tor 5 x[i] 140
2 10 14
 i 28 fac tor 5 x[i] 145
 i 29 fac tor 5 x[i] 150

37.12Sum mary  

The pro grams in this chap ter pro vide an in tro duc tion to the use of  MPI to achieve par al lel
pro grams in C++. We have also seen some of the tim ing ben e fits of par al lel pro gram ming
with MPI.

37.13Prob lems

Com pile and run the pro grams with your com piler and im ple men ta tion of MPI. You should
get sim i lar re sults.
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38 STL support for parallel algorithms
38.1 In tro duc tion

This chap ter looks at se rial and par al lel sort ing, and in par tic u lar par al lel al go rithm sup port
in the STL.

38.2 Serial and par al lel sort ing

This section looks at se rial and parallel sort ing. There are 6 ex am ples.

· The first 3 look at se rial sort ing us ing C style ar rays, and the <ar ray> and <vec -

tor> classes;

· Ex am ples 4 and 5 look at tak ing ad van tage of the au to matic parallelisation avail -

able in the C++ li brary with the <ar ray> and <vec tor> classes;

· The sixth ex am ple tests out the par al lel sort ing func tion al ity pro vided by the

Boost li brary;

Here is a link to work be ing done at Microsoft in parallelisation of the stan dard li brary:

https://devblogs.microsoft.com/cppblog/us ing-c17-par al lel-al -
go rithms-for-better-per for mance/

Here is an ex tract from the post. 

· This post is part of a reg u lar se ries of posts where the C++ prod uct team here at

Microsoft and other guests an swer ques tions we have re ceived from cus tom ers.

The ques tions can be about any thing C++ re lated: MSVC toolset, the stan dard

lan guage and li brary, the C++ stan dards com mit tee, isocpp.org, CppCon, etc.

To day’s post is by Billy O’Neal.

· C++17 added sup port for par al lel al go rithms to the stan dard li brary, to help pro -

grams take ad van tage of par al lel ex e cu tion for im proved per for mance. MSVC

first added ex per i men tal sup port for some al go rithms in 15.5, and the ex per i men -

tal tag was re moved in 15.7.

· The in ter face de scribed in the stan dard for the par al lel al go rithms does n’t say

ex actly how a given work load is to be parallelized. In par tic u lar, the in ter face is

in tended to ex press par al lel ism in a gen eral form that works for het er o ge neous

ma chines, al low ing SIMD par al lel ism like that ex posed by SSE, AVX, or

NEON, vec tor “lanes” like that ex posed in GPU pro gram ming mod els, and tra di -

tional threaded par al lel ism.

· Our par al lel al go rithms im ple men ta tion cur rently re lies en tirely on li brary sup -

port, not on spe cial sup port from the com piler. This means our im ple men ta tion

will work with any tool cur rently con sum ing our stan dard li brary, not just
MSVC’s com piler. In par tic u lar, we test that it works with Clang/LLVM and the 

ver sion of EDG that pow ers Intellisense.

· Cur rent Lim i ta tions of the MSVC Im ple men ta tion of Par al lel Al go rithms

· We built the par al lel re verse, and it was 1.6x slower than

the se rial ver sion on our test hard ware, even for large val -

ues of N. We also tested with an other par al lel al go rithms

im ple men ta tion, HPX, and got sim i lar re sults. That does n’t 
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mean it was wrong for the stan dards com mit tee to add

those to the STL; it just means the hard ware our im ple -

men ta tion tar gets did n’t see im prove ments. As a re sult we

pro vide the sig na tures for, but do not ac tu ally parallelize,

al go rithms which merely per mute, copy, or move el e ments 

in se quen tial or der. If we get feed back with an ex am ple

where par al lel ism would be faster, we will look into

parallelizing these. The af fected al go rithms are:

copy

copy_n

fill

fill_n

move

re verse

re verse_copy

ro tate

ro tate_copy

swap_ranges

· Some al go rithms are unimplemented at this time and will

be com pleted in a fu ture re lease. The al go rithms we

parallelize in Vi sual Stu dio 2017 15.8 are:

ad ja cent_dif fer ence

ad ja cent_find

all_of

any_of

count

count_if

equal

ex clu sive_scan

find

find_end

find_first_of

find_if

for_each

for_each_n

in clu sive_scan

mis match

none_of

par ti tion

re duce
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re move

re move_if

search

search_n

sort

sta ble_sort

trans form

trans form_ex clu sive_scan

trans form_in clu sive_scantrans form_re duce

Ex am ples 4 and 5 look at what has been achieved in the Intel, Microsoft and g++ com pil ers 
in their stan dard li brar ies.

38.3 Example 1 - Se rial sort ing and C style arrays

Here is an ex am ple with tim ing of se rial sort ing us ing a user writ ten sort rou tine and C
style ar rays.

#in clude <iostream>
#in clude <al go rithm>
#in clude <ran dom>
#in clude <string>
#in clude <chrono>
us ing namespace std;
#in clude "timer.cxx"
#in clude "print_time.cxx"
#in clude "swap.cxx"
#in clude "quicksort.cxx"
#in clude "print_10.cxx"
int main()
{
  un signed seed = std::chrono::sys -
tem_clock::now().time_since_ep och().count();
  de fault_ran dom_en gine en gine_01(seed);
  uni form_real_dis tri bu tion<dou ble> 
    dis tri bu tion_01(0.0, 1.0);
  string head ing;
  dou ble t;
  timer timer_01;
  timer timer_02;
  head ing = "Pro gram starts";
  t = timer_01.elapsed();
  print_time(head ing, t);
  timer_01.re set();
  // Size
  const int mega_byte = 1024 * 1024;
  const int ar ray_size = 128 * mega_byte;
  int i;
  int j;
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  dou ble x[ar ray_size];
  cout << "\n Raw C style ar ray \n" << endl;
  cout.width(16);
  cout << ar ray_size << endl;
  cout.width(16);
  cout << (ar ray_size * 8);
  cout << " bytes " << endl;
  for (i = 0; i < ar ray_size; i++)
    x[i] = dis tri bu tion_01(en gine_01);
  head ing = "Ran dom num bers";
  t = timer_01.elapsed();
  print_time(head ing, t);
  timer_01.re set();
  quicksort(x, 0, ar ray_size);
  head ing = "User Quicksort ";
  t = timer_01.elapsed();
  print_time(head ing, t);
  timer_01.re set();
  head ing = "To tal time";
  t = timer_02.elapsed();
  print_time(head ing, t);
  re turn(0);
}

Here is the out put from run ning this pro gram with the Intel com piler.

C:\doc u ment\cpp\ex am ples>ch3801_intel.exe
Pro gram starts :                    0.000000

 Raw C style ar ray

       134217728
      1073741824 bytes
Ran dom num bers :                    0.786968
User Quicksort  :                  12.138527
To tal time :                       12.928689

with the Intel com piler on one sys tem.

38.4 Ex am ple 2 - Se rial sort ing and <ar ray>

Here is the source.

#in clude <iostream>
#in clude <al go rithm>
#in clude <ar ray>
#in clude <ran dom>
#in clude <string>
#in clude <chrono>
us ing namespace std;
#in clude "timer.cxx"
#in clude "print_time.cxx"
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// #in clude "swap.cxx"
// #in clude "quicksort.cxx"
// #in clude "print_10.cxx"
int main()
{
  un signed seed = std::chrono::sys -
tem_clock::now().time_since_ep och().count();
  de fault_ran dom_en gine en gine_01(seed);
  uni form_real_dis tri bu tion<dou ble> 
    dis tri bu tion_01(0.0, 1.0);
  string head ing;
  dou ble t;
  timer timer_01;
  timer timer_02;
  head ing = "Pro gram starts";
  t = timer_01.elapsed();
  print_time(head ing, t);
  timer_01.re set();
  // Size
  const int mega_byte = 1024 * 1024;
  const int ar ray_size = 128 * mega_byte;
  int i;
  ar ray<dou ble, ar ray_size> x;
  cout << "\n C++ 11 <ar ray> \n" << endl;
  cout.width(16);
  cout << ar ray_size << endl;
  cout.width(16);
  cout << (ar ray_size * 8);
  cout << " bytes " << endl;
  for (i = 0; i < ar ray_size; i++)
    x[i] = dis tri bu tion_01(en gine_01);
  head ing = "Ran dom num bers";
  t = timer_01.elapsed();
  print_time(head ing, t);
  timer_01.re set();
  sort(x.be gin(), x.end());
  head ing = "STL sort - <ar ray> ";
  t = timer_01.elapsed();
  print_time(head ing, t);
  timer_01.re set();
  head ing = "To tal time";
  t = timer_02.elapsed();
  print_time(head ing, t);
  re turn(0);
}

38.5 Ex am ple 3 - Se rial sort ing and <vec tor>

Here is the source
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#in clude <iostream>
#in clude <al go rithm>
#in clude <vec tor>
#in clude <ran dom>
#in clude <string>
#in clude <chrono>
us ing namespace std;
#in clude "timer.cxx"
#in clude "print_time.cxx"
#in clude "swap.cxx"
#in clude "quicksort.cxx"
#in clude "print_10.cxx"
int main()
{
  un signed seed = std::chrono::sys -
tem_clock::now().time_since_ep och().count();
  de fault_ran dom_en gine en gine_01(seed);
  uni form_real_dis tri bu tion<dou ble>
    dis tri bu tion_01(0.0, 1.0);
  string head ing;
  dou ble t;
  timer timer_01;
  timer timer_02;
  head ing = "Pro gram starts";
  t = timer_01.elapsed();
  print_time(head ing, t);
  timer_01.re set();
  // Size 
  const int mega_byte = 1024 * 1024;
  const int ar ray_size = 128 * mega_byte;
  int i;
  vec tor<dou ble> x(ar ray_size);
  cout << "\n C++ stan dard <vec tor> \n" << endl;
  cout.width(16);
  cout << ar ray_size << endl;
  cout.width(16);
  cout << (ar ray_size * 8);
  cout << " bytes " << endl;
  for (i = 0; i < ar ray_size; i++)
    x[i] = dis tri bu tion_01(en gine_01);
  head ing = "Ran dom num bers";
  t = timer_01.elapsed();
  print_time(head ing, t);
  timer_01.re set();
  sort(x.be gin(), x.end());
  head ing = "STL sort - <vec tor> ";
  t = timer_01.elapsed();
  print_time(head ing, t);
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  timer_01.re set();
  head ing = "To tal time";
  t = timer_02.elapsed();
  print_time(head ing, t);
  re turn(0);
}

38.6 Ex am ple 4 - Stan dard par al lel sort ing and <ar ray>

Here is the source.

#in clude <ex e cu tion>
#in clude <iostream>
#in clude <al go rithm>
#in clude <ar ray>
#in clude <ran dom>
#in clude <string>
#in clude <chrono>
us ing namespace std;
#in clude "timer.cxx"
#in clude "print_time.cxx"
// #in clude "swap.cxx"
// #in clude "quicksort.cxx"
// #in clude "print_10.cxx"
int main()
{
  un signed seed = std::chrono::sys -
tem_clock::now().time_since_ep och().count();
  de fault_ran dom_en gine en gine_01(seed);
  uni form_real_dis tri bu tion<dou ble> 
    dis tri bu tion_01(0.0, 1.0);
  string head ing;
  dou ble t;
  timer timer_01;
  timer timer_02;
  head ing = "Pro gram starts";
  t = timer_01.elapsed();
  print_time(head ing, t);
  timer_01.re set();
  // Size
  const int mega_byte = 1024 * 1024;
  const int ar ray_size = 128 * mega_byte;
  int i;
  ar ray<dou ble, ar ray_size> x;
  cout << "\n C++ stan dard <ar ray> \n" << endl;
  cout.width(16);
  cout << ar ray_size << endl;
  cout.width(16);
  cout << (ar ray_size * 8);
  cout << " bytes " << endl;
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  for (i = 0; i < ar ray_size; i++)
    x[i] = dis tri bu tion_01(en gine_01);
  head ing = "Ran dom num bers";
  t = timer_01.elapsed();
  print_time(head ing, t);
  timer_01.re set();
  sort(std::ex e cu tion::par_unseq, x.be gin(), x.end());
  head ing = " STL Par al lel sort - <ar ray>";
  t = timer_01.elapsed();
  print_time(head ing, t);
  timer_01.re set();
  head ing = "To tal time";
  t = timer_02.elapsed();
  print_time(head ing, t);
  re turn(0);
}

38.7 Ex am ple 5 - Stan dard par al lel sort ing and <vec tor>

Here is the source.

#in clude <ex e cu tion>
#in clude <iostream>
#in clude <al go rithm>
#in clude <vec tor>
#in clude <ran dom>
#in clude <string>
#in clude <chrono>
us ing namespace std;
#in clude "timer.cxx"
#in clude "print_time.cxx"
// #in clude "swap.cxx"
// #in clude "quicksort.cxx"
// #in clude "print_10.cxx"
int main()
{
  un signed seed = std::chrono::sys -
tem_clock::now().time_since_ep och().count();
  de fault_ran dom_en gine en gine_01(seed);
  uni form_real_dis tri bu tion<dou ble> 
    dis tri bu tion_01(0.0, 1.0);
  string head ing;
  dou ble t;
  timer timer_01;
  timer timer_02;
  head ing = "Pro gram starts";
  t = timer_01.elapsed();
  print_time(head ing, t);
  timer_01.re set();
  // Size
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  const int mega_byte = 1024 * 1024;
  const int ar ray_size = 128 * mega_byte;
  int i;
  vec tor<dou ble> x(ar ray_size);
  cout << "\n C++ stan dard <vec tor> \n" << endl;
  cout.width(16);
  cout << ar ray_size << endl;
  cout.width(16);
  cout << (ar ray_size * 8);
  cout << " bytes " << endl;
  for (i = 0; i < ar ray_size; i++)
    x[i] = dis tri bu tion_01(en gine_01);
  head ing = "Ran dom num bers";
  t = timer_01.elapsed();
  print_time(head ing, t);
  timer_01.re set();
  sort(std::ex e cu tion::par_unseq, x.be gin(), x.end());
  head ing = "STL Par al lel sort - vec tor";
  t = timer_01.elapsed();
  print_time(head ing, t);
  timer_01.re set();
  head ing = "To tal time";
  t = timer_02.elapsed();
  print_time(head ing, t);
  re turn(0);
}

38.8 Boost.Sort

Here is a link to the doc u men ta tion for 1.73.0

https://www.boost.org/doc/libs/1_73_0/
libs/sort/doc/html/in dex.html

Here is part of the in tro duc tion.

· The goal of the Boost Sort Li brary is pro vide to the us ers, the most mod ern, fast, 

and mem ory-ef fi cient sort ing al go rithms. 

· This li brary pro vides sta ble and un sta ble sort ing al go rithms, in sin gle threaded

and par al lel ver sions. 

· These al go rithms do not use any other li brary or util ity. The par al lel al go rithms

need a C++11 com pli ant com piler.

Here is some back ground on the se rial algorthms.

· spreadsort is an ex tremely fast hy brid ra dix sort al go rithm, de signed and de vel -

oped by Ste ven Ross.

· pdqsort is a im prove ment of the quick sort al go rithm, de signed and de vel oped by 

Orson Pe ters. 

· spinsort is a sta ble sort that is fast with ran dom or nearly sorted data, de signed

and de vel oped by Fran cisco Tapia. 
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· flat_sta ble_sort is a sta ble sort that uses very lit tle ad di tional mem ory (around

1% of the size of the data), pro vid ing 80% - 90% of the speed of spinsort, de -

signed and de vel oped by Fran cisco Tapia.

Here is some backgrounnd on the par al lel al go rithms.

· Sam ple_sort is a im ple men ta tion of the  done by Fran cisco Tapia. 

· Par al lel_sta ble_sort is based on the samplesort al go rithm, but us ing a half of the

mem ory used by sam ple_sort, con ceived and im ple mented by Fran cisco Tapia. 

· Block_in di rect_sort is a novel high-speed par al lel sort al go rithm with low ad di -

tional mem ory con sump tion, con ceived and im ple mented by Fran cisco Tapia. 

· The block_size is an in ter nal pa ram e ter of the al go rithm, which in or der to

achieve the high est speed, changes ac cord ing to the size of the ob jects to sort ac -

cord ing to the next ta ble. The strings use a block_size of 128.

There is a sep a rate chap ter on in stall ing and test ing the boost li brar ies.

38.9 Ex am ple 6 - Par al lel sort ing us ing par al lel_sta ble_sort

Here is the source.

/*
The fol low ing de fines are re quired by the Intel com piler
#de fine and &&
#de fine not !
#de fine or  ||
*/
#in clude <ex e cu tion>
#in clude <iostream>
#in clude <al go rithm>
#in clude <vec tor>
#in clude <ran dom>
#in clude <string>
#in clude <chrono>
#in clude <boost/sort/sort.hpp>
us ing namespace std;
us ing namespace boost::sort;
#in clude "timer.cxx"
#in clude "print_time.cxx"
// #in clude "swap.cxx"
// #in clude "quicksort.cxx"
// #in clude "print_10.cxx"
int main()
{
  un signed seed = std::chrono::sys -
tem_clock::now().time_since_ep och().count();
  de fault_ran dom_en gine en gine_01(seed);
  uni form_real_dis tri bu tion<dou ble> 
    dis tri bu tion_01(0.0, 1.0);
  string head ing;
  dou ble t;
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  timer timer_01;
  timer timer_02;
  head ing = "Pro gram starts";
  t = timer_01.elapsed();
  print_time(head ing, t);
  timer_01.re set();
  // Size
  const int mega_byte = 1024 * 1024;
  const int ar ray_size = 128 * mega_byte;
  int i;
  vec tor<dou ble> x(ar ray_size);
  cout << "\n C++ stan dard <vec tor> \n" << endl;
  cout.width(16);
  cout << ar ray_size << endl;
  cout.width(16);
  cout << (ar ray_size * 8);
  cout << " bytes " << endl;
  for (i = 0; i < ar ray_size; i++)
    x[i] = dis tri bu tion_01(en gine_01);
  head ing = "Ran dom num bers";
  t = timer_01.elapsed();
  print_time(head ing, t);
  timer_01.re set();
  boost::sort::par al lel_sta ble_sort(x.be gin(), x.end());
  head ing = "Boost sort";
  t = timer_01.elapsed();
  print_time(head ing, t);
  timer_01.re set();
  head ing = "To tal time";
  t = timer_02.elapsed();
  print_time(head ing, t);
  re turn(0);
}
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38.10Com par a tive tim ing for the gfortran, Intel, Microsoft and Nvidia
com pil ers

The fol low ing ta ble sum ma rises timing in for ma tion on one sys tem for these six ex am ples.

Program
Ar ray

type
Phase Intel Microsoft g++ nvidia

2021.6.0  19.33.31629 11.3.0 22.7

Notes 10

ch3801 C array Random 0.860847 0.936031 6 7.825468

ch3801 C array Sort 12.151515 11.465448 6 11.958238

ch3801 C array Total 12.968259 12.404815 6 19.856928

ch3802 <ar ray> Ran dom 0.767796 0.938018 6 6

ch3802 <ar ray> Sort 13.427171 13.904196 6 6

ch3802 <ar ray> To tal 14.198356 14.845465 6 6

ch3803 <vec tor> Ran dom 0.947167 1.089211  1.679845 7.946998

ch3803 <vector> Sort 12.958156 13.900903 10.013131 10.181524

ch3803 <vec tor> To tal 13.908327 14.993134 11.694406 18.128868

ch3804 <ar ray> Ran dom 0.696443 0.937068 6 7

ch3804 <ar ray> Sort 1.652929 1.656656 6 7

ch3804 <ar ray> To tal 2.352483 2.596636 6 7

ch3805 <vec tor> Ran dom 0.975340 1.092098  1.677308 7.898531

ch3805 <vec tor> Sort 1.534711 1.606105  2.279602 10.111234

ch3805 <vec tor> To tal 2.512885 2.700763  3.958426 18.010710

ch3806 <vec tor> Ran dom 1.621839 5 14.726166

ch3806 <vec tor> Sort 3.329625 5 83.896627

ch3806 <vec tor> To tal 4.954341 5 18.896627

Notes 1 2,3,4 5 6,7

38.10.1 Notes

We have up dated the boost li brary and have not re solved all of the er rors at this time.

1 #de fine and &&, #de fine not !, #de fine or  || must be in serted into the source 

file. ch3806_i.cxx
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2,3 Com piles and runs, no out put.

4 c:\lo cal\boost_1_80_0\boost/sort/com mon/util/cir cu lar_buffer.hpp(73): er ror

C2039: 'get_tem po rary_buffer': is not a mem ber of 'std'

5 get_tem po rary_buffer error

6, 7 Seg men ta tion fault. Core dumped

10 See be low for in for ma tion on add ing par al lel sup port to g++.

The Intel and Microsoft com pil ers of fer na tive im proved par al lel run times for ex am ples
ch3804 and ch3805 at this time with out the in stal la tion of any ad di tional soft ware.

g++ re quires the in stal la tion of the Intel TBB li brary - Thread ing Build ing Blocks. On a
Ubuntu 22.04.2 LTS sys tem I in stalled us ing

sudo apt in stall gcc libtbb-dev

and com piled us ing

g++ -O2 ch3805.cxx -o ch3805_ubuntu.out -ltbb

On a Redhat sys tem I in stalled the intel oneAPI base toolkit and oneAPI HPC toolkit. This
will in stall TBB and make it avail able to g++.

The Nvidia com piler has prob lems with large C style ar rays and STL <ar ray>s.

38.10.2 Intel ifx tim ing fig ures

Intel will drop sup port for their clas sic C++ com piler in the near fu ture. Here are the tim -
ings for the re place ment com piler on the same plat form.

Program Ar ray type Phase Intel Intel

ifx Clas sic

2021.6.0

ch3801 C array Random 0.624062 0.860847

ch3801 C array Sort 11.718999 12.151515

ch3801 C array Total 12.346163 12.968259

ch3802 <ar ray> Ran dom  0.622857 0.767796

ch3802 <ar ray> Sort 13.181832 13.427171

ch3802 <ar ray> To tal 13.808255 14.198356

ch3803 <vec tor> Ran dom 0.760374 0.947167

ch3803 <vector> Sort 13.031338 12.958156

ch3803 <vec tor> To tal 13.794595 13.908327

ch3804 <ar ray> Ran dom 0.764671 0.696443

ch3804 <ar ray> Sort 1.771673 1.652929

ch3804 <ar ray> To tal 2.539208 2.352483
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ch3805 <vec tor> Ran dom 0.764953 0.975340

ch3805 <vec tor> Sort 1.728338 1.534711

ch3805 <vec tor> To tal 2.495684 2.512885

ch3806 <vec tor> Ran dom 0.777380 1.621839

ch3806 <vec tor> Sort 1.667199 3.329625

ch3806 <vec tor> To tal 2.448565 4.954341

Notes 1 1

38.10.2.1 Notes

1 ch3806 re quires a com piler flag to turn er ror mes sages into warn ings, due to a

change in stan dard con for mance.

38.11Sum mary

Ma jor im prove ments have been made in the pro vi sion of parallel func tion al ity in the C++
li brary with con for mance to the lat est standards.

38.12Ref er ences

The Microsoft link men tioned at the be gin ning of the chap ter is a good start.

https://devblogs.microsoft.com/cppblog/us ing-c17-par al lel-al -
go rithms-for-better-per for mance/

An other source is

https://www.man ning.com/books/c-plus-plus-concurrency-in-ac -
tion-sec ond-edi tion

Intel also pro vide doc u men ta tion for the oneAPI toolkit.

https://soft ware.intel.com/con tent/www/us/en/de velop/ar ti -
cles/down load-doc u men ta tion-intel-oneapi-toolkits-com po -
nents.html

Happy read ing.

38.13Prob lems

1. Com pile and run the ex am ples with your com piler. Not all of the ex am ples will run with
all com pil ers, ver sions of com pil ers and op er at ing sys tems.
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39 Parallelism and concurrency and
threading 

39.1 Concurrency in C++

The ab stract ma chine in the C++98 and C++03 stan dards is fun da men tally sin gle-threaded.
So it is not pos si ble to write multi-threaded C++ programs that are "por ta ble" with re spect
to the stan dard.

The ab stract ma chine in C++11 is multi-threaded by de sign. It also has a well-de fined mem -
ory model; that is, it says what the com piler may and may not do when it co mes to ac cess -
ing mem ory. This was at both the lan guage level and the li brary level. The mem ory model
now guar an tees that up dates on two dif fer ent ob jects used by two dif fer ent threads are in de -
pend ent of one an other. A new key word, thread_lo cal was also in tro duced for de fin ing
thread spe cific vari ables and ob jects. 

In this chap ter we will look at a small set of ex am ples that illustrates some of what C++ has 
to of fer.

39.2 Ex am ple 1 - thread ing us ing call able ob jects

This ex am ple uses call able ob jects. These can be

· a func tion, where ad di tional args are passed as pa ram e ters;

· a pointer to a mem ber func tion, which is called for the ob ject passed as the first

ad di tional ar gu ments (must be ref er ence or pointer) and gets the re main ing ar gu -

ments as mem ber func tion pa ram e ters;

· a func tion ob ject (operator () for a passed ob ject), where ad di tional args are

passed as pa ram e ters;

· a lambda, which is a spe cial kind of func tion ob ject;

Here is the source code il lus trat ing some of these.

/*
  Pro gram dem on strat ing multithreading 
  us ing three dif fer ent callables. 
*/

#in clude <iostream> 
#in clude <thread> 

us ing namespace std; 

// Call ing a func tion 

void foo(int n) 
{ 
  for (int i = 0; i < n; i++) 
  { 
    cout << "Thread 1 us ing func tion pointer as call able\n"; 

Parallelism and concurrency and threading 453

© Ian D Chivers Chap ter 39



  } 
}
  
// A call able ob ject 

class thread_obj 
{ 
  pub lic: 
  void op er a tor()(int n) 
  { 
    for (int i = 0; i < n; i++) 
      cout << "Thread 2 us ing func tion ob ject as  call -
able\n"; 
  } 
}; 
  
int main() 
{ 
  cout << "Threads 1 and 2 and 3 op er at ing in de pend ently" << 
endl; 
  
  // This thread is launched by us ing func tion pointer as
call able 

  thread th1(foo, 3); 
  
  // This thread is launched by us ing func tion ob ject as
call able
 
  thread th2(thread_obj(), 3); 
  
  // De fine a Lambda Ex pres sion 

  auto f = [](int n) 
  { 
    for (int i = 0; i < n; i++) 
      cout << "Thread 3 us ing lambda ex pres sion as call -
able\n"; 
  }; 
  
  // This thread is launched by us ing lamda ex pres sion as
call able 

  thread th3(f, 3); 
  
  // Wait for the threads to fin ish 

  // Wait for thread t1 to fin ish 
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  th1.join(); 
  
  // Wait for thread t2 to fin ish  

  th2.join(); 
  
  // Wait for thread t3 to fin ish
 
  th3.join(); 

  cout << " Pro gram ter mi nates " << endl;
  
  re turn 0; 
} 

Here is some sam ple out put.

ch3901
Threads 1 and 2 and 3 op er at ing in de pend ently
Thread 1 us ing func tion pointer as call able
Thread 1 us ing func tion pointer as call able
Thread 1 us ing func tion pointer as call able
Thread 2 us ing func tion ob ject as  call able
Thread 2 us ing func tion ob ject as  call able
Thread 2 us ing func tion ob ject as  call able
Thread 3 us ing lambda ex pres sion as call able
Thread 3 us ing lambda ex pres sion as call able
Thread 3 us ing lambda ex pres sion as call able
 Pro gram ter mi nates

Try this ex am ple out with your com piler.

39.3 Ex am ple 2 - an ar ray of threads

In this ex am ple we cre ate and use an ar ray of threads.

#in clude <iostream> 
#in clude <thread> 
us ing namespace std; 
  
// Work func tion

void do_work(int n) 
{ 
    cout << "Thread us ing func tion pointer " << n << endl; 
} 
 
int main() 
{ 
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  int i;
  const int n_threads = 5 ;

  cout << " Us ing an ar ray of threads " << endl;

  thread t_ar ray[n_threads];

  for (i=0;i<n_threads;i++)
  {
    t_ar ray[i]=thread(do_work,i);
  }  

  // Wait for the threads to fin ish 

  for (i=0;i<n_threads;i++)
  {
    t_ar ray[i].join();
  }  

  cout << " Pro gram ter mi nates " << endl;
  
  re turn 0; 
}

Try this out with your com piler.

39.4 Net work back ground

In the next ex am ples we will bet re triev ing files from the Met Of fice site us ing curl or
wget.

39.5 Ex am ple 3 - se rial get - Windows

Here is the se rial ver sion of the pro gram it uses curl and the sys tem com mand/

/*
Win dows
Win dows
Win dows
*/
#in clude <iostream>
#in clude <string>
#in clude <chrono>
#in clude <cassert>
#in clude <cstdlib>
#in clude <cstring>
us ing namespace std;
class timer
{
  pri vate:
    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
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    typedef std::chrono::du ra tion<dou ble,std::ra tio<1> > sec -
ond_;
    std::chrono::time_point<hi_res_clock> start_time ;
  pub lic:
    timer() : start_time(hi_res_clock::now()) {}
    void re set()
    {
      start_time = hi_res_clock::now();
    }
    dou ble elapsed() const
    {
      dou ble t ;
      t = std::chrono::du ra tion_cast<sec ond_> (
hi_res_clock::now() - start_time ).count() ;
      re turn(t) ;
    }
};
void print_time(const string & head ing , const dou ble & t)
{
  cout << head ing << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}
int main()
{
//Head ing and tim ing vari ables
  string head ing;
  dou ble t;
  timer timer_01;
  timer timer_02;
  int i;
  head ing = "Pro gram starts";
  t=timer_01.elapsed();
  print_time( head ing , t);
  timer_01.re set();
// Internet vari ables
  const int n_sites=37;
/*
check the base ad dress
https://www.metoffice.gov.uk/pub/data/weather/uk/cli -
mate/stationdata/cwmystwythdata.txt
*/
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  string base_ad dress =
"https://www.metoffice.gov.uk/pub/data/weather/uk/cli -
mate/stationdata/";
  string sta tion_name[]= 
  {
  "aberporth",    "armagh",      "ballypatrick",    "brad -
ford",
  "braemar",      "camborne",    "cam bridge",       "car -
diff",
  "chivenor",     "cwmystwyth",  "dunstaffnage",    "dur -
ham",
  "eastbourne",   "eskdalemuir", "heathrow",        "hurn",
  "lerwick",      "leuchars",    "lowestoft",      
"manston",
  "nairn",        "newtonrigg",  "ox ford",          "pais -
ley",
  "ringway",      "rossonwye",   "shawbury",        "shef -
field",
  "southampton",  "stornoway",   "suttonbonington", "tiree",
  "val ley",       "waddington",  "whitby",         
"wickairport",
  "yeovilton",
  };
  string web_ad dress[n_sites];
  string last_part="data.txt";
  string in put_string;
  // cre ate the web ad dress of each file
  for (i=0;i<n_sites;i++)
  {
    web_ad dress[i]=base_ad dress+sta tion_name[i]+last_part;
    cout << web_ad dress[i] << endl;
  }
  string lo cal_data_file[n_sites] = 
  {
    "aberporthdata.txt",  "armaghdata.txt",     
"ballypatrickdata.txt",   "bradforddata.txt",
    "braemardata.txt",    "cambornedata.txt",   
"cambridgedata.txt",      "cardiffdata.txt",
    "chivenordata.txt",   "cwmystwythdata.txt", 
"dunstaffnagedata.txt",   "durhamdata.txt",
    "eastbournedata.txt", "eskdalemuirdata.txt",
"heathrowdata.txt",       "hurndata.txt",
    "lerwickdata.txt",    "leucharsdata.txt",   
"lowestoftdata.txt",      "manstondata.txt",
    "nairndata.txt",      "newtonriggdata.txt", 
"oxforddata.txt",         "paisleydata.txt",
    "ringwaydata.txt",    "rossonwyedata.txt",  
"shawburydata.txt",       "sheffielddata.txt",
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    "southamptondata.txt","stornowaydata.txt",  
"suttonboningtondata.txt","tireedata.txt",
    "valleydata.txt",     "waddingtondata.txt", 
"whitbydata.txt",         "wickairportdata.txt",
    "yeoviltondata.txt"
  };
  for (i=0;i<n_sites;i++)
  {
    cout << lo cal_data_file[i] << endl;
  }
  string to tal="";
  int    lt=0;
  head ing="Ex e cut ing curl or wget re quests";
  for (i=0;i<n_sites;i++)
  {
    to tal = to tal + "curl -o "         ;
    to tal = to tal + lo cal_data_file[i] ;
    to tal = to tal + " --url "          ;
    to tal = to tal + web_ad dress[i]     ;
/*
    cout << to tal << endl              ;
*/
    lt=to tal.length()                  ;
    char *com mand = new char[lt+1];
    strcpy(com mand,to tal.c_str())      ;
    cout << com mand << endl            ;
    sys tem(com mand);
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
    to tal= ""                          ;
    de lete[] com mand                   ;
  }
  t=timer_02.elapsed();
  head ing = "\nTotal time";
  print_time(head ing , t);
  re turn(0);
}

Here is some sam ple out put.

Pro gram starts :   0.000005
Ex e cut ing curl or wget re quests :   0.316992
Ex e cut ing curl or wget re quests :   0.305314
Ex e cut ing curl or wget re quests :   0.214108
Ex e cut ing curl or wget re quests :   0.318603
Ex e cut ing curl or wget re quests :   0.366037
Ex e cut ing curl or wget re quests :   0.345291
Ex e cut ing curl or wget re quests :   0.287617
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Ex e cut ing curl or wget re quests :   0.273609
Ex e cut ing curl or wget re quests :   0.314728
Ex e cut ing curl or wget re quests :   0.315022
Ex e cut ing curl or wget re quests :   0.210576
Ex e cut ing curl or wget re quests :   0.280189
Ex e cut ing curl or wget re quests :   0.283650
Ex e cut ing curl or wget re quests :   0.526053
Ex e cut ing curl or wget re quests :   0.328324
Ex e cut ing curl or wget re quests :   0.306599
Ex e cut ing curl or wget re quests :   0.285470
Ex e cut ing curl or wget re quests :   0.303091
Ex e cut ing curl or wget re quests :   0.278742
Ex e cut ing curl or wget re quests :   0.207090
Ex e cut ing curl or wget re quests :   0.209839
Ex e cut ing curl or wget re quests :   0.337161
Ex e cut ing curl or wget re quests :   0.315819
Ex e cut ing curl or wget re quests :   0.284281
Ex e cut ing curl or wget re quests :   0.278740
Ex e cut ing curl or wget re quests :   0.270716
Ex e cut ing curl or wget re quests :   0.467811
Ex e cut ing curl or wget re quests :   0.313338
Ex e cut ing curl or wget re quests :   0.287058
Ex e cut ing curl or wget re quests :   0.275802
Ex e cut ing curl or wget re quests :   0.288965
Ex e cut ing curl or wget re quests :   0.305494
Ex e cut ing curl or wget re quests :   0.316874
Ex e cut ing curl or wget re quests :   0.285428
Ex e cut ing curl or wget re quests :   0.293472
Ex e cut ing curl or wget re quests :   0.267915
Ex e cut ing curl or wget re quests :   0.270169

To tal time :  11.139923
It is a sub set of the out put.

39.6 Ex am ple 4 - se rial get - Linux

Here is the pro gram.

/*
Linux
*/
#in clude <iostream>
#in clude <string>
#in clude <chrono>
#in clude <cassert>
#in clude <cstdlib>
#in clude <cstring>
us ing namespace std;
class timer
{
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  pri vate:
    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
    typedef std::chrono::du ra tion<dou ble,std::ra tio<1> > sec -
ond_;
    std::chrono::time_point<hi_res_clock> start_time ;
  pub lic:
    timer() : start_time(hi_res_clock::now()) {}
    void re set()
    {
      start_time = hi_res_clock::now();
    }
    dou ble elapsed() const
    {
      dou ble t ;
      t = std::chrono::du ra tion_cast<sec ond_> (
hi_res_clock::now() - start_time ).count() ;
      re turn(t) ;
    }
};
void print_time(const string & head ing , const dou ble & t)
{
  cout << head ing << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}
int main()
{
//Head ing and tim ing vari ables
  string head ing;
  dou ble t;
  timer timer_01;
  timer timer_02;
  int i;
  head ing = "Pro gram starts";
  t=timer_01.elapsed();
  print_time( head ing , t);
  timer_01.re set();
// Internet vari ables
  const int n_sites=37;
/*
check the base ad dress
https://www.metoffice.gov.uk/pub/data/weather/uk/cli -
mate/stationdata/cwmystwythdata.txt
*/
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  string base_ad dress =
"https://www.metoffice.gov.uk/pub/data/weather/uk/cli -
mate/stationdata/";
  string sta tion_name[]= 
  {
  "aberporth",    "armagh",      "ballypatrick",    "brad -
ford",
  "braemar",      "camborne",    "cam bridge",       "car -
diff",
  "chivenor",     "cwmystwyth",  "dunstaffnage",    "dur -
ham",
  "eastbourne",   "eskdalemuir", "heathrow",        "hurn",
  "lerwick",      "leuchars",    "lowestoft",      
"manston",
  "nairn",        "newtonrigg",  "ox ford",          "pais -
ley",
  "ringway",      "rossonwye",   "shawbury",        "shef -
field",
  "southampton",  "stornoway",   "suttonbonington", "tiree",
  "val ley",       "waddington",  "whitby",         
"wickairport",
  "yeovilton",
  };
  string web_ad dress[n_sites];
  string last_part="data.txt";
  string in put_string;
  // cre ate the web ad dress of each file
  for (i=0;i<n_sites;i++)
  {
    web_ad dress[i]=base_ad dress+sta tion_name[i]+last_part;
    cout << web_ad dress[i] << endl;
  }
  string lo cal_data_file[n_sites] = 
  {
    "aberporthdata.txt",  "armaghdata.txt",     
"ballypatrickdata.txt",   "bradforddata.txt",
    "braemardata.txt",    "cambornedata.txt",   
"cambridgedata.txt",      "cardiffdata.txt",
    "chivenordata.txt",   "cwmystwythdata.txt", 
"dunstaffnagedata.txt",   "durhamdata.txt",
    "eastbournedata.txt", "eskdalemuirdata.txt",
"heathrowdata.txt",       "hurndata.txt",
    "lerwickdata.txt",    "leucharsdata.txt",   
"lowestoftdata.txt",      "manstondata.txt",
    "nairndata.txt",      "newtonriggdata.txt", 
"oxforddata.txt",         "paisleydata.txt",
    "ringwaydata.txt",    "rossonwyedata.txt",  
"shawburydata.txt",       "sheffielddata.txt",
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    "southamptondata.txt","stornowaydata.txt",  
"suttonboningtondata.txt","tireedata.txt",
    "valleydata.txt",     "waddingtondata.txt", 
"whitbydata.txt",         "wickairportdata.txt",
    "yeoviltondata.txt"
  };
  for (i=0;i<n_sites;i++)
  {
    cout << lo cal_data_file[i] << endl;
  }
  string to tal="";
  int    lt=0;
  head ing="Ex e cut ing curl or wget re quests";
  for (i=0;i<n_sites;i++)
  {
    to tal = to tal + "wget "         ;
    to tal = to tal + web_ad dress[i]     ;
/*
    cout << to tal << endl              ;
*/
    lt=to tal.length()                  ;
    char *com mand = new char[lt+1];
    strcpy(com mand,to tal.c_str())      ;
    cout << com mand << endl            ;
    sys tem(com mand);
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
    to tal= ""                          ;
    de lete[] com mand                   ;
  }
  t=timer_02.elapsed();
  head ing = "\nTotal time";
  print_time(head ing , t);
  re turn(0);
}

Here is some sam ple out put.

Pro gram starts :   0.000010
Ex e cut ing curl or wget re quests :   0.313620
Ex e cut ing curl or wget re quests :   0.393543
Ex e cut ing curl or wget re quests :   0.140498
Ex e cut ing curl or wget re quests :   0.210466
Ex e cut ing curl or wget re quests :   0.163397
Ex e cut ing curl or wget re quests :   0.140947
Ex e cut ing curl or wget re quests :   0.285282
Ex e cut ing curl or wget re quests :   0.236042
Ex e cut ing curl or wget re quests :   0.221290
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Ex e cut ing curl or wget re quests :   1.177384
Ex e cut ing curl or wget re quests :   0.110148
Ex e cut ing curl or wget re quests :   0.166702
Ex e cut ing curl or wget re quests :   0.272873
Ex e cut ing curl or wget re quests :   0.205679
Ex e cut ing curl or wget re quests :   0.203490
Ex e cut ing curl or wget re quests :   0.136549
Ex e cut ing curl or wget re quests :   0.245609
Ex e cut ing curl or wget re quests :   0.235649
Ex e cut ing curl or wget re quests :   0.236527
Ex e cut ing curl or wget re quests :   0.238142
Ex e cut ing curl or wget re quests :   0.228982
Ex e cut ing curl or wget re quests :   0.161699
Ex e cut ing curl or wget re quests :   0.224079
Ex e cut ing curl or wget re quests :   1.505667
Ex e cut ing curl or wget re quests :   0.201783
Ex e cut ing curl or wget re quests :   0.192597
Ex e cut ing curl or wget re quests :   0.158828
Ex e cut ing curl or wget re quests :   0.215448
Ex e cut ing curl or wget re quests :   0.242911
Ex e cut ing curl or wget re quests :   0.254869
Ex e cut ing curl or wget re quests :   0.197034
Ex e cut ing curl or wget re quests :   0.211724
Ex e cut ing curl or wget re quests :   0.229845
Ex e cut ing curl or wget re quests :   0.229859
Ex e cut ing curl or wget re quests :   0.252100
Ex e cut ing curl or wget re quests :   0.302910
Ex e cut ing curl or wget re quests :   0.193529
To tal time :  10.359814

It is a sub set of the to tal out put.

39.7 Ex am ple 5 - par al lel get us ing an ar ray of threads - Win dows

Here is a par al lel ver sion that uses threads. 

/*
Win dows
Win dows
Win dows
*/
#in clude <iostream>
#in clude <string>
#in clude <chrono>
#in clude <cassert>
#in clude <cstdlib>
#in clude <cstring>
#in clude <thread>
us ing namespace std;
class timer
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{
  pri vate:
    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
    typedef std::chrono::du ra tion<dou ble,std::ra tio<1> > sec -
ond_;
    std::chrono::time_point<hi_res_clock> start_time ;
  pub lic:
    timer() : start_time(hi_res_clock::now()) {}
    void re set()
    {
      start_time = hi_res_clock::now();
    }
    dou ble elapsed() const
    {
      dou ble t ;
      t = std::chrono::du ra tion_cast<sec ond_> (
hi_res_clock::now() - start_time ).count() ;
      re turn(t) ;
    }
};
void print_time(const string & head ing , const dou ble & t)
{
  cout << head ing << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}
void ex e cute_wget(const char* com mand, int i) 
{ 
  int t;
  t=sys tem(com mand);
  cout << " in thread " << i << "sys tem re turns a value of
" << t << endl;
} 
int main()
{
//Head ing and tim ing vari ables
  string head ing;
  dou ble t;
  timer timer_01;
  timer timer_02;
  int i;
  head ing = "Pro gram starts";
  t=timer_01.elapsed();
  print_time( head ing , t);
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  timer_01.re set();
// Internet vari ables
  const int n_sites=37;
/*
check the base ad dress
https://www.metoffice.gov.uk/pub/data/weather/uk/cli -
mate/stationdata/cwmystwythdata.txt
*/
  string base_ad dress =
"https://www.metoffice.gov.uk/pub/data/weather/uk/cli -
mate/stationdata/";
  string sta tion_name[]= 
  {
  "aberporth",    "armagh",      "ballypatrick",    "brad -
ford",
  "braemar",      "camborne",    "cam bridge",       "car -
diff",
  "chivenor",     "cwmystwyth",  "dunstaffnage",    "dur -
ham",
  "eastbourne",   "eskdalemuir", "heathrow",        "hurn",
  "lerwick",      "leuchars",    "lowestoft",      
"manston",
  "nairn",        "newtonrigg",  "ox ford",          "pais -
ley",
  "ringway",      "rossonwye",   "shawbury",        "shef -
field",
  "southampton",  "stornoway",   "suttonbonington", "tiree",
  "val ley",       "waddington",  "whitby",         
"wickairport",
  "yeovilton",
  };
  string web_ad dress[n_sites];
  string last_part="data.txt";
  string in put_string;
  // cre ate the web ad dress of each file
  for (i=0;i<n_sites;i++)
  {
    web_ad dress[i]=base_ad dress+sta tion_name[i]+last_part;
    cout << web_ad dress[i] << endl;
  }
  string lo cal_data_file[n_sites] = 
  {
    "aberporthdata.txt",  "armaghdata.txt",     
"ballypatrickdata.txt",   "bradforddata.txt",
    "braemardata.txt",    "cambornedata.txt",   
"cambridgedata.txt",      "cardiffdata.txt",
    "chivenordata.txt",   "cwmystwythdata.txt", 
"dunstaffnagedata.txt",   "durhamdata.txt",
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    "eastbournedata.txt", "eskdalemuirdata.txt",
"heathrowdata.txt",       "hurndata.txt",
    "lerwickdata.txt",    "leucharsdata.txt",   
"lowestoftdata.txt",      "manstondata.txt",
    "nairndata.txt",      "newtonriggdata.txt", 
"oxforddata.txt",         "paisleydata.txt",
    "ringwaydata.txt",    "rossonwyedata.txt",  
"shawburydata.txt",       "sheffielddata.txt",
    "southamptondata.txt","stornowaydata.txt",  
"suttonboningtondata.txt","tireedata.txt",
    "valleydata.txt",     "waddingtondata.txt", 
"whitbydata.txt",         "wickairportdata.txt",
    "yeoviltondata.txt"
  };
  for (i=0;i<n_sites;i++)
  {
    cout << lo cal_data_file[i] << endl;
  }
  string to tal="";
  int    lt=0;
  const int n_threads = n_sites ;
  thread t_ar ray[n_threads];
  head ing="Ex e cut ing curl or wget re quests";
  for (i=0;i<n_sites;i++)
  {
    to tal = to tal + "curl -o "         ;
    to tal = to tal + lo cal_data_file[i] ;
    to tal = to tal + " --url "          ;
    to tal = to tal + web_ad dress[i]     ;
/*
    cout << to tal << endl              ;
*/
    lt=to tal.length()                  ;
    char *com mand = new char[lt+1];
    strcpy(com mand,to tal.c_str())      ;
    cout << com mand << endl            ;
    t_ar ray[i]=thread(ex e cute_wget,com mand,i);
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
    to tal= ""                          ;
    de lete[] com mand                   ;
  }
  for (i=0;i<n_threads;i++)
  {
    t_ar ray[i].join();
  } 
  t=timer_02.elapsed();
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  head ing = "\nTotal time";
  print_time(head ing , t);
  re turn(0);
}

Here is some sam ple out put.

Pro gram starts :   0.000009
Ex e cut ing curl or wget re quests :   0.001989
Ex e cut ing curl or wget re quests :   0.000221
Ex e cut ing curl or wget re quests :   0.000189
Ex e cut ing curl or wget re quests :   0.000175
Ex e cut ing curl or wget re quests :   0.000170
Ex e cut ing curl or wget re quests :   0.000172
Ex e cut ing curl or wget re quests :   0.000183
Ex e cut ing curl or wget re quests :   0.000200
Ex e cut ing curl or wget re quests :   0.000292
Ex e cut ing curl or wget re quests :   0.000212
Ex e cut ing curl or wget re quests :   0.000262
Ex e cut ing curl or wget re quests :   0.000199
Ex e cut ing curl or wget re quests :   0.000182
Ex e cut ing curl or wget re quests :   0.000201
Ex e cut ing curl or wget re quests :   0.000191
Ex e cut ing curl or wget re quests :   0.000184
Ex e cut ing curl or wget re quests :   0.000181
Ex e cut ing curl or wget re quests :   0.000184
Ex e cut ing curl or wget re quests :   0.000191
Ex e cut ing curl or wget re quests :   0.000198
Ex e cut ing curl or wget re quests :   0.000180
Ex e cut ing curl or wget re quests :   0.000182
Ex e cut ing curl or wget re quests :   0.000202
Ex e cut ing curl or wget re quests :   0.000207
Ex e cut ing curl or wget re quests :   0.000247
Ex e cut ing curl or wget re quests :   0.000263
Ex e cut ing curl or wget re quests :   0.000384
Ex e cut ing curl or wget re quests :   0.001940
Ex e cut ing curl or wget re quests :   0.012346
Ex e cut ing curl or wget re quests :   0.001361
Ex e cut ing curl or wget re quests :   0.000715
Ex e cut ing curl or wget re quests :   0.000467
Ex e cut ing curl or wget re quests :   0.002036
Ex e cut ing curl or wget re quests :   0.000447
Ex e cut ing curl or wget re quests :   0.000468
Ex e cut ing curl or wget re quests :   0.000238
Ex e cut ing curl or wget re quests :   0.001927

To tal time :   1.721360

This is quite an im prove ment over the srial ver sion.
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39.8 Ex am ple 6 - par al lel get us ing an ar ray of threads - Linux

Here is a Linux ver sion.

/*
Linux
*/
#in clude <iostream>
#in clude <string>
#in clude <chrono>
#in clude <cassert>
#in clude <cstdlib>
#in clude <cstring>
#in clude <thread>
us ing namespace std;
class timer
{
  pri vate:
    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
    typedef std::chrono::du ra tion<dou ble,std::ra tio<1> > sec -
ond_;
    std::chrono::time_point<hi_res_clock> start_time ;
  pub lic:
    timer() : start_time(hi_res_clock::now()) {}
    void re set()
    {
      start_time = hi_res_clock::now();
    }
    dou ble elapsed() const
    {
      dou ble t ;
      t = std::chrono::du ra tion_cast<sec ond_> (
hi_res_clock::now() - start_time ).count() ;
      re turn(t) ;
    }
};
void print_time(const string & head ing , const dou ble & t)
{
  cout << head ing << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}
void ex e cute_get(const char* com mand, int i) 
{ 
  int t;
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  t=sys tem(com mand);
  cout << " in thread " << i << "sys tem re turns a value of
" << t << endl;
} 
int main()
{
//Head ing and tim ing vari ables
  string head ing;
  dou ble t;
  timer timer_01;
  timer timer_02;
  int i;
  head ing = "Pro gram starts";
  t=timer_01.elapsed();
  print_time( head ing , t);
  timer_01.re set();
// Internet vari ables
  const int n_sites=37;
/*
check the base ad dress
https://www.metoffice.gov.uk/pub/data/weather/uk/cli -
mate/stationdata/cwmystwythdata.txt
*/
  string base_ad dress =
"https://www.metoffice.gov.uk/pub/data/weather/uk/cli -
mate/stationdata/";
  string sta tion_name[]= 
  {
  "aberporth",    "armagh",      "ballypatrick",    "brad -
ford",
  "braemar",      "camborne",    "cam bridge",       "car -
diff",
  "chivenor",     "cwmystwyth",  "dunstaffnage",    "dur -
ham",
  "eastbourne",   "eskdalemuir", "heathrow",        "hurn",
  "lerwick",      "leuchars",    "lowestoft",      
"manston",
  "nairn",        "newtonrigg",  "ox ford",          "pais -
ley",
  "ringway",      "rossonwye",   "shawbury",        "shef -
field",
  "southampton",  "stornoway",   "suttonbonington", "tiree",
  "val ley",       "waddington",  "whitby",         
"wickairport",
  "yeovilton",
  };
  string web_ad dress[n_sites];
  string last_part="data.txt";
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  string in put_string;
  // cre ate the web ad dress of each file
  for (i=0;i<n_sites;i++)
  {
    web_ad dress[i]=base_ad dress+sta tion_name[i]+last_part;
    cout << web_ad dress[i] << endl;
  }
  string lo cal_data_file[n_sites] = 
  {
    "aberporthdata.txt",  "armaghdata.txt",     
"ballypatrickdata.txt",   "bradforddata.txt",
    "braemardata.txt",    "cambornedata.txt",   
"cambridgedata.txt",      "cardiffdata.txt",
    "chivenordata.txt",   "cwmystwythdata.txt", 
"dunstaffnagedata.txt",   "durhamdata.txt",
    "eastbournedata.txt", "eskdalemuirdata.txt",
"heathrowdata.txt",       "hurndata.txt",
    "lerwickdata.txt",    "leucharsdata.txt",   
"lowestoftdata.txt",      "manstondata.txt",
    "nairndata.txt",      "newtonriggdata.txt", 
"oxforddata.txt",         "paisleydata.txt",
    "ringwaydata.txt",    "rossonwyedata.txt",  
"shawburydata.txt",       "sheffielddata.txt",
    "southamptondata.txt","stornowaydata.txt",  
"suttonboningtondata.txt","tireedata.txt",
    "valleydata.txt",     "waddingtondata.txt", 
"whitbydata.txt",         "wickairportdata.txt",
    "yeoviltondata.txt"
  };
  for (i=0;i<n_sites;i++)
  {
    cout << lo cal_data_file[i] << endl;
  }
  const int n_threads = n_sites ;
  thread t_ar ray[n_threads];
  string to tal="";
  int    lt=0;
  head ing="Ex e cut ing curl or wget re quests";
  for (i=0;i<n_sites;i++)
  {
    to tal = "wget "         ;
    to tal = to tal + web_ad dress[i]     ;
/*
    cout << to tal << endl              ;
*/
    lt=to tal.length()                  ;
    char *com mand = new char[lt+1];
    strcpy(com mand,to tal.c_str())      ;
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    cout << com mand << endl            ;
    t_ar ray[i]=thread(ex e cute_get,com mand,i);
    t=timer_01.elapsed();
    print_time(head ing , t);
    timer_01.re set();
    to tal= ""                          ;
    de lete[] com mand                   ;
  }
  for (i=0;i<n_threads;i++)
  {
    t_ar ray[i].join();
  } 
  t=timer_02.elapsed();
  head ing = "\nTotal time";
  print_time(head ing , t);
  re turn(0);
}

This ex am ple does not work cor rectly on a Linux sys tem. Only a sub set of the files are re -
trieved. 

Try this ex am ple out on your sys tem.

39.9 Ex am ple 7 - se rial file i/o

This ex am ple looks at writ ing to 10 files serially. 

#in clude <iostream>
#in clude <fstream>
#in clude <string>
#in clude <chrono>
#in clude <cassert>
#in clude <cstdlib>
#in clude <thread>
#in clude <cstring>
us ing namespace std;

class timer
{

  pri vate:

    typedef std::chrono::high_res o lu tion_clock hi_res_clock;

    typedef std::chrono::du ra tion<dou ble,std::ra tio<1> > sec -
ond_;

    std::chrono::time_point<hi_res_clock> start_time ;

  pub lic:
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    timer() : start_time(hi_res_clock::now()) {}

    void re set()
    {
      start_time = hi_res_clock::now();
    }

    dou ble elapsed() const
    {
      dou ble t ;
      t = std::chrono::du ra tion_cast<sec ond_> (
hi_res_clock::now() - start_time ).count() ;
      re turn(t) ;
    }

};

void print_time(const string & head ing , const dou ble & t)
{
  cout << head ing << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

void file_write(string file_name, int thread_num ber) 
{ 
  ofstream out(file_name);
  int i;
  int n=1000000;
  for (i=0;i<n;i++)
    out << i << endl;
  out.close();
} 

int main()
{

  string head ing;
  dou ble t;
  timer timer_01;

  int i;
  int f;
  string base_file_name = "qqqq" ;
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  int l=base_file_name.length();
  string temp;
  const int n=10;
  string x[n] ;

  const int n_threads = n ;
  thread t_ar ray[n_threads];

  head ing = "Pro gram starts";
  t=timer_01.elapsed();
  print_time( head ing , t);
  timer_01.re set();

  sys tem("del qqqq*.txt");

  cout << " Files to write " << endl;

  for( i=0 ; i<n ; i++ )
  {
    temp = to_string(i);
    x[i] = base_file_name + temp + ".txt";
    cout << (x[i]) << endl;
  }

  cout << "Se rial File write loop " << endl;

  for(i=0;i<n;i++)
  {
    file_write(x[i],i);
  }

  t=timer_01.elapsed();
  head ing = "\nTotal time";
  print_time(head ing , t);
  cout << " The fol low ing files were cre ated" << endl;
  sys tem("dir qqqq*.txt");

  re turn(0);
}

Here is some sam ple out put.

ch3907
Pro gram starts :   0.000002
 Files to write
qqqq0.txt
qqqq1.txt
qqqq2.txt
qqqq3.txt
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qqqq4.txt
qqqq5.txt
qqqq6.txt
qqqq7.txt
qqqq8.txt
qqqq9.txt
Se rial File write loop

To tal time :  58.430801
 The fol low ing files were cre ated
 Vol ume in drive C is windows10
 Vol ume Se rial Num ber is 42B3-EAD6

 Di rec tory of C:\doc u ment\cpp\ex am ples

22/05/2021  13:23         7,888,890 qqqq0.txt
22/05/2021  13:23         7,888,890 qqqq1.txt
22/05/2021  13:23         7,888,890 qqqq2.txt
22/05/2021  13:23         7,888,890 qqqq3.txt
22/05/2021  13:23         7,888,890 qqqq4.txt
22/05/2021  13:23         7,888,890 qqqq5.txt
22/05/2021  13:24         7,888,890 qqqq6.txt
22/05/2021  13:24         7,888,890 qqqq7.txt
22/05/2021  13:24         7,888,890 qqqq8.txt
22/05/2021  13:24         7,888,890 qqqq9.txt
              10 File(s)     78,888,900 bytes
               0 Dir(s)  318,762,553,344 bytes free

39.10Ex am ple 8 - par al lel file i/o

This is a mod i fied ver sion of the pre vi ous one, but now the file out put takes place in a sep -
a rate thread.

#in clude <iostream>
#in clude <fstream>
#in clude <string>
#in clude <chrono>
#in clude <cassert>
#in clude <cstdlib>
#in clude <thread>
#in clude <cstring>
us ing namespace std;

class timer
{

  pri vate:

    typedef std::chrono::high_res o lu tion_clock hi_res_clock;
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    typedef std::chrono::du ra tion<dou ble,std::ra tio<1> > sec -
ond_;

    std::chrono::time_point<hi_res_clock> start_time ;

  pub lic:

    timer() : start_time(hi_res_clock::now()) {}

    void re set()
    {
      start_time = hi_res_clock::now();
    }

    dou ble elapsed() const
    {
      dou ble t ;
      t = std::chrono::du ra tion_cast<sec ond_> (
hi_res_clock::now() - start_time ).count() ;
      re turn(t) ;
    }

};

void print_time(const string & head ing , const dou ble & t)
{
  cout << head ing << " : " ;
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

void file_write(string file_name, int thread_num ber) 
{ 
  ofstream out(file_name);
  int i;
  int n=1000000;
  for (i=0;i<n;i++)
    out << i << endl;
  out.close();
} 

int main()
{
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  string head ing;
  dou ble t;
  timer timer_01;

  int i;
  int f;
  string base_file_name = "qqqq" ;
  int l=base_file_name.length();
  string temp;
  const int n=10;
  string x[n] ;

  const int n_threads = n ;
  thread t_ar ray[n_threads];

  head ing = "Pro gram starts";
  t=timer_01.elapsed();
  print_time( head ing , t);
  timer_01.re set();

  sys tem("del qqqq*.txt");

  cout << " Files to write in sep a rate threads " << endl;

  for( i=0 ; i<n ; i++ )
  {
    temp = to_string(i);
    x[i] = base_file_name + temp + ".txt";
    cout << (x[i]) << endl;
  }

  cout << "Par al lel file write loop " << endl;

  for(i=0;i<n;i++)
  {
    t_ar ray[i]=thread(file_write,x[i],i);
  }

  // Wait for the threads to fin ish 

  for (i=0;i<n_threads;i++)
  {
    t_ar ray[i].join();
  } 

  t=timer_01.elapsed();
  head ing = "\nTotal time";
  print_time(head ing , t);
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  cout << " The fol low ing files were cre ated" << endl;
  sys tem("dir qqqq*.txt");

  re turn(0);
}
Here is some sam ple out put.

 ch3908
Pro gram starts :   0.000002
 Files to write in sep a rate threads
qqqq0.txt
qqqq1.txt
qqqq2.txt
qqqq3.txt
qqqq4.txt
qqqq5.txt
qqqq6.txt
qqqq7.txt
qqqq8.txt
qqqq9.txt
Par al lel file write loop

To tal time :  15.295786
 The fol low ing files were cre ated
 Vol ume in drive C is windows10
 Vol ume Se rial Num ber is 42B3-EAD6

 Di rec tory of C:\doc u ment\cpp\ex am ples

22/05/2021  13:28         7,888,890 qqqq0.txt
22/05/2021  13:28         7,888,890 qqqq1.txt
22/05/2021  13:28         7,888,890 qqqq2.txt
22/05/2021  13:28         7,888,890 qqqq3.txt
22/05/2021  13:28         7,888,890 qqqq4.txt
22/05/2021  13:28         7,888,890 qqqq5.txt
22/05/2021  13:28         7,888,890 qqqq6.txt
22/05/2021  13:28         7,888,890 qqqq7.txt
22/05/2021  13:28         7,888,890 qqqq8.txt
22/05/2021  13:28         7,888,890 qqqq9.txt
              10 File(s)     78,888,900 bytes
               0 Dir(s)  318,763,454,464 bytes free

Here are tim ing fig ures for the Microsoft and Intel com pil ers on the same plat form.
                                    Intel                                         Microsoft

Se rial                           57.149335                               70.808219

Par al lel                        15.753484                               16.041527
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Quite a dramtic im prove ment.

39.11Sum mary

Ma jor im prove ments have been made in the pro vi sion of parallel func tion al ity in C++ with
con for mance to the lat est standards.

39.12Ref er ences

The Microsoft link men tioned at the be gin ning of the chap ter is a good start.

https://devblogs.microsoft.com/cppblog/us ing-c17-par al lel-al -
go rithms-for-better-per for mance/

An other source is

https://www.man ning.com/books/c-plus-plus-concurrency-in-ac -
tion-sec ond-edi tion

Intel also pro vide doc u men ta tion for the oneAPI toolkit.

https://soft ware.intel.com/con tent/www/us/en/de velop/ar ti -
cles/down load-doc u men ta tion-intel-oneapi-toolkits-com po -
nents.html

Happy read ing.

39.13Prob lems

1. Com pile and run the ex am ples with your com piler. 
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40 <vector>, <array> and arrays
In this chap ter we com pare the run time per for mance of sum ming the data in an ar ray us ing 
C style fixed size ar rays, the <vec tor> class and the C++11 <ar ray> class. We do this for
both 1 and 2 d ar rays.

40.1 Ex am ple 1 - 1 d C style ar ray

Here is the source.

#in clude <iostream>
#in clude <chrono>
#in clude <string>

us ing namespace std;

class timer
{
pub lic:
  timer() : start_tim ing(hi_res_clock::now()) {}
  void re set()
  {
    start_tim ing = hi_res_clock::now();
  }
  dou ble elapsed() const
  {
    re turn(std::chrono::du ra tion_cast<sec ond_>
      (hi_res_clock::now() - start_tim ing).count());
  }
pri vate:
  typedef std::chrono::high_res o lu tion_clock hi_res_clock;
  typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
    sec ond_;
  std::chrono::time_point<hi_res_clock> start_tim ing;
};

void print_time(const string & head ing, const dou ble & t)
{
  cout << head ing << " : ";
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

int main()
{
  string head ing;
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  dou ble t;
  timer timer_01;
  timer timer_02;

  head ing = "\nProgram starts";
  t = timer_01.elapsed();
  print_time(head ing, t);

  const int scale_fac tor = 1024 * 1024;
  const int max_row      =((512 -   32)/2) * scale_fac tor ;

  dou ble x[max_row];

  int r, c;
  int i, j;
  int nr = max_row;
  dou ble tsum = 0.0;

  for (r = 0; r < nr; r++)
      x[r] = 1.0;

  head ing = "In itial is ation";
  t = timer_01.elapsed();
  print_time(head ing, t);

  for (i = 0; i < nr; i++)
  {
      tsum = tsum + x[i];
  }

  head ing = "Sum ma tion     ";
  t = timer_01.elapsed();
  print_time(head ing, t);

  cout << "Com puted";
  cout.width(25);
  cout.pre ci sion(0);
  cout << tsum << endl;
  cout << "Ac tual  ";
  cout.width(24);
  cout << nr << endl;

  re turn(0);

}

Here is some sam ple out put from the Microsoft com piler.
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Pro gram starts :   0.000001
In itial is ation :   0.080852
Sum ma tion      :   0.285252
Com puted               201326592.
Ac tual                 201326592

40.2 Ex am ple 2 - 1 d <vec tor>

Here is the source.

#in clude <iostream>
#in clude <vec tor>
#in clude <chrono>
#in clude <string>
us ing namespace std;

class timer
{
pub lic:
  timer() : start_tim ing(hi_res_clock::now()) {}
  void re set()
  {
    start_tim ing = hi_res_clock::now();
  }
  dou ble elapsed() const
  {
    re turn(std::chrono::du ra tion_cast<sec ond_>
      (hi_res_clock::now() - start_tim ing).count());
  }
pri vate:
  typedef std::chrono::high_res o lu tion_clock hi_res_clock;
  typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
    sec ond_;
  std::chrono::time_point<hi_res_clock> start_tim ing;
};

void print_time(const string & head ing, const dou ble & t)
{
  cout << head ing << " : ";
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

int main()
{
  string head ing;

482 <vector>, <array> and arrays

Chap ter 40 © Ian D Chivers



  dou ble t;
  timer timer_01;
  timer timer_02;

  head ing = "\nProgram starts";
  t = timer_01.elapsed();
  print_time(head ing, t);

  const int scale_fac tor = 1024 * 1024;
  const int max_row      =((512 -   32)/2) * scale_fac tor ;

  vec tor< dou ble > x(max_row,1.0);

  int r, c;
  int i, j;
  int nr = max_row;
  dou ble tsum = 0.0;

  head ing = "Al lo ca tion    ";
  t = timer_01.elapsed();
  print_time(head ing, t);

  for (i = 0; i < nr; i++)
  {
      tsum = tsum + x[i];
  }

  head ing = "Sum ma tion     ";
  t = timer_01.elapsed();
  print_time(head ing, t);

  cout << "Com puted";
  cout.width(25);
  cout.pre ci sion(0);
  cout << tsum << endl;
  cout << "Ac tual  ";
  cout.width(24);
  cout << nr << endl;

  re turn(0);

}

Here is some sam ple out put from the Microsoft com piler on the same sys tem.

Pro gram starts :   0.000000
Al lo ca tion     :   0.284252
Sum ma tion      :   0.487428

<vector>, <array> and arrays 483

© Ian D Chivers Chap ter 40



Com puted               201326592.
Ac tual                 201326592

40.3 Ex am ple 3 - 1 d <ar ray>

Here is the source.

#in clude <iostream>
#in clude <ar ray>
#in clude <chrono>
#in clude <string>
us ing namespace std;

class timer
{
pub lic:
  timer() : start_tim ing(hi_res_clock::now()) {}
  void re set()
  {
    start_tim ing = hi_res_clock::now();
  }
  dou ble elapsed() const
  {
    re turn(std::chrono::du ra tion_cast<sec ond_>
      (hi_res_clock::now() - start_tim ing).count());
  }
pri vate:
  typedef std::chrono::high_res o lu tion_clock hi_res_clock;
  typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
    sec ond_;
  std::chrono::time_point<hi_res_clock> start_tim ing;
};

void print_time(const string & head ing, const dou ble & t)
{
  cout << head ing << " : ";
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

int main()
{
  string head ing;
  dou ble t;
  timer timer_01;
  timer timer_02;
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  head ing = "\nProgram starts";
  t = timer_01.elapsed();
  print_time(head ing, t);

  const int scale_fac tor = 1024 * 1024;
  const int max_row      =((512 -   32)/2) * scale_fac tor ;

  ar ray<dou ble,max_row> x;

  int r, c;
  int i, j;
  int nr = max_row;
  dou ble tsum = 0.0;

  for (r = 0; r < nr; r++)
      x[r] = 1.0;

  head ing = "In itial is ation";
  t = timer_01.elapsed();
  print_time(head ing, t);

  for (i = 0; i < nr; i++)
  {
      tsum = tsum + x[i];
  }

  head ing = "Sum ma tion     ";
  t = timer_01.elapsed();
  print_time(head ing, t);

  cout << "Com puted";
  cout.width(25);
  cout.pre ci sion(0);
  cout << tsum << endl;
  cout << "Ac tual  ";
  cout.width(24);
  cout << nr << endl;

  re turn(0);
}

Here is some sam ple out put from the Microsoft com piler on the same sys tem.

Pro gram starts :   0.000000
In itial is ation :   0.082440
Sum ma tion      :   0.284743
Com puted               201326592.
Ac tual                 201326592
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40.4 Ex am ple 4 - 2 d C style ar ray

Here is the source.

#in clude <iostream>
#in clude <chrono>
#in clude <string>

us ing namespace std;

class timer
{
pub lic:
  timer() : start_tim ing(hi_res_clock::now()) {}
  void re set()
  {
    start_tim ing = hi_res_clock::now();
  }
  dou ble elapsed() const
  {
    re turn(std::chrono::du ra tion_cast<sec ond_>
      (hi_res_clock::now() - start_tim ing).count());
  }
pri vate:
  typedef std::chrono::high_res o lu tion_clock hi_res_clock;
  typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
    sec ond_;
  std::chrono::time_point<hi_res_clock> start_tim ing;
};

void print_time(const string & head ing, const dou ble & t)
{
  cout << head ing << " : ";
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

int main()
{
  string head ing;
  dou ble t;
  timer timer_01;
  timer timer_02;

  head ing = "\nProgram starts ";
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  t = timer_01.elapsed();
  print_time(head ing, t);

  const int scale_fac tor = 15;
  const int max_row = scale_fac tor * 1024;
  const int max_col = scale_fac tor * 1024;
  dou ble x[max_row][max_col];

  int r, c;
  int i, j;
  int nr = max_row;
  int nc = max_col;
  dou ble tsum = 0.0;

  for (r = 0; r < nr; r++)
    for (c = 0; c < nc; c++)
      x[r][c] = 1.0;

  head ing = "In itial is ation ";
  t = timer_01.elapsed();
  print_time(head ing, t);

  for (i = 0; i < nr; i++)
  {
    for (j = 0; j < nc; j++)
    {
      tsum = tsum + x[i][j];
    }
  }

  head ing = "Sum ma tion      ";
  t = timer_01.elapsed();
  print_time(head ing, t);

  cout << "Com puted";
  cout.width(25);
  cout.pre ci sion(0);
  cout << tsum << endl;
  cout << "Ac tual  ";
  cout.width(24);
  cout << nr*nc << endl;

  re turn(0);
}

Here is some sam ple out put from the Microsoft com piler on the same system

Pro gram starts  :   0.000003
In itial is ation  :   0.093589
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Sum ma tion       :   0.331862
Com puted               235929600.
Ac tual                 235929600

40.5 Ex am ple 5 - 2 d <vec tor>

Here is the source.

#in clude <iostream>
#in clude <vec tor>
#in clude <chrono>
#in clude <string>
us ing namespace std;

class timer
{
pub lic:
  timer() : start_tim ing(hi_res_clock::now()) {}
  void re set()
  {
    start_tim ing = hi_res_clock::now();
  }
  dou ble elapsed() const
  {
    re turn(std::chrono::du ra tion_cast<sec ond_>
      (hi_res_clock::now() - start_tim ing).count());
  }
pri vate:
  typedef std::chrono::high_res o lu tion_clock hi_res_clock;
  typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
    sec ond_;
  std::chrono::time_point<hi_res_clock> start_tim ing;
};

void print_time(const string & head ing, const dou ble & t)
{
  cout << head ing << " : ";
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
}

int main()
{
  string head ing;
  dou ble t;
  timer timer_01;
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  timer timer_02;

  head ing = "\nProgram starts";
  t = timer_01.elapsed();
  print_time(head ing, t);

  const int scale_fac tor = 15;
  const int max_row = scale_fac tor * 1024;
  const int max_col = scale_fac tor * 1024;
  vec tor< vec tor <dou ble> > 
  x( max_row , vec tor <dou ble> ( max_col ) );

  int r, c;
  int i, j;
  int nr = max_row;
  int nc = max_col;
  dou ble tsum = 0.0;

  for (i = 0; i < nr; i++)
  {
    x[i] = vec tor< dou ble >(nc, 1.0);
  }

  head ing = "Al lo ca tion    ";
  t = timer_01.elapsed();
  print_time(head ing, t);

  for (i = 0; i < nr; i++)
  {
    for (j = 0; j < nc; j++)
    {
      tsum = tsum + x[i][j];
    }
  }

  head ing = "Sum ma tion     ";
  t = timer_01.elapsed();
  print_time(head ing, t);

  cout << "Com puted";
  cout.width(25);
  cout.pre ci sion(0);
  cout << tsum << endl;
  cout << "Ac tual  ";
  cout.width(24);
  cout << nr*nc << endl;

  re turn(0);
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}

Here is some sam ple out put on the same sys tem.

Pro gram starts :   0.000000
Al lo ca tion     :   0.878857
Sum ma tion      :   1.116341
Com puted               235929600.
Ac tual                 235929600

40.6 Ex am ple 6 - 2 d <ar ray>

Here is the source.

#in clude <iostream>
#in clude <vec tor>
#in clude <ar ray>
#in clude <chrono>
#in clude <string>
us ing namespace std;

class timer
{
pub lic:
  timer() : start_tim ing(hi_res_clock::now()) {}
  void re set()
  {
    start_tim ing = hi_res_clock::now();
  }
  dou ble elapsed() const
  {
    re turn(std::chrono::du ra tion_cast<sec ond_>
      (hi_res_clock::now() - start_tim ing).count());
  }
pri vate:
  typedef std::chrono::high_res o lu tion_clock hi_res_clock;
  typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
    sec ond_;
  std::chrono::time_point<hi_res_clock> start_tim ing;
};

void print_time(const string & head ing, const dou ble & t)
{
  cout << head ing << " : ";
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
  cout.pre ci sion(6);
  cout << t << endl;
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}

int main()
{
  string head ing;
  dou ble t;
  timer timer_01;
  timer timer_02;

  head ing = "\nProgram starts";
  t = timer_01.elapsed();
  print_time(head ing, t);

  const int scale_fac tor = 15;
  const int max_row = scale_fac tor * 1024;
  const int max_col = scale_fac tor * 1024;
  ar ray< ar ray< dou ble, max_col >, max_row > x;
  int r, c;
  int i, j;
  int nr = max_row;
  int nc = max_col;
  dou ble tsum = 0.0;

  for (r = 0; r < nr; r++)
    for (c = 0; c < nc; c++)
      x[r][c] = 1.0;

  head ing = "In itial is ation";
  t = timer_01.elapsed();
  print_time(head ing, t);

  for (i = 0; i < nr; i++)
  {
    for (j = 0; j < nc; j++)
    {
      tsum = tsum + x[i][j];
    }
  }

  head ing = "Sum ma tion     ";
  t = timer_01.elapsed();
  print_time(head ing, t);

  cout << "Com puted";
  cout.width(25);
  cout.pre ci sion(0);
  cout << tsum << endl;
  cout << "Ac tual  ";
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  cout.width(24);
  cout << nr*nc << endl;

  re turn(0);

}

Here is some sam ple out put.

Pro gram starts :   0.000000
In itial is ation :   0.095447
Sum ma tion      :   0.332862
Com puted               235929600.
Ac tual                 235929600

40.7 Com par ing the runs

Here is a ta ble com par ing the runs for two com pil ers on two dif fer ent sys tems.

g++ 8 C style ar ray <vec tor> <ar ray>

1 D Start 0.000000 0.000000 0.000000

Al lo cate and or in itial ise 1.781472 3.750350 1.766005

Sum 3.328492 5.297444 3.313334

2 D Start 0.000000 0.000000 0.000000

Al lo cate and or in itial ise 1.562822 3.500463 1.578351

Sum 3.110000 5.078750 3.141005

Microsoft C style ar ray <vec tor> <ar ray>

1 D Start 0.000001 0.000000 0.000000

Al lo cate and or in itial ise 0.080852 0.284252 0.082440

Sum 0.285252 0.487428 0.284743

2 D Start 0.000003 0.000000 0.000000

Al lo cate and or in itial ise 0.093589 0.878857 0.095447

Sum 0.331862 1.116341 0.332862
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The re la tion ship be tween <vec tor> and the other two types is sim i lar with both com pil ers.

40.8 Prob lems

1. Run the ex am ples on your sys tem and com piler.

2. Us ing the openmp ex am ples as a start ing point try parallelising ex am ple 1.
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41 Call ing external functions in dlls on 
a Windows platform

41.1 In tro duc tion

In this chap ter we look at call ing ex ter nal, al ready com piled func tions from a C++ pro gram.
We will use the sum func tion and main test pro gram from an ear lier chap ter.

41.2 Work ing with dlls

Microsoft pro vide on line ma te rial on how to do this. Here is a link

https://docs.microsoft.com/en-us/cpp/build/
walkthrough-cre at ing-and-us ing-a-dy namic-link-
li brary-cpp?view=vs-2019

Sadly the ex am ple they pro vide does not work, but it did pro vide a start ing point.

41.3 Call ing an ex ter nal dll

We will be us ing the sum ma tion func tion ex am ple from an earlier chap ter.

We  split the com plete pro gram into three source files:

· the header file for the sum func tion - MathLibrary.h;

· the im ple men ta tion file for the sum func tion - MathLibrary.cxx;

· a main pro gram to test things out - main.cxx;

41.3.1 Ex am ple 1 - the header file

Here is the header file, with ad di tional syn tax.

extern "C" __declspec(dllexport) int sum(int x[],int n);

41.3.2 Ex am ple 2 - the func tion im ple men ta tion file

Here is the implementation file.

#in clude "ch4101_MathLibrary.h"

extern "C" __declspec(dllexport) int sum(int x[],int n)
{
  int t = 0;
  for (int i = 0; i < n; ++i)
    t += x[i];
  re turn(t);
}

41.3.3 Ex am ple 3 - the main test pro gram

Here is the test pro gram.

#in clude <iostream>
#in clude "ch4102_MathLibrary.cxx"

us ing namespace std;

int main()
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{
  const int n=10;
  int re sult;
  int x[n];
  for(int i=0;i<n;i++)
    x[i]=i+1;
  re sult = sum(x,n);
  cout << re sult << endl;
  re turn(0);
}

Here is a di rec tory list ing be fore do ing the com pi la tions,

15/08/2020  16:22               293 main.cxx
15/08/2020  16:44               164 MathLibrary.cxx
15/08/2020  16:42                60 MathLibrary.h

Here is the first com pile.

cl /EHsc /LD MathLibrary.cxx
Microsoft (R) C/C++ Op ti miz ing Com piler Ver sion 19.26.28806
for x86
Copy right (C) Microsoft Cor po ra tion.  All rights re served.

MathLibrary.cxx
Microsoft (R) In cre men tal Linker Ver sion 14.26.28806.0
Copy right (C) Microsoft Cor po ra tion.  All rights re served.

/out:MathLibrary.dll
/dll
/implib:MathLibrary.lib
MathLibrary.obj
   Cre at ing li brary MathLibrary.lib and ob ject
MathLibrary.exp

Here are files in the di rec tory af ter the com pi la tion.

15/08/2020  16:22               293 main.cxx
15/08/2020  16:44               164 MathLibrary.cxx
15/08/2020  17:04            74,752 MathLibrary.dll
15/08/2020  17:04               664 MathLibrary.exp
15/08/2020  16:42                60 MathLibrary.h
15/08/2020  17:04             1,722 MathLibrary.lib
15/08/2020  17:04               665 MathLibrary.obj

Here is the sec ond compilation.

cl /EHsc MathLibrary.lib main.cxx
Microsoft (R) C/C++ Op ti miz ing Com piler Ver sion 19.26.28806
for x86
Copy right (C) Microsoft Cor po ra tion.  All rights re served.

main.cxx
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Microsoft (R) In cre men tal Linker Ver sion 14.26.28806.0
Copy right (C) Microsoft Cor po ra tion.  All rights re served.

/out:main.exe
MathLibrary.lib
main.obj

Here is the out put from run ning the pro gram.

main
55

Suc cess!

41.3.4 Source file names and aliases

There are three source files in this ex am ple, and they have chap ter num ber aliases:
            MathLibrary.h                         ch4101.h

            Mathlibrary.cxx                      ch4102.cxx

            main.cxx                                 ch4103.cxx

Visit the web site to ob tain them.

41.4 Prob lems

None at the mo ment.
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42 Pairs, algorithms and function
objects

This chap ter looks at a num ber of other as pects of the Stan dard C++ Li brary in clud ing

· pairs

· al go rithms

· func tion ob jects

The cov er age is brief and is done via a small num ber of ex am ples.

42.1 Pairs

The pair is a class that pro vides for the abil ity to treat two ob jects as a sin gle ob ject. It is
used by a num ber of other STL classes.

Here is a de scrip tion taken from the MSDN help.

tem plate<class Type1, class Type2>
struct pair 
{
  typedef Type1 first_type;
  typedef Type2 sec ond_type
  Type1 first;
  Type2 sec ond;
  pair( );
  pair(
    const Type1& __Val1, 
    const Type2& __Val2
  );
  tem plate<class Other1, class Other2>
  pair
  (
    const pair<Other1, Other2>& _Right
  );
};

The tem plate class stores a pair of ob jects of type Type1 and Type2, re spec tively. The type
first_type is the same as the tem plate pa ram e ter Type1 and the type sec ond_type is the same 
as the tem plate pa ram e ter Type2. Type1 and Type2 each need sup ply only a de fault con -
struc tor, a sin gle-ar gu ment con struc tor, and a de struc tor. All mem bers of the type pair are
pub lic, be cause the type is de clared as a struct rather than as a class. The two most com mon 
uses for a pair are as re turn types for func tions that re turn two val ues and as el e ments for
the as so cia tive con tainer classes map Class and multimap Class that have both a key and a
value type as so ci ated with each el e ment. The lat ter sat is fies the re quire ments for a pair as -
so cia tive con tainer and has a value type of the form pair<const key_type, mapped_type>.

42.1.1 Ex am ple 1 - sim ple pair us age

Here is a sim ple pair ex am ple, il lus trat ing some of the key con cepts.

#in clude <util ity>
#in clude <map>
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#in clude <iomanip>
#in clude <iostream>
us ing namespace std;

int main( )
{
   us ing namespace std;

   // Us ing the con struc tor to de clare and ini tial ize a pair
   pair <int, dou ble> p1 ( 10, 1.1e-2 );

   // Com pare us ing the helper func tion to de clare and ini -
tial ize a pair
   pair <int, dou ble> p2;
   p2 = make_pair ( 10, 2.22e-1 );

   // Mak ing a copy of a pair
   pair <int, dou ble> p3 ( p1 );

   cout.pre ci sion ( 3 );
   cout << “The pair p1 is: ( ” << p1.first << “, ” 
        << p1.sec ond << “ ).” << endl;
   cout << “The pair p2 is: ( ” << p2.first << “, ” 
        << p2.sec ond << “ ).” << endl;
   cout << “The pair p3 is: ( ” << p3.first << “, ” 
        << p3.sec ond << “ ).” << endl;

   // Us ing a pair for a map el e ment
   map <int, int> m1;
   map <int, int>::iterator m1_Iter;

   typedef pair <int, int> Map_Int_Pair;

   m1.in sert ( Map_Int_Pair ( 1, 10 ) );
   m1.in sert ( Map_Int_Pair ( 2, 20 ) );
   m1.in sert ( Map_Int_Pair ( 3, 30 ) );

   cout << “The el e ment pairs of the map m1 are:”;
   for ( m1_Iter = m1.be gin( ); m1_Iter != m1.end( );
m1_Iter++ )
      cout << “ ( ” << m1_Iter -> first << “, ”
           << m1_Iter -> sec ond << “ )”;
   cout   << “.” << endl;

   // Us ing pair as a re turn type for a func tion
   pair< map<int,int>::iterator, bool > pr1, pr2;
   pr1 = m1.in sert ( Map_Int_Pair ( 4, 40 ) );
   pr2 = m1.in sert ( Map_Int_Pair (1, 10 ) );
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   if( pr1.sec ond == true )
   {
      cout << “The el e ment (4,40) was in serted suc cess fully 
in m1.”
           << endl;
   }
   else   
   {
      cout << “The el e ment with a key value of\n”
           << “ ( (pr1.first) -> first ) = ” << (
pr1.first ) -> first 
           << “ is al ready in m1,\n so the in ser tion
failed.” << endl;
   }

   if( pr2.sec ond == true )
   {
      cout << “The el e ment (1,10) was in serted suc cess fully 
in m1.”
           << endl;
   }
   else   
   {
      cout << “The el e ment with a key value of\n”
           << “ ( (pr2.first) -> first ) = ” << (
pr2.first ) -> first 
           << “ is al ready in m1,\n so the in ser tion
failed.” << endl;
   }
}

Here is the out put.

C:\doc u ment\cpp\notes>pair02
The pair p1 is: ( 10, 0.011 ).
The pair p2 is: ( 10, 0.222 ).
The pair p3 is: ( 10, 0.011 ).
The el e ment pairs of the map m1 are: ( 1, 10 ) ( 2, 20 ) (
3, 30 ).
The el e ment (4,40) was in serted suc cess fully in m1.
The el e ment with a key value of
 ( (pr2.first) -> first ) = 1 is al ready in m1,
 so the in ser tion failed.

There is a prob lem in the string chap ter that can be im ple mented us ing pairs.
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42.2 Al go rithms

All STL al go rithms pro cess one or more iterator ranges. To in crease their flex i bil ity and
power sev eral al go rithms al low the user to pro vide their own func tions, which are called
internally.

The fol low ing is one clas si fi ca tion of al go rithms

· mod i fy ing al go rithms

· non - mod i fy ing al go rithms

· mu tat ing al go rithms

· re mov ing al go rithms

· sort ing al go rithms

· nu meric al go rithms

We will il lus trate some of what is pos si ble us ing a small num ber of ex am ples.

42.2.1 Ex am ple 2 - STL al go rithm us age

This ex am ple il lus trates the use of func tion al ity from

· <al go rithm>

· <ar ray>

· <iterator>

· <nu meric>

and use of

· ran dom_shuf fle

· min_el e ment

· max_el e ment

· ac cu mu late

The ex am ple uses a sim ple in te ger ar ray.
#in clude <iostream>

#in clude <al go rithm>
#in clude <nu meric>
#in clude <ar ray>
#in clude <iterator>
us ing namespace std;

int main()
{
  const int n=10;
  ar ray< int , n > x = {10,1,2,9,3,8,4,7,5,6};

  cout << “ Orig i nal se quence ” << endl;

  for( auto i : x )
    cout << i << “ ” ;
  cout << endl;
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  ran dom_shuf fle( x.be gin() , x.end() );

  cout << “ Af ter shuf fle ” << endl;

  for( auto i : x )
    cout << i << “ ” ;
  cout << endl;

  int t;

  t = *(min_el e ment( x.be gin() , x.end() ));

  cout << “ Small est is ” << t << endl;

  t = *(max_el e ment( x.be gin() , x.end() ));

  cout << “ Larg est is ” << t << endl;

  t = ac cu mu late(  x.be gin() , x.end() ,0 );

  cout << “ Sum is ” << t << endl;

  sort ( x.be gin() , x.end() );

  cout << “ Af ter sort ” << endl;

  for( auto i : x )
    cout << i << “ ” ;
  cout << endl;

  re turn(0);

}

Here is the out put.

 Orig i nal se quence 
10 1 2 9 3 8 4 7 5 6 
 Af ter shuf fle 
5 1 6 2 10 8 7 9 3 4 
 Small est is 1
 Larg est is 10
 Sum is 55
 Af ter sort 
1 2 3 4 5 6 7 8 9 10 

42.2.2 Al go rithm sum mary

The fol low ing in for ma tion is taken from the Microsoft MSDN site.
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The STL al go rithms are ge neric be cause they can op er ate on a va ri ety of data struc tures.
The data struc tures that they can op er ate on in clude not only the STL con tainer classes such 
as vec tor and list, but also pro gram-de fined data struc tures and ar rays of el e ments that sat -
isfy the re quire ments of a par tic u lar al go rithm. STL al go rithms achieve this level of gen er -
al ity by ac cess ing and tra vers ing the el e ments of a con tainer indirectly through iterators. 

STL al go rithms pro cess iterator ranges that are typ i cally spec i fied by their be gin ning or
end ing po si tions. The ranges re ferred to must be valid in the sense that all point ers in the
ranges must be dereferenceable and, within the se quences of each range, the last po si tion
must be reach able from the first by incrementation.

The STL al go rithms ex tend the ac tions sup ported by the op er a tions and mem ber func tions
of each STL con tainer and al low work ing, for ex am ple, with dif fer ent types of con tainer ob -
jects at the same time. Two suf fixes have been used to con vey in for ma tion about the pur -
pose of the algorithms. 

The if suf fix in di cates that the al go rithm is used with func tion ob jects op er at ing on the val -
ues of the el e ments rather than on the val ues of the el e ments them selves. The find_if al go -
rithm looks for el e ments whose val ues sat isfy the cri te rion spec i fied by a func tion ob ject,
and the find al go rithm searches for a particular value. 

The _copy suf fix in di cates that the al go rithm not only ma nip u lates the val ues of the el e -
ments but also cop ies the mod i fied val ues into a des ti na tion range. The re verse al go rithm
re verses the or der of the el e ments within a range, and the re verse_copy al go rithm also cop -
ies the re sult into a destination range.

STL al go rithms are of ten clas si fied into groups that in di cate some thing about their pur pose
or re quire ments. These in clude mod i fy ing al go rithms that change the value of el e ments as
com pared with nonmodifying al go rithms that do not. Mu tat ing al go rithms change the or der
of el e ments, but not the val ues of their el e ments. Re mov ing al go rithms can elim i nate el e -
ments from a range or a copy of a range. Sort ing al go rithms re or der the el e ments in a range 
in var i ous ways and sorted range al go rithms only act on al go rithms whose elements have
been sorted in a particular way.

The STL nu meric al go rithms that are pro vided for nu mer i cal pro cess ing have their own
header file <nu meric>, and func tion ob jects and ad ap tors are de fined in the header <func -
tional> Func tion ob jects that re turn Boolean val ues are known as pred i cates. The de fault bi -
nary pred i cate is the com par i son op er a tor<. In gen eral, the el e ments be ing or dered need to
be less than com pa ra ble so that, given any two el e ments, it can be de ter mined ei ther that
they are equiv a lent (in the sense that nei ther is less than the other) or that one is less than
the other. This re sults in an ordering among the nonequivalent elements.

(in the sense that nei ther is less than the other) or that one is less than the other. This re sults 
in an or der ing among the non equiv a lent el e ments.

42.2.2.1 Func tions

ad ja cent_find Searches for two ad ja cent el e ments that are ei ther equal or sat isfy a

spec i fied con di tion.

all_of Re turns true when a con di tion is pres ent at each el e ment in the given

range.

any_of Re turns true when a con di tion is pres ent at least once in the spec i fied

range of el e ments.

bi nary_search
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Tests whether there is an el e ment in a sorted range that is equal to a

spec i fied value or that is equiv a lent to it in a sense spec i fied by a bi -

nary pred i cate.

copy As signs the val ues of el e ments from a source range to a des ti na tion

range, it er at ing through the source se quence of el e ments and as sign -

ing them new po si tions in a for ward direction.

copy_back ward As signs the val ues of el e ments from a source range to a des ti na tion

range, it er at ing through the source se quence of el e ments and as sign -

ing them new po si tions in a back ward direction.

copy_if Copy all el e ments in a given range that test true for a spec i fied con di -

tion

copy_n Cop ies a spec i fied num ber of el e ments.

count Re turns the num ber of el e ments in a range whose val ues match a

spec i fied value.

count_if Re turns the num ber of el e ments in a range whose val ues match a

spec i fied con di tion.

equal Com pares two ranges el e ment by el e ment ei ther for equal ity or equiv -

a lence in a sense spec i fied by a bi nary predicate.

equal_range Finds a pair of po si tions in an or dered range, the first less than or

equiv a lent to the po si tion of a spec i fied el e ment and the sec ond

greater than the el e ment’s po si tion, where the sense of equiv a lence or 

or der ing used to es tab lish the po si tions in the se quence may be spec i -

fied by a binary predicate. 

fill As signs the same new value to ev ery el e ment in a spec i fied range.

fill_n As signs a new value to a spec i fied num ber of el e ments in a range

start ing with a par tic u lar element.

find Lo cates the po si tion of the first oc cur rence of an el e ment in a range

that has a spec i fied value.

find_end Looks in a range for the last subsequence that is iden ti cal to a spec i -

fied se quence or that is equiv a lent in a sense spec i fied by a bi nary

pred i cate.

find_first_of Searches for the first oc cur rence of any of sev eral val ues within a tar -

get range or for the first oc cur rence of any of sev eral el e ments that

are equiv a lent in a sense spec i fied by a bi nary pred i cate to a spec i fied 

set of the elements.

find_if Lo cates the po si tion of the first oc cur rence of an el e ment in a range

that sat is fies a spec i fied con di tion.

find_if_not Re turns the first el e ment in the in di cated range that does not sat isfy a

con di tion.

for_each Ap plies a spec i fied func tion ob ject to each el e ment in a for ward or der 

within a range and re turns the func tion object.

gen er ate As signs the val ues gen er ated by a func tion ob ject to each el e ment in

a range.
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gen er ate_n As signs the val ues gen er ated by a func tion ob ject to a spec i fied num -

ber of el e ment is a range and re turns to the po si tion one past the last

as signed value.

in cludes Tests whether one sorted range con tains all the el e ments con tained in

a sec ond sorted range, where the or der ing or equiv a lence cri te rion be -

tween el e ments may be spec i fied by a bi nary predicate.

inplace_merge Com bines the el e ments from two con sec u tive sorted ranges into a sin -

gle sorted range, where the or der ing cri te rion may be spec i fied by a

bi nary predicate.

is_heap Re turns true if the el e ments in the spec i fied range form a heap.

is_heap_un til Re turns true if the spec i fied range forms a heap un til the last el e ment.

is_par ti tioned Re turns true if all the el e ments in the given range that test true for a

con di tion come be fore any el e ments that test false.

is_sorted Re turns true if the el e ments in the spec i fied range are in sorted or der.

is_sorted_un til Re turns true if the el e ments in the spec i fied range are in sorted or der.

iter_swap Ex changes two val ues re ferred to by a pair of spec i fied iterators.

lex i co graph i cal_com pare Com pares el e ment by el e ment be tween two se quences to de -

ter mine which is lesser of the two.

lower_bound Finds the po si tion of the first el e ment in an or dered range that has a

value greater than or equiv a lent to a spec i fied value, where the or der -

ing cri te rion may be spec i fied by a bi nary predicate.

make_checked_ar ray_iterator Cre ates a checked_ar ray_iterator that can be used by

other al go rithms.

make_heap Con verts el e ments from a spec i fied range into a heap in which the

first el e ment is the larg est and for which a sort ing cri te rion may be

spec i fied with a bi nary predicate.

max Com pares two ob jects and re turns the larger of the two, where the or -

der ing cri te rion may be spec i fied by a bi nary pred i cate.

max_el e ment Finds the first oc cur rence of larg est el e ment in a spec i fied range

where the or der ing cri te rion may be spec i fied by a bi nary predicate.

merge Com bines all the el e ments from two sorted source ranges into a sin -

gle, sorted des ti na tion range, where the or der ing cri te rion may be

spec i fied by a bi nary predicate.

min Com pares two ob jects and re turns the lesser of the two, where the or -

der ing cri te rion may be spec i fied by a bi nary pred i cate.

min_el e ment Finds the first oc cur rence of small est el e ment in a spec i fied range

where the or der ing cri te rion may be spec i fied by a bi nary predicate.

minmax Com pares two in put pa ram e ters and re turns them as a pair, in or der

of least to great est.

minmax_el e ment Per forms the work per formed by min_el e ment and max_el e ment in

one call.

mis match
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Com pares two ranges el e ment by el e ment ei ther for equal ity or equiv -

a lent in a sense spec i fied by a bi nary pred i cate and lo cates the first

po si tion where a dif fer ence occurs.

<alg> move Move el e ments as so ci ated with a spec i fied range.

move_back ward Moves the el e ments of one iterator to an other. The move starts with

the last el e ment in a spec i fied range, and ends with the first el e ment

in that range.

next_per mu ta tion Re or ders the el e ments in a range so that the orig i nal or der ing is re -

placed by the lex i co graph i cally next greater per mu ta tion if it ex ists,

where the sense of next may be spec i fied with a binary predicate.

none_of Re turns true when a con di tion is never pres ent among el e ments in the 

given range.

nth_el e ment Par ti tions a range of el e ments, cor rectly lo cat ing the nth el e ment of

the se quence in the range so that all the el e ments in front of it are

less than or equal to it and all the el e ments that fol low it in the se -

quence are greater than or equal to it.

par tial_sort Ar ranges a spec i fied num ber of the smaller el e ments in a range into a 

nondescending or der or ac cord ing to an or der ing cri te rion spec i fied

by a bi nary predicate.

par tial_sort_copy Cop ies el e ments from a source range into a des ti na tion range where

the source el e ments are or dered by ei ther less than or an other spec i -

fied bi nary predicate.

par ti tion Clas si fies el e ments in a range into two dis joint sets, with those el e -

ments sat is fy ing a unary pred i cate pre ced ing those that fail to satisfy

it.

par ti tion_copy Cop ies el e ments for which a con di tion is true to one des ti na tion, and

for which the con di tion is false to an other. The el e ments must come

from a spec i fied range.

par ti tion_point Re turns the first el e ment in the given range that does not sat isfy the

con di tion. The el e ments are sorted so that those that sat isfy the con di -

tion come be fore those that do not.

pop_heap Re moves the larg est el e ment from the front of a heap to the

next-to-last po si tion in the range and then forms a new heap from the

re main ing el e ments.

prev_per mu ta tion Re or ders the el e ments in a range so that the orig i nal or der ing is re -

placed by the lex i co graph i cally next greater per mu ta tion if it ex ists,
where the sense of next may be spec i fied with a binary predicate.

push_heap Adds an el e ment that is at the end of a range to an ex ist ing heap con -
sist ing of the prior el e ments in the range.

ran dom_shuf fle Re ar ranges a se quence of N el e ments in a range into one of N! pos si -
ble ar range ments se lected at random.

re move Elim i nates a spec i fied value from a given range with out dis turb ing
the or der of the re main ing el e ments and re turn ing the end of a new

range free of the spec i fied value.
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re move_copy Cop ies el e ments from a source range to a des ti na tion range, ex cept

that el e ments of a spec i fied value are not cop ied, with out dis turb ing

the or der of the re main ing el e ments and re turn ing the end of a new

destination range.

re move_copy_if Cop ies el e ments from a source range to a des ti na tion range, ex cept

that sat is fy ing a pred i cate are not cop ied, with out dis turb ing the or der 

of the re main ing el e ments and re turn ing the end of a new destination

range.

re move_if Elim i nates el e ments that sat isfy a pred i cate from a given range with -

out dis turb ing the or der of the re main ing el e ments and re turn ing the

end of a new range free of the spec i fied value.

re place Ex am ines each el e ment in a range and re places it if it matches a spec -

i fied value.

re place_copy Ex am ines each el e ment in a source range and re places it if it matches 

a spec i fied value while copy ing the re sult into a new des ti na tion

range.

re place_copy_if Ex am ines each el e ment in a source range and re places it if it sat is fies

a spec i fied pred i cate while copy ing the re sult into a new des ti na tion

range.

re place_if Ex am ines each el e ment in a range and re places it if it sat is fies a spec -

i fied pred i cate.

re verse Re verses the or der of the el e ments within a range.

re verse_copy Re verses the or der of the el e ments within a source range while copy -

ing them into a des ti na tion range

ro tate Ex changes the el e ments in two ad ja cent ranges.

ro tate_copy Ex changes the el e ments in two ad ja cent ranges within a source range

and cop ies the re sult to a des ti na tion range.

search Searches for the first oc cur rence of a se quence within a tar get range

whose el e ments are equal to those in a given se quence of el e ments or 

whose el e ments are equiv a lent in a sense spec i fied by a bi nary pred i -

cate to the el e ments in the given sequence.

search_n Searches for the first subsequence in a range that of a spec i fied num -

ber of el e ments hav ing a par tic u lar value or a re la tion to that value as 

spec i fied by a bi nary predicate.

set_dif fer ence Unites all of the el e ments that be long to one sorted source range, but

not to a sec ond sorted source range, into a sin gle, sorted des ti na tion

range, where the or der ing cri te rion may be spec i fied by a bi nary

predicate.

set_in ter sec tion Unites all of the el e ments that be long to both sorted source ranges

into a sin gle, sorted des ti na tion range, where the or der ing cri te rion

may be spec i fied by a bi nary predicate.

set_sym met ric_dif fer ence Unites all of the el e ments that be long to one, but not both, of

the sorted source ranges into a sin gle, sorted des ti na tion range, 
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where the or der ing cri te rion may be spec i fied by a bi nary

predicate.

set_un ion Unites all of the el e ments that be long to at least one of two sorted

source ranges into a sin gle, sorted des ti na tion range, where the or der -

ing cri te rion may be spec i fied by a bi nary predicate.

sort Ar ranges the el e ments in a spec i fied range into a nondescending or -

der or ac cord ing to an or der ing cri te rion spec i fied by a bi nary

predicate.

sort_heap Con verts a heap into a sorted range.

sta ble_par ti tion Clas si fies el e ments in a range into two dis joint sets, with those el e -

ments sat is fy ing a unary pred i cate pre ced ing those that fail to sat isfy

it, pre serv ing the rel a tive or der of equiv a lent elements.

sta ble_sort Ar ranges the el e ments in a spec i fied range into a nondescending or -

der or ac cord ing to an or der ing cri te rion spec i fied by a bi nary pred i -

cate and pre serves the rel a tive or der ing of equivalent elements.

swap Ex changes the val ues of the el e ments be tween two types of ob jects,

as sign ing the con tents of the first ob ject to the sec ond ob ject and the

con tents of the sec ond to the first.

swap_ranges Ex changes the el e ments of one range with the el e ments of an other,

equal sized range.

trans form Ap plies a spec i fied func tion ob ject to each el e ment in a source range

or to a pair of el e ments from two source ranges and cop ies the re turn

val ues of the func tion ob ject into a des ti na tion range.

unique Re moves du pli cate el e ments that are ad ja cent to each other in a spec i -

fied range.

unique_copy Cop ies el e ments from a source range into a des ti na tion range ex cept

for the du pli cate el e ments that are ad ja cent to each other.

up per_bound Finds the po si tion of the first el e ment in an or dered range that has a

value that is greater than a spec i fied value, where the or der ing cri te -

rion may be spec i fied by a bi nary predicate.

More de tailed in for ma tion can be found at the Microsoft site. The web ad dress is given in
an ear lier chap ter.

42.3 Func tion ob jects

Most pro gram ming langauges pro vide the abil ity to pass a func tion or pro ce dure as an ar gu -
ment or pa ram e ter to an other pro ce dure. The orig i nal Pascal lan guage had a sort pro ce dure
that would work with an ar ray of any type, in clud ing user defined.

You pro vided a com pare and swap func tion, that worked with your user de fined types, and
these would be called from within the al ready com piled sort rou tine.

The C fam ily of lan guages solve this prob lem with func tion point ers. C++ of fers the op tion
of do ing it with a func tion object.

Any of the STL al go rithms that take func tion ar gu ments can use func tion ob jects. This is
done via the func tion call op er a tor - ().

Let us il lus trate this with a sim ple ex am ple.
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42.4 Ex am ple 3 - func tion ob jects

This ex am ple il lus trates the use of

· func tion ob jects

In this ex am ple we use a sim ple in te ger ar ray and a sim ple dou ble array.

#in clude <al go rithm>
#in clude <ar ray>
#in clude <func tional>
#in clude <iostream>
#in clude <iterator>
#in clude <nu meric>
us ing namespace std;

tem plate<typename t>
class sumx2
{
  pub lic:
  t op er a tor()(const t &sum, const t &x)
  {
    re turn (sum+x*x);
  }  
};

us ing namespace std;

int main()
{

  const int n=10;

  ar ray< int , n > x = {1,2,3,4,5,6,7,8,9,10};

  cout << “ x ar ray is ” << endl;

  for( auto i : x )
    cout << i << “ ” ;
  cout << endl;

  int sum1;

  sum1 = ac cu mu late(  x.be gin() , x.end() , 0 );

  cout << “ Sum x is ” << sum1 << endl;

  sum1 = ac cu mu late(  x.be gin() , x.end() , 0 ,
    sumx2< int >() );

  cout << “ Sum x squared is ” << sum1 << endl;
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  ar ray< dou ble , n > y =
{1.0,2.0,3.0,4.0,5.0,6.0,7.0,8.0,9.0,10.0};

  cout << “ y ar ray is ” << endl;

  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(4);
  cout.pre ci sion(1); 

  for( auto i : y )
  {
    cout << i << “ ” ;
  }
  cout << endl;

  dou ble sum2;

  sum2 = ac cu mu late(  y.be gin() , y.end() , 0.0 );

  cout << “ Sum y is ” << sum2 << endl;

  sum2 = ac cu mu late(  y.be gin() , y.end() , 0.0 ,
    sumx2< dou ble >() );

  cout << “ Sum y squared is ” << sum2 << endl;

  re turn(0);

}

The key parts of the code are

tem plate<typename t>
class sumx2
{
  pub lic:
  t op er a tor()(const t &sum, const t &x)
  {
    re turn (sum+x*x);
  }  
};

and the two calls

· sumx2< int >()

and

· sumx2< dou ble >()
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which in voke the func tion.

Here is the out put.
 x ar ray is 
1 2 3 4 5 6 7 8 9 10 
 Sum x is 55
 Sum x squared is 385
 y ar ray is 
 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 
 Sum y is 55.0
 Sum y squared is 385.0

This pro gram shows the sumx2 func tion ob ject work ing with both ints and dou bles. 

42.4.1 Pre de fined func tion ob jects

The fol low ing are predfined func tion ob jects

· di vides< T > - arith me tic 

· mi nus< T > - arith me tic 

· modulus< T > - arith me tic 

· ne gate< T > - arith me tic 

· plus< T > - arith me tic 

· mul ti ply< T > - arith me tic

· equal_to< T > - re la tional

· greater< T > - re la tional

· greater_equal< T > - re la tional

· less< T > - re la tional

· less_equal< T > - re la tional

· not_equal_to< T > - re la tional

· log i cal_and< T > - log i cal

· log i cal_not< T > - log i cal

· log i cal_or< T > - log i cal

Ob vi ously we have only been able to pro vide a brief cov er age in the ex am ple.

42.5 Sum mary

This chap ter has in tro duced a small num ber of classes from the STL, with sim ple ex am ples. 
The STL is a ma jor com po nent of C++, and has a lot of ca pa bil ity. You should con sult
some of the books men tioned in these notes for more in for ma tion. Microsoft also make a
lot of in for ma tion and ex am ples about the STL available on line. 
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43 Reg u lar ex pres sions and pat tern
match ing

The Unix op er at ing sys tems was one of the first com puter sys tems to make pat tern match -
ing tools avail able us ing reg u lar ex pres sions. The fol low ing com po nents of the Unix and
Linux op er at ing sys tem sup port pat tern match ing

· ed the stan dard com mand driven ed i tor

· vi the Unix ed i tor. It is some times the only ed i tor avail able on a
Unix or Linux sys tem.

· grep gen eral reg u lar ex pres sion parser

· egrep ex tended ver sion of the above

· fgrep file based ver sion of the above

· sed stream ver sion of vi. Works re ally well on large files.

They en able the so lu tion of quite a range of prob lems that would be dif fi cult or even im -
pos si ble in prac tice if they did n't ex ist.

I've used them sev eral times in an ger

· the pro duc tion of a type set ver sion of the col lege tele phone di rec tory whilst at

Im pe rial Col lege. The de part ments were asked to pro vide files which con tained
de tails of the peo ple in their de part ments. These files were pro cessed in two

ways. The first in volved the pro duc tion of the de part men tal en tires in the tele -

phone di rec tory and the sec ond in volved a sorted list of all peo ple and per son nel 

at Im pe rial. The pro cess is go ing to be re pet i tive and so man u ally pro duc ing the

tele phone di rec tory ev ery 2 or 3 months would be very time con sum ing and er -

ror prone.

· the pro duc tion of the United Na tions En vi ron ment Pro gram Data re ports. I had

two secondments to UNEP to work on the pro duc tion of the sec ond and third

edi tions of these re ports. Some of the ta bles are com plex and span over 20

pages. They in volve large amounts of com plex nu meric data. Again the man ual

type set ting of these re ports is te dious and er ror prone.

· Da ta base ad min is tra tor for an EEC study into en vi ron men tal kid ney dam age due

to ex po sure to heavy met als and or ganic sol vents. It in volved the con struc tion of 

a da ta base of all of the test re sults (over 100 tests) from 8 lab o ra to ries across

Eu rope in volv ing Bel gium (Ant werp and Louvain), Ger many (Hannover and

Berlin), Spain, It aly, Po land and the UK. Once the da ta base had been con -

structed sta tis ti cal anal y sis of the data started. Sev eral hun dred models were run, 

and some of the com mand files for these runs ran into sev eral thou sand lines of

SAS, the sta tis ti cal pack age we used to ana lyse the data.

I use the tools on a day to day ba sis, mainly the vi editor, which is one of the first things I
in stall on any Win dows based PC I work with. Learn ing how to use reg u lar ex pres sions and 
pat tern matching will quickly re pay the time and ef fort in volved.

A the o ret i cal cov er age can be found in the Aho, Hopcroft and Ullman book. De tails are
given in the bib li og ra phy at the end of the chap ter.
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A reg u lar ex pres sion is a pat tern that the reg u lar ex pres sion en gine at tempts to match in in -
put text. A pat tern con sists of one or more char ac ter lit er als, op er a tors, or con structs. 

Chap ter 28 in the C++11 stan dard has de tails of the reg u lar ex pres sions li brary. 

The regex li brary re cog nises sev eral fla vours of reg u lar ex pres sions in clud ing awk, grep,
egrep, ba sic (POSIX), ex tended (POSIX) and ECMAScript.

The stan dard it self does not have much in for ma tion about reg u lar ex pres sions. I've taken
the in for ma tion be low from stan dard Unix and Linux sources.

43.1 Metacharacters

            Sym bol            Ac tion
            .                       any char ac ter
            *                      zero or more
            ^                      start of line
            $                      end of line
            \                       es cape
            [ ]                    match one from a set
            \( \)                  named reg u lar ex pres sion
            \{ \}                 range of in stances
            \< \>                match words be gin ning or end
            +                      one or more pre ced ing
            ?                      zero or more pre ced ing
            |                       sep a rate choices to match
            ( )                   group ex pres sions to match
We have the fol low ing char ac ter classes.

            alnum              any al pha nu meric char ac ter
            al pha               any al pha betic char ac ter
            blank               any whitespace char ac ter
            cntrl                 any con trol char ac ter
            d                      any dec i mal digit
            digit                 any dec i mal digit 
            graph               any graph i cal char ac ter
            lower               any lower casecharacter
            print                 any print able char ac ter
            punct               any punc tu a tion char ac ter
            s                       any whitespace char ac ter
            space               any whitespace char ac ter
            up per               any up per case char ac ter
            w                     any word char ac ter
            xdigit               any hex a dec i mal character
The fol low ing ex pres sions are equiv a lent, ^ means not in the fol low ing con text.

            \d                    [[:digit:]]
            \D                   [^[:digit:]]
            \s                     [[:space:]]
            \S                    [^[:space:]]
            \w                   [_[:alnum:]]
            \W                  [^_[:alnum:]]
Sub sti tu tions are reg u lar ex pres sion lan guage el e ments that are sup ported in re place ment
pat terns.

43.2 Ex am ple 1 - UK post codes

The fol low ing in for ma tion is taken from Wikipedia. The for mat of UK postcodes is as fol -
lows, where A sig ni fies a let ter and 9 a digit:
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For mat Ex am ple Cov er age

A9   9AA M1 1AA B, E, G, L, M, N, S, W post code ar eas 

A99  9AA B33 8TH

AA9  9AA CR2 6XH All post code ar eas ex cept B, E, G, L, M, N, S, W, WC 

AA99 9AA DN55 1PT

A9A  9AA W1A 1HQ E1W, N1C, N1P, W1 post code dis tricts (high-den sity ar eas

where more codes were needed) 

AA9A 9AA EC1A 1BB WC post code area; EC1-EC4, NW1W, SE1P, SW1 post code

dis tricts (high-den sity ar eas where more codes were needed) 

We will use the above in for ma tion to write a pro gram that will test for the va lid ity of a UK
post code us ing the reg u lar ex pres sion ca pa bil ity of C++.

The first thing we need to do is con struct the pat terns we are in ter ested in match ing. The
fol low ing lines do this.

"([a-zA-Z][0-9][\\s][0-9][a-zA-Z][a-zA-Z])"
"|([a-zA-Z][0-9][0-9][\\s][0-9][a-zA-Z][a-zA-Z])"
"|([a-zA-Z][a-zA-Z][0-9][\\s][0-9][a-zA-Z][a-zA-Z])"
"|([a-zA-Z][a-zA-Z][0-9][0-9][\\s][0-9][a-zA-Z][a-zA-Z])"
"|([a-zA-Z][0-9][a-zA-Z][\\s][0-9][a-zA-Z][a-zA-Z])"
"|([a-zA-Z][a-zA-Z][0-9][a-zA-Z][\\s][0-9][a-zA-Z][a-zA-Z])"

Each lines matches one of the valid UK post code pat terns. The fol low ing lines also do the
pat tern match.
"([[:al pha:]][[:digit:]][\\s][[:digit:]][[:al pha:]][[:al pha:]])" 
"|([[:al pha:]][[:digit:]][[:digit:]][\\s][[:digit:]][[:al pha:]][[:al pha:]])" 
"|([[:al pha:]][[:al pha:]][[:digit:]][\\s][[:digit:]][[:al pha:]][[:al pha:]])"  
"|([[:al pha:]])([[:al pha:]][[:digit:]][[:digit:]][\\s][[:digit:]][[:al pha:]][[:al pha:]])" 
"|([[:al pha:]][[:digit:]][[:al pha:]][\\s][[:digit:]][[:al pha:]][[:al pha:]])" 
"|([[:al pha:]][[:al pha:]][[:digit:]][[:al pha:]][\\s][[:digit:]][[:al pha:]][[:al pha:]])"

We show sam ple code for each set of pat terns.

#in clude <iostream>
#in clude <regex>
#in clude <string>
us ing namespace std;

int main()
{

  string s1 =
  "([a-zA-Z][0-9][\\s][0-9][a-zA-Z][a-zA-Z])";
  string s2 =
 "|([a-zA-Z][0-9][0-9][\\s][0-9][a-zA-Z][a-zA-Z])";
  string s3 =
 "|([a-zA-Z][a-zA-Z][0-9][\\s][0-9][a-zA-Z][a-zA-Z])";
  string s4 =
 "|([a-zA-Z][a-zA-Z][0-9][0-9][\\s][0-9][a-zA-Z][a-zA-Z])";
  string s5 =
 "|([a-zA-Z][0-9][a-zA-Z][\\s][0-9][a-zA-Z][a-zA-Z])";
  string s6 =
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 "|([a-zA-Z][a-zA-Z][0-9][a-zA-Z][\\s][0-9][a-zA-Z][a-zA-Z])";

  string post code = s1+s2+s3+s4+s5+s6;

  regex uk_post code(post code);

  string line;

  for(;;)
  {
    cout<<"Type in a post code - q to quit."<<endl;
    getline(cin,line);
    cout << line << endl;
    if(!cin) break;
    //Exit when the user in puts q
    if(line=="q")
      break;
    if(regex_match(line,uk_post code))
      cout<<"Valid UK post code en tered"<<endl;
    else
    {
      cout<<"Post code not found"<<endl;
    }
  }
}

43.3 Ex am ple 2 - sim ple variant

Here is the sec ond ex am ple.

#in clude <iostream>
#in clude <regex>
#in clude <string>
us ing namespace std;

int main()
{

  string s1 =
  "([[:al pha:]][[:digit:]][\\s][[:digit:]][[:al pha:]][[:al -
pha:]])"; 
  string s2 =
 "|([[:al pha:]][[:digit:]][[:digit:]][\\s][[:digit:]][[:al -
pha:]][[:al pha:]])"; 
  string s3 =
 "|([[:al pha:]][[:al pha:]][[:digit:]][\\s][[:digit:]][[:al -
pha:]][[:al pha:]])";  
  string s4 =
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 "|([[:al pha:]])([[:al -
pha:]][[:digit:]][[:digit:]][\\s][[:digit:]][[:al pha:]][[:al -
pha:]])"; 
  string s5 =
 "|([[:al pha:]][[:digit:]][[:al pha:]][\\s][[:digit:]][[:al -
pha:]][[:al pha:]])"; 
  string s6 =
 "|([[:al pha:]][[:al pha:]][[:digit:]][[:al -
pha:]][\\s][[:digit:]][[:al pha:]][[:al pha:]])";

  string post code = s1+s2+s3+s4+s5+s6;

  regex uk_post code(post code);

  string line;

  for(;;)
  {
    cout<<"Type in a post code - q to quit."<<endl;
    getline(cin,line);
    cout << line << endl;
    if(!cin) break;
    //Exit when the user in puts q
    if(line=="q")
      break;
    if(regex_match(line,uk_post code))
      cout<<"Valid UK post code en tered"<<endl;
    else
    {
      cout<<"Post code not found"<<endl;
    }
  }
}

The first thing we do is cre ate a string for each pat tern we are in ter ested in match ing, these
are the vari ables s1-s6. We then cre ate to tal string that we can use when cre at ing a vari able
of type regex.

We then use

    getline(cin,line);

to read in a whole line.

The state ment

    if(regex_match(line,uk_post code))

tests to see if we have a match.

Test the pro gram out with your home post code.

43.4 Prob lems

Try the ex am ples out.
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44 Valarrays
44.1 Valarrays

C++ is used by peo ple within the sci en tific com mu nity for nu meric prob lems. The valarray
class was added to C++ to en able a range of nu meric prob lems to be more eas ily solved in
C++, and pro vide the high lev els of per for mance of ten as so ci ated with For tran code suites.

How ever as Stroustrup com ments:

The fun da men tal idea of valarray was to pro vide For tran like fa cil i ties for dense

mul ti di men sional ar rays with For tran like op por tu ni ties for op ti mi sa tion. This can

only be achieved with the ac tive sup port of com piler and op ti mi sa tion sup pli ers and

the ad di tion of more li brary sup port on top of the very ba sic fa cil i ties pro vided by

valarray. So far this has not hap pened for all im ple men ta tions.

Josuttis com ments

The valarray classes were not de signed very well. In fact, no body tried to de ter mine

whether the fi nal spec i fi ca tion worked. This happened be cause no body felt re spon si -

ble for these classes. The peo ple who in tro duced valarrays to the C++ stan dard li -

brary left the com mit tee long be fore the stan dard was fin ished. As a con se quence,

valarrays are rarely used.

44.2 Ex am ple 1 - Rain fall program us ing valarray

#in clude <iostream>
#in clude <valarray>
us ing namespace std;

int main()

{
float sum=0.0,av er age=0.0 ;
valarray<float> rain fall(12) ;
int month ;

 cout << " Type in the rain fall, one per line \n" ;
 for (month=0;month<rain fall.size();++month)
 cin >> rain fall[month];
 for (month=0;month<rain fall.size();++month)
 cout << month << " " << rain fall[month] << " \n " ;
 for (month=0;month<rain fall.size();++month)
 sum = sum + rain fall[month];
 av er age = sum/12;
 cout << " Av er age is " << av er age;
 re turn(0);
}

44.3 Prob lems

1. Re write the vec tor ex am ples to use valarrays.
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45 The C, Java and C# timelines
45.1 The C fam ily - C, C++, Java and C#

C++ is one of the C fam ily of lan guages. There are cur rently four lan guages in the fam ily
that are widely used and they are

· C

· C++

· Java

· C#

Learn ing one of the four is a very good in vest ment as mov ing to any of the oth ers is then
rel a tively easy. Some of the key dates for C, Java and C# are given be low.

45.2 C

1969-1973 De vel op ment of Unix and C at Bell Labs

1978 Brian Kernighan and Den nis Ritchie pub lished the first edi tion of The C Pro -

gram ming Lan guage. This book, known to C pro gram mers as "K&R", served 

for many years as an in for mal spec i fi ca tion of the lan guage. The ver sion of

C that it de scribes is com monly re ferred to as K&R C. The sec ond edi tion of 

the book cov ers the later ANSI C stan dard.

1989-1990 In 1983, the Amer i can Na tional Stan dards In sti tute (ANSI) formed a com -

mit tee, X3J11, to es tab lish a stan dard spec i fi ca tion of C. X3J11 based the C

stan dard on the Unix im ple men ta tion; how ever, the non-por ta ble por tion of

the Unix C li brary was handed off to the IEEE work ing group 1003 to be -

come the ba sis for the 1988 POSIX stan dard. In 1989, the C stan dard was

rat i fied as ANSI X3.159-1989 "Pro gram ming Lan guage C". This ver sion of

the lan guage is of ten re ferred to as ANSI C, Stan dard C, or some times C89.

In 1990, the ANSI C stan dard (with for mat ting changes) was adopted by the

In ter na tional Or ga ni za tion for Stan dard iza tion (ISO) as ISO/IEC 9899:1990,

which is some times called C90. There fore, the terms "C89" and "C90" re fer

to the same pro gram ming lan guage.

1999 C99 in tro duced sev eral new fea tures, in clud ing inline func tions, sev eral new

data types (in clud ing long long int and a com plex type to rep re sent com plex

num bers), vari able-length ar rays, sup port for variadic mac ros (mac ros of

vari able arity), and sup port for one-line com ments be gin ning with //, as in

BCPL or C++. Many of these had al ready been im ple mented as ex ten sions in 
sev eral C com pil ers. C99 is for the most part back ward com pat i ble with C90, 

but is stricter in some ways; in par tic u lar, a dec la ra tion that lacks a type

specifier no lon ger has int im plic itly as sumed. A stan dard macro

__STDC_VER SION__ is de fined with value 199901L to in di cate that C99

sup port is avail able. GCC, Solaris Stu dio, and other C com pil ers now sup -

port many or all of the new fea tures of C99.

2011 In 2007, work be gan on an other re vi sion of the C stan dard, in for mally called 

"C1X" un til its of fi cial pub li ca tion on 2011-12-08. The C stan dards com mit -

tee adopted guide lines to limit the adop tion of new fea tures that had not been 
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tested by ex ist ing im ple men ta tions. The C11 stan dard adds nu mer ous new

fea tures to C and the li brary, in clud ing type ge neric mac ros, anon y mous

struc tures, im proved Unicode sup port, atomic op er a tions, multi-thread ing,

and bounds-checked func tions. It also makes some por tions of the ex ist ing

C99 li brary op tional, and im proves com pat i bil ity with C++.

45.3 Java

1991 James Gos ling, Mike Sheridan, and Pat rick Naughton ini ti ated the Java lan -

guage pro ject in June 1991. Java was orig i nally de signed for in ter ac tive tele -

vi sion, but it was too ad vanced for the dig i tal ca ble tele vi sion in dus try at the

time. The lan guage was ini tially called Oak af ter an oak tree that stood out -

side Gos ling's of fice; it went by the name Green later, and was later re named 

Java, from Java cof fee, said to be con sumed in large quan ti ties by the lan -

guage's cre ators. Gos ling aimed to im ple ment a vir tual ma chine and a lan -

guage that had a fa mil iar C/C++ style of no ta tion. 

1995 Sun Mi cro sys tems re leased the first pub lic im ple men ta tion as Java 1.0 in

1995. It prom ised "Write Once, Run Any where" (WORA), pro vid ing no-cost 
run-times on pop u lar plat forms. Fairly se cure and fea tur ing configurable se -

cu rity, it al lowed net work- and file-ac cess re stric tions. Ma jor web brows ers

soon in cor po rated the abil ity to run Java ap plets within web pages, and Java

quickly be came pop u lar. With the ad vent of Java 2 (re leased ini tially as J2SE 

1.2 in De cem ber 1998–1999), new ver sions had mul ti ple con fig u ra tions built 

for dif fer ent types of plat forms. For ex am ple, J2EE tar geted en ter prise ap pli -

ca tions and the greatly stripped-down ver sion J2ME for mo bile ap pli ca tions

(Mo bile Java). J2SE des ig nated the Stan dard Edi tion. In 2006, for mar ket ing

pur poses, Sun re named new J2 ver sions as Java EE, Java ME, and Java SE,

re spec tively.

1997 In 1997, Sun Mi cro sys tems ap proached the ISO/IEC JTC1 stan dards body

and later the Ecma In ter na tional to for mal ize Java, but it soon with drew from 

the pro cess. Java re mains a de facto stan dard, con trolled through the Java

Com mu nity Pro cess. At one time, Sun made most of its Java im ple men ta -

tions avail able with out charge, de spite their pro pri etary soft ware sta tus. Sun

gen er ated rev e nue from Java through the sell ing of li censes for spe cial ized

prod ucts such as the Java En ter prise Sys tem. Sun dis tin guishes be tween its

Soft ware De vel op ment Kit (SDK) and Runtime En vi ron ment (JRE) (a sub set 

of the SDK); the pri mary dis tinc tion in volves the JRE's lack of the com piler,

util ity pro grams, and header files.

2006 On No vem ber 13, 2006, Sun re leased much of Java as free and open source

soft ware, (FOSS), un der the terms of the GNU Gen eral Pub lic Li cense
(GPL). On May 8, 2007, Sun fin ished the pro cess, mak ing all of Java's core

code avail able un der free soft ware/open-source dis tri bu tion terms, aside from 

a small por tion of code to which Sun did not hold the copy right.

45.3.1 Java JDK His tory

JDK 1.0 (Jan u ary 23, 1996)
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· Code name Oak. Ini tial re lease The first sta ble ver sion was the JDK 1.0.2. is

called Java 1

JDK 1.1 (Feb ru ary 19, 1997)

· Ma jor ad di tions in cluded:

· an ex ten sive re tool ing of the AWT event model

· in ner classes added to the lan guage

· JavaBeans

· JDBC

· RMI

· re flec tion which sup ported In tro spec tion only, no mod i fi -

ca tion at runtime was pos si ble. 

J2SE 1.2 (De cem ber 8, 1998)

· Code name Play ground. This and sub se quent re leases through J2SE 5.0 were

rebranded ret ro spec tively Java 2 and the ver sion name "J2SE" (Java 2 Plat form,

Stan dard Edi tion) re placed JDK to dis tin guish the base plat form from J2EE

(Java 2 Plat form, En ter prise Edi tion) and J2ME (Java 2 Plat form, Mi cro Edi -

tion). Ma jor ad di tions in cluded:

· strictfp key word

· the Swing graph i cal API was in te grated into the core

classes

· Sun's JVM was equipped with a JIT com piler for the first

time

· Java Plug-in

· Java IDL, an IDL im ple men ta tion for CORBA

interoperability

· Col lec tions frame work 

J2SE 1.3 (May 8, 2000)

· Code name Kes trel. The most no ta ble changes were:

· HotSpot JVM in cluded (the HotSpot JVM was first re -

leased in April, 1999 for the J2SE 1.2 JVM)

· RMI was mod i fied to sup port op tional com pat i bil ity with

CORBA

· JavaSound

· Java Nam ing and Di rec tory In ter face (JNDI) in cluded in

core li brar ies (pre vi ously avail able as an ex ten sion)

· Java Plat form Debugger Ar chi tec ture (JPDA)

· Syn thetic proxy classes

J2SE 1.4 (Feb ru ary 6, 2002)
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· Code name Mer lin. This was the first re lease of the Java plat form de vel oped un -

der the Java Com mu nity Pro cess as JSR 59. Ma jor changes in cluded:

· Lan guage changes as sert key word (Spec i fied in JSR 41.)

· Li brary im prove ments reg u lar ex pres sions mod elled af ter

Perl reg u lar ex pres sions

· ex cep tion chain ing al lows an ex cep tion to en cap su late

orig i nal lower-level ex cep tion

· Internet Pro to col ver sion 6 (IPv6) sup port

· non-block ing IO (named NIO) (New In put/Out put) (Spec i -

fied in JSR 51.)

· log ging API (Spec i fied in JSR 47.)

· im age I/O API for read ing and writ ing im ages in for mats

like JPEG and PNG

· in te grated XML parser and XSLT pro ces sor (JAXP)

(Spec i fied in JSR 5 and JSR 63.)

· in te grated se cu rity and cryp tog ra phy ex ten sions (JCE,

JSSE, JAAS)

· Java Web Start in cluded (Java Web Start was first re leased 

in March, 2001 for J2SE 1.3) (Spec i fied in JSR 56.)

· Pref er ences API (java.util.prefs)

J2SE 5.0 (Sep tem ber 30, 2004)

· Code name Ti ger. Orig i nally num bered 1.5, which is still used as the in ter nal ver -

sion num ber. This ver sion was de vel oped un der JSR 176. J2SE 5.0 en tered its

end-of-life on April 8, 2008 and is no lon ger sup ported by Sun as of No vem ber

3, 2009. Ti ger added a num ber of sig nif i cant new lan guage fea tures:

· Generics: Pro vides com pile-time (static) type safety for

col lec tions and elim i nates the need for most type casts
(type con ver sion). (Spec i fied by JSR 14.)

· Metadata: Also called an no ta tions; al lows lan guage con -

structs such as classes and meth ods to be tagged with ad -

di tional data, which can then be pro cessed by

metadata-aware util i ties. (Spec i fied by JSR 175.)

· Autoboxing/unboxing: Au to matic con ver sions be tween

prim i tive types (such as int) and prim i tive wrap per classes

(such as In te ger). (Spec i fied by JSR 201.)

· Enu mer a tions: The enum key word cre ates a typesafe, or -

dered list of val ues (such as Day.MON DAY, Day.TUES -

DAY, etc.). Pre vi ously this could only be achieved by

non-typesafe con stant in te gers or man u ally con structed

classes (typesafe enum pat tern). (Spec i fied by JSR 201.)
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· Varargs: The last pa ram e ter of a method can now be de -

clared us ing a type name fol lowed by three dots (e.g. void

drawtext(String... lines)). In the call ing code any num ber

of pa ram e ters of that type can be used and they are then

placed in an ar ray to be passed to the method, or al ter na -

tively the call ing code can pass an ar ray of that type.

· En hanced for each loop: The for loop syn tax is ex tended

with spe cial syn tax for it er at ing over each mem ber of ei -

ther an ar ray or any Iterable, such as the stan dard Col lec -

tion classes, us ing a con struct of the form:

· Fix the pre vi ously bro ken se man tics of the Java Mem ory

Model, which de fines how threads in ter act through mem -

ory.

· Static im ports

There were also the fol low ing im prove ments to the stan dard li brar ies:

·  Au to matic stub gen er a tion for RMI ob jects.

·  Swing: New skinnable look and feel, called synth.

·  The concurrency util i ties in pack age java.util.con cur rent.

·  Scan ner class for pars ing data from var i ous in put streams and buff ers.

Java 5 is the last re lease of Java to of fi cially sup port the Microsoft Win dows 9x line (Win -
dows 95, Win dows 98, Win dows ME).  Un of fi cially, Java SE 6 Up date 7 (1.6.0.7) is the
last ver sion of Java to be shown work ing on this fam ily of op er at ing sys tems. 

Java SE 6 (De cem ber 11, 2006)

· Code name Mus tang. As of this ver sion, Sun re placed the name "J2SE" with Java 

SE and dropped the ".0" from the ver sion num ber. In ter nal num ber ing for de vel -

op ers re mains 1.6.0. This ver sion was de vel oped un der JSR 270. Dur ing the de -

vel op ment phase, new builds in clud ing en hance ments and bug fixes were re -

leased ap prox i mately weekly. Beta ver sions were re leased in Feb ru ary and June
2006, lead ing up to a fi nal re lease that oc curred on De cem ber 11, 2006. Ma jor

changes in cluded in this ver sion:

· Sup port for older Win9x ver sions dropped. Un of fi cially

Java 6 Up date 7 is the last re lease of Java shown to work

on these ver sions of Win dows.

· Script ing Lan guage Sup port (JSR 223): Ge neric API for

tight in te gra tion with script ing lan guages, and built-in

Mozilla JavaScript Rhino in te gra tion

· Dra matic per for mance im prove ments for the core plat form, 

and Swing.

· Im proved Web Ser vice sup port through JAX-WS (JSR

224)

· JDBC 4.0 sup port (JSR 221).
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· Java Com piler API (JSR 199): an API al low ing a Java

pro gram to se lect and in voke a Java Com piler pro gram -

mat i cally.

· Up grade of JAXB to ver sion 2.0: In clud ing in te gra tion of

a StAX parser.

· Sup port for pluggable an no ta tions (JSR 269)

· Many GUI im prove ments, such as in te gra tion of

SwingWorker in the API, ta ble sort ing and fil ter ing, and

true Swing dou ble-buff er ing (elim i nat ing the gray-area ef -

fect). 

· JVM im prove ments in clude: syn chro ni za tion and com piler 

per for mance optimizations, new al go rithms and up grades

to ex ist ing gar bage col lec tion al go rithms, and ap pli ca tion

start-up per for mance

45.4 C#

2002 C# 1.0, .NET 1.0. C#'s prin ci pal de signer and lead ar chi tect at Microsoft was 

An ders Hejlsberg, who was pre vi ously in volved with the de sign of Turbo

Pascal, Embarcadero Delphi (for merly CodeGear Delphi and Borland
Delphi), and Vi sual J++. In in ter views and tech ni cal pa pers he has stated that 

flaws in most ma jor pro gram ming lan guages (e.g. C++, Java, Delphi, and

Smalltalk) drove the fun da men tals of the Com mon Lan guage Runtime

(CLR), which, in turn, drove the de sign of the C# lan guage it self.

2003 C# 1.2, .NET 1.1

2005 C# 2.0, .Net 2.0. Fea tures add in clude: Generics,  Par tial types, Anon y mous

meth ods, Iterators, Nullable types, Pri vate set ters (prop er ties), Method group

con ver sions (del e gates)

2007 C# 3.0, .NET 2.0, .NET 3.0, .Net 3.5. Fea tures added in clude: Im plic itly

typed lo cal vari ables, Ob ject and col lec tion initializers, Auto-Im ple mented

prop er ties,  Anon y mous types, Ex ten sion meth ods,  Query ex pres sions, 

Lambda ex pres sions,  Ex pres sion trees

2010 C# 4.0, .NET 4. Fea tures added in clude: Dy namic bind ing, Named and op -

tional ar gu ments, Ge neric co and contravariance declared us ing a type VS

2010.

2013 C# 5.0, In prog ress. VS 2012, VS2013.

2015 C# 6.0, VS 2015.

45.4.1 Fea tures added in ver sions

45.4.1.1 C# 2.0

Generics[34]

Par tial types[34]

Anon y mous meth ods[34]

Iterators[34]

Nullable types[34]
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Get ter/set ter sep a rate ac ces si bil ity[34]

Method group con ver sions (del e gates)[34]

Co- and Con tra-vari ance for del e gates[34]

Static classes[34]

Del e gate in fer ence[34]

45.4.1.2 C# 3.0

Im plic itly typed lo cal vari ables[35]

Ob ject and col lec tion initializers[35]

Auto-Im ple mented prop er ties[35]

Anon y mous types[35]

Ex ten sion meth ods[35]

Query ex pres sions[35]

Lambda ex pres sions[35]

Ex pres sion trees[35]

Par tial meth ods[36]

45.4.1.3 C# 4.0

Dy namic bind ing[37]

Named and op tional ar gu ments[37]

Tuples[38]

Ge neric co- and contravariance[37]

Em bed ded interop types ("NoPIA")[37]

45.4.1.4 C# 5.0[39]

Asyn chron ous meth ods[40]

Caller info at trib utes[40]

45.4.1.5 C# 6.0

Com piler-as-a-ser vice (Ros lyn)

Im port of static type mem bers into namespace[41]

Ex cep tion fil ters[41]

Await in catch/fi nally blocks[41]

Auto prop erty initializers[41]

De fault val ues for get ter-only prop er ties[41]

Ex pres sion-bod ied mem bers[41]

Null prop a ga tor (null-con di tional op er a tor, suc cinct null check ing)[41]

String In ter po la tion[41]

nameof op er a tor[41]

Dic tio nary initializer[41]

45.4.1.6 C# 7.0 pro pos als[42]

Lo cal func tions

Pat tern match ing
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Re cords / al ge braic data types

Nullability track ing

Async streams and dis posal

Strongly typed ac cess to wire for mats
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46 New features in the C++ 2011, 2014, 
2017 and 2020 standards

46.1 C++ timeline

We first look at the early C++ timeline, and then look at the C++ 11 and C++ 14 stan dards.

1979 Bjarne Stroustrup be gan work on C with Classes in 1979. The idea of cre at -

ing a new lan guage orig i nated from Stroustrup's ex pe ri ence in pro gram ming

for his Ph.D. the sis. Stroustrup found that Simula had fea tures that were very 

help ful for large soft ware de vel op ment, but the lan guage was too slow for

prac ti cal use, while BCPL was fast but too low-level to be suit able for large

soft ware de vel op ment. When Stroustrup started work ing in AT&T Bell Labs, 

he had the prob lem of an a lyz ing the UNIX ker nel with re spect to dis trib uted

com put ing. Re mem ber ing his Ph.D. ex pe ri ence, Stroustrup set out to en hance 

the C lan guage with Simula-like fea tures. C was cho sen be cause it was gen -

eral-pur pose, fast, por ta ble and widely used. Be sides C and Simula, some

other lan guages that in spired him were ALGOL 68, Ada, CLU and ML. At

first, the class, de rived class, strong type check ing, inlining, and de fault ar gu -

ment fea tures were added to C via Stroustrup's C++ to C com piler, Cfront.

The first com mer cial im ple men ta tion of C++ was re leased on 14 Oc to ber

1985.

1983 In 1983, the name of the lan guage was changed from C with Classes to C++

(++ be ing the in cre ment op er a tor in C). New fea tures were added in clud ing

vir tual func tions, func tion name and op er a tor over load ing, ref er ences, con -
stants, user-con trolled free-store mem ory con trol, im proved type check ing,

and BCPL style sin gle-line com ments with two for ward slashes (//). In 1985,

the first edi tion of The C++ Pro gram ming Lan guage was re leased, pro vid ing

an im por tant ref er ence to the lan guage, since there was not yet an of fi cial

stan dard. Re lease 2.0 of C++ came in 1989 and the up dated sec ond edi tion

of The C++ Pro gram ming Lan guage was re leased in 1991. New fea tures in -

cluded mul ti ple in her i tance, ab stract classes, static mem ber func tions, const

mem ber func tions, and pro tected mem bers. In 1990, The An no tated C++

Ref er ence Man ual was pub lished. This work be came the ba sis for the fu ture

stan dard. Late ad di tion of fea tures in cluded tem plates, ex cep tions,

namespaces, new casts, and a Boolean type.

The lan guage has been stand ard ised sev eral times.

1998 ISO/IEC 14882:1998 - C++98

2003 ISO/IEC 14882:2003 - C++03

2007 ISO/IEC TR 19768:2007 - C++TR1

2011 ISO/IEC 14882:2011 - C++11

2014 ISO/IEC 14882:2014 C++14

2017

2020
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I have taken the fol low ing in for ma tion from the var i ous Wikipedia C++ en tries.

It has been re for mat ted to fit in with the rest of the test. Ref er ences are to ref er ences in the
orig i nal doc u ment. We've left them out in this ver sion to save space. 

46.2 The C++11 Stan dard

C++11 in cludes sev eral ad di tions to the core lan guage and ex tends the C++ stan dard li -
brary, in cor po rat ing most of the C++ Tech ni cal Re port 1 (TR1) li brar ies — with the ex cep -
tion of the li brary of math e mat i cal spe cial func tions.[3] C++11 was pub lished as ISO/IEC
14882:2011[4] in Sep tem ber 2011 and is avail able for a fee. The most re cent work ing draft
freely avail able is N3242, dated 28 Feb ru ary 2011.

46.2.1 Changes from the pre vi ous ver sion of the stan dard 

The mod i fi ca tions for C++ in volve both the core lan guage and the stan dard li brary. In the
de vel op ment of ev ery util ity of the 2011 stan dard, the com mit tee has ap plied some di rec -
tives:

· Main tain sta bil ity and com pat i bil ity with C++98 and pos si bly with C;

· Pre fer in tro duc tion of new fea tures through the stan dard li brary, rather than ex -

tend ing the core lan guage;

· Pre fer changes that can evolve pro gram ming tech nique;

· Im prove C++ to fa cil i tate sys tems and li brary de sign, rather than to in tro duce

new fea tures use ful only to spe cific ap pli ca tions;

· In crease type safety by pro vid ing safer al ter na tives to ear lier un safe tech niques;

· In crease per for mance and the abil ity to work di rectly with hard ware;

· Pro vide proper so lu tions for real-world prob lems;

· Im ple ment “zero-over head” prin ci ple (ad di tional sup port re quired by some util i -

ties must be used only if the util ity is used);

· Make C++ easy to teach and to learn with out re mov ing any util ity needed by ex -

pert pro gram mers.

At ten tion to be gin ners is con sid ered im por tant, be cause they will al ways com pose the ma -
jor ity of com puter pro gram mers, and be cause many be gin ners would not in tend to ex tend
their knowl edge of C++, lim it ing them selves to op er ate in the as pects of the lan guage in
which they are spe cial ized.[1] Ad di tion ally, con sid er ing the vast ness of C++ and its us age
(in clud ing ar eas of ap pli ca tion and pro gram ming styles), even the most ex pe ri enced pro -
gram mers can become beginners in a new programming paradigm.

46.2.2 Ex ten sions to the C++ core lan guage

One func tion of the C++ com mit tee is the de vel op ment of the lan guage core. Ar eas of the
core lan guage that were sig nif i cantly im proved in clude multithreading sup port, ge neric pro -
gram ming sup port, uni form ini tial iza tion, and per for mance en hance ments.

For the pur poses of this ar ti cle, core lan guage fea tures and changes are grouped into four
gen eral sec tions: run-time per for mance en hance ments, build-time per for mance en hance -
ments, us abil ity en hance ments, and new func tion al ity. Some fea tures could fall into mul ti ple 
groups, but they are men tioned only in the group that pri mar ily represents that feature.
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46.2.3 Core lan guage runtime per for mance en hance ments

These lan guage fea tures pri mar ily ex ist to pro vide some kind of per for mance ben e fit, ei ther
of mem ory or of com pu ta tional speed.

46.2.3.1 Rvalue ref er ences and move con struc tors

In C++03 (and be fore), tem po rar ies (termed "rvalues", as they of ten lie on the right side of
an as sign ment) were in tended to never be mod i fi able — just as in C — and were con sid -
ered to be in dis tin guish able from const T& types; nev er the less, in some cases, tem po rar ies
could have been mod i fied, a be hav ior that was even con sid ered to be a use ful loop hole (for
the for mer, see [5]). C++11 adds a new non-const ref er ence type called an rvalue ref er ence,
iden ti fied by T&&. This re fers to tem po rar ies that are per mit ted to be mod i fied af ter they
are in i tial ized, for the purpose of allowing "move semantics".

A chronic per for mance prob lem with C++03 is the costly and un nec es sary deep cop ies that
can hap pen im plic itly when ob jects are passed by value. To il lus trate the is sue, con sider
that a std::vec tor<T> is, in ter nally, a wrap per around a C-style ar ray with a size. If a
std::vec tor<T> tem po rary is cre ated or re turned from a func tion, it can be stored only by
cre at ing a new std::vec tor<T> and copy ing all of the rvalue's data into it. Then the tem po -
rary and all its mem ory is de stroyed. (For sim plic ity, this dis cus sion ne glects the return
value optimization).

In C++11, a "move con struc tor" of std::vec tor<T> that takes an rvalue ref er ence to a
std::vec tor<T> can copy the pointer to the in ter nal C-style ar ray out of the rvalue into the
new std::vec tor<T>, then set the pointer in side the rvalue to null. Since the tem po rary will
never again be used, no code will try to ac cess the null pointer, and be cause the pointer is
null, its mem ory is not de leted when it goes out of scope. Hence, the op er a tion not only for -
goes the ex pense of a deep copy, but is safe and invisible.

Rvalue ref er ences can pro vide per for mance ben e fits to ex ist ing code with out need ing to
make any changes out side the stan dard li brary. The type of the re turned value of a func tion
re turn ing a std::vec tor<T> tem po rary does not need to be changed ex plic itly to std::vec -
tor<T> && to in voke the move con struc tor, as tem po rar ies are con sid ered rvalues au to mat i -
cally. (How ever, if std::vec tor<T> is a C++03 ver sion with out a move con struc tor, then the
copy con struc tor will be in voked with a const std::vec tor<T>& as nor mal, incurring a
significant memory allocation.)

For safety rea sons, some re stric tions are im posed. A named vari able will never be con sid -
ered to be an rvalue even if it is de clared as such; in or der to get an rvalue, the func tion
tem plate std::move<T>() should be used. Rvalue ref er ences can also be mod i fied only un -
der cer tain cir cum stances, be ing in tended to be used pri mar ily with move constructors.

Due to the na ture of the word ing of rvalue ref er ences, and to some mod i fi ca tion to the
word ing for lvalue ref er ences (reg u lar ref er ences), rvalue ref er ences al low de vel op ers to
pro vide per fect func tion for ward ing. When com bined with variadic tem plates, this abil ity
al lows for func tion tem plates that can per fectly for ward ar gu ments to an other func tion that
takes those par tic u lar ar gu ments. This is most use ful for for ward ing con struc tor pa ram e ters,
to cre ate fac tory func tions that will au to mat i cally call the cor rect con struc tor for those par -
tic u lar ar gu ments. This is seen in the emplace_back set of STL methods.

46.2.3.2 Gen er al ized con stant ex pres sions

C++ has al ways had the con cept of con stant ex pres sions. These are ex pres sions such as 3+4 
that will al ways yield the same re sults, at com pile time and at run time. Con stant ex pres -
sions are op ti mi za tion op por tu ni ties for com pil ers, and com pil ers fre quently ex e cute them at 
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com pile time and hardcode the re sults in the pro gram. Also, there are a num ber of places
where the C++ spec i fi ca tion re quires the use of con stant ex pres sions. De fin ing an ar ray re -
quires a con stant ex pres sion, and enu mer a tor values must be constant expressions.

How ever, con stant ex pres sions have al ways ended when ever a func tion call or ob ject con -
struc tor was en coun tered. So a piece of code as sim ple as this is illegal:

int get_five() {re turn 5;}
 
int some_value[get_five() + 7]; // Cre ate an ar ray of 12 in -
te gers. Ill-formed C++

This was not le gal in C++03, be cause get_five() + 7 is not a con stant ex pres sion. A C++03
com piler has no way of know ing if get_five() ac tu ally is con stant at runtime. In the ory, this
func tion could af fect a global vari able, call other non-runtime con stant func tions, etc.

C++11 in tro duced the key word constexpr, which al lows the user to guar an tee that a func -
tion or ob ject con struc tor is a com pile-time con stant [6]. The above ex am ple can be re writ -
ten as follows:

constexpr int get_five() {re turn 5;}
 
int some_value[get_five() + 7]; // Cre ate an ar ray of 12 in -
te gers. Le gal C++11

This al lows the com piler to un der stand, and ver ify, that get_five is a com pile-time con stant.

The use of constexpr on a func tion im poses some lim i ta tions on what that func tion can do.
First, the func tion must have a non-void re turn type. Sec ond, the func tion body can not de -
clare vari ables or de fine new types. Third, the body may con tain only dec la ra tions, null
state ments and a sin gle re turn state ment. There must ex ist ar gu ment val ues such that, af ter
ar gu ment sub sti tu tion, the ex pres sion in the re turn state ment produces a constant
expression.

Prior to C++11, the val ues of vari ables could be used in con stant ex pres sions only if the
vari ables are de clared const, have an initializer which is a con stant ex pres sion, and are of
in te gral or enu mer a tion type. C++11 re moves the re stric tion that the vari ables must be of
in te gral or enu mer a tion type if they are de fined with the constexpr keyword:

constexpr dou ble ac cel er a tion_due_to_grav ity = 9.8;
constexpr dou ble moon_grav ity = ac cel er a tion_due_to_grav ity / 
6.0;

Such data vari ables are im plic itly const, and must have an initializer which must be a con -
stant ex pres sion.

In or der to con struct con stant ex pres sion data val ues from user-de fined types, con struc tors
can also be de clared with constexpr. A constexpr con struc tor's func tion body can con tain
only dec la ra tions and null state ments, and can not de clare vari ables or de fine types, as with
a constexpr func tion. There must ex ist ar gu ment val ues such that, af ter ar gu ment sub sti tu -
tion, it initializes the class's mem bers with con stant ex pres sions. The de struc tors for such
types must be trivial.

The copy con struc tor for a type with any constexpr con struc tors should usu ally also be de -
fined as a constexpr con struc tor, in or der to al low them to be re turned by value from a
constexpr func tion. Any mem ber func tion of a class, such as copy con struc tors, op er a tor
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over loads, etc., can be de clared as constexpr, so long as they meet the re quire ments for
constexpr func tions. This al lows the com piler to copy classes at com pile time, per form
operations on them, etc.

If a constexpr func tion or con struc tor is called with ar gu ments which aren't con stant ex pres -
sions, the call be haves as if the func tion were not constexpr, and the re sult ing value is not a 
con stant ex pres sion. Like wise, if the ex pres sion in the re turn state ment of a constexpr func -
tion does not eval u ate to a con stant ex pres sion for a par tic u lar in vo ca tion, the re sult is not a 
constant expression.

46.2.3.3 Mod i fi ca tion to the def i ni tion of plain old data

In C++03, a class or struct must fol low a num ber of rules in or der for it to be con sid ered a
plain old data (POD) type. Types that fit this def i ni tion pro duce ob ject lay outs that are com -
pat i ble with C, and they could also be in i tial ized stat i cally. How ever, the def i ni tion in
C++03 is un nec es sar ily strict[ci ta tion needed] and there are good rea sons[clar i fi ca tion
needed] for al low ing more types to fit the POD definition[citation needed].

C++11 re laxed sev eral of the POD rules, by di vid ing the POD con cept into two sep a rate
con cepts: triv ial and stan dard-lay out.

A type that is triv ial can be stat i cally in i tial ized. It also means that it is le gal to copy data
around via memcpy, rather than hav ing to use a copy con struc tor. The life time of a triv ial
type be gins when its stor age is de fined, not when a con struc tor completes.

A triv ial class or struct is de fined as one that:

· Has a triv ial de fault con struc tor. This may use the de fault con struc tor syn tax

(SomeConstructor() = de fault;).

· Has triv ial copy and move con struc tors, which may use the de fault syn tax.

· Has triv ial copy and move as sign ment op er a tors, which may use the de fault syn -

tax.

· Has a triv ial de struc tor, which must not be vir tual.

Con struc tors are triv ial only if there are no vir tual mem ber func tions of the class and no
vir tual base classes. Copy/move op er a tions also re quire that all of the non-static data mem -
bers are trivial.

A type that is stan dard-lay out means that it or ders and packs its mem bers in a way that is
com pat i ble with C. A class or struct is stan dard-lay out, by def i ni tion, provided:

· It has no vir tual func tions

· It has no vir tual base classes

· All its non-static data mem bers have the same ac cess con trol (pub lic, pri vate,

pro tected)

· All its non-static data mem bers, in clud ing any in its base classes, are in the same 

one class in the hi er ar chy

· The above rules also ap ply to all the base classes and to all non-static data mem -

bers in the class hi er ar chy

· It has no base classes of the same type as the first de fined non-static data mem -

ber
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A class/struct/un ion is con sid ered POD if it is triv ial, stan dard-lay out, and all of its
non-static data mem bers and base classes are PODs.

By sep a rat ing these con cepts, it be comes pos si ble to give up one with out los ing the other. A 
class with com plex move and copy con struc tors may not be triv ial, but it could be stan -
dard-lay out and thus interop with C. Sim i larly, a class with pub lic and pri vate non-static
data mem bers would not be stan dard-lay out, but it would be triv ial and thus memcpy-able.

46.2.4 Core lan guage build time per for mance en hance ments

46.2.4.1 Extern tem plate

In C++03, the com piler must instantiate a tem plate when ever a fully spec i fied tem plate is
en coun tered in a trans la tion unit. If the tem plate is instantiated with the same types in many 
trans la tion units, this can dra mat i cally in crease com pile times. There is no way to pre vent
this in C++03, so C++11 in tro duced extern tem plate dec la ra tions, anal o gous to extern data
declarations.

C++03 has this syn tax to oblige the com piler to instantiate a tem plate:

tem plate class std::vec tor<MyClass>;

C++11 now pro vides this syn tax:

extern tem plate class std::vec tor<MyClass>;

which tells the com piler not to instantiate the tem plate in this trans la tion unit.

46.2.5 Core lan guage us abil ity en hance ments

These fea tures ex ist for the pri mary pur pose of mak ing the lan guage eas ier to use. These
can im prove type safety, min i mize code rep e ti tion, make er ro ne ous code less likely, etc.

46.2.5.1 Initializer lists

C++03 in her ited the initializer-list fea ture from C. A struct or ar ray is given a list of ar gu -
ments in curly brack ets, in the or der of the mem bers' def i ni tions in the struct. These
initializer-lists are re cur sive, so an ar ray of structs or struct con tain ing other structs can use
them.

struct Ob ject
{
    float first;
    int sec ond;
};
 
Ob ject sca lar = {0.43f, 10}; //One Ob ject, with first=0.43f
and sec ond=10
Ob ject anArray[] = {{13.4f, 3}, {43.28f, 29}, {5.934f, 17}}; 
//An ar ray of three Ob jects

This is very use ful for static lists or just for initializing a struct to a par tic u lar value. C++
also pro vides con struc tors to ini tial ize an ob ject, but they are of ten not as con ve nient as the
initializer list. How ever C++03 al lows initializer-lists only on structs and classes that con -
form to the Plain Old Data (POD) def i ni tion; C++11 ex tends initializer-lists, so they can be
used for all classes in clud ing stan dard con tain ers like std::vector.

C++11 binds the con cept to a tem plate, called std::initializer_list. This al lows con struc tors
and other func tions to take initializer-lists as pa ram e ters. For ex am ple:
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class SequenceClass {
pub lic:
    SequenceClass(std::initializer_list<int> list);
};

This al lows SequenceClass to be con structed from a se quence of in te gers, as such:

SequenceClass some_var = {1, 4, 5, 6};

This con struc tor is a spe cial kind of con struc tor, called an initializer-list-con struc tor. Classes 
with such a con struc tor are treated spe cially dur ing uni form ini tial iza tion (see below)

The class std::initializer_list<> is a first-class C++11 stan dard li brary type. How ever, they
can be ini tially con structed stat i cally by the C++11 com piler only through the use of the {}
syn tax. The list can be cop ied once con structed, though this is only a copy-by-ref er ence. An 
initializer list is con stant; its mem bers can not be changed once the initializer list is cre ated,
nor can the data in those mem bers be changed.

Be cause initializer_list is a real type, it can be used in other places be sides class con struc -
tors. Reg u lar func tions can take typed initializer lists as ar gu ments. For ex am ple:

void func tion_name(std::initializer_list<float> list);
 
func tion_name({1.0f, -3.45f, -0.4f});

Stan dard con tain ers can also be in i tial ized in the fol low ing ways:

std::vec tor<std::string> v = { "xyzzy", "plugh", "ab ra ca -
dabra" };
std::vec tor<std::string> v{ "xyzzy", "plugh", "ab ra ca dabra"
};

46.2.5.2 Uni form ini tial iza tion

C++03 has a num ber of prob lems with initializing types. There are sev eral ways to ini tial ize 
types, and they do not all pro duce the same re sults when in ter changed. The tra di tional con -
struc tor syn tax, for ex am ple, can look like a func tion dec la ra tion, and steps must be taken
to en sure that the com piler's most vex ing parse rule will not mis take it for such. Only ag -
gre gates and POD types can be in i tial ized with ag gre gate initializers (us ing SomeType var
= {/*stuff*/};).

C++11 pro vides a syn tax that al lows for fully uni form type ini tial iza tion that works on any
ob ject. It ex pands on the initializer list syntax:

struct BasicStruct {
    int x;
    dou ble y;
};
 
struct AltStruct {
    AltStruct(int x, dou ble y) : x_{x}, y_{y} {}
 
pri vate:
    int x_;
    dou ble y_;
};
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BasicStruct var1{5, 3.2};
AltStruct var2{2, 4.3};

The ini tial iza tion of var1 be haves ex actly as though it were ag gre gate-ini tial iza tion. That is, 
each data mem ber of an ob ject, in turn, will be copy-in i tial ized with the cor re spond ing
value from the initializer-list. Im plicit type con ver sion will be used where nec es sary. If no
con ver sion ex ists, or only a nar row ing con ver sion ex ists, the pro gram is ill-formed. The ini -
tial iza tion of var2 invokes the constructor.

One is also able to do the fol low ing:

struct IdString {
    std::string name;
    int iden ti fier;
};
 
IdString get_string()
{
    re turn {"foo", 42}; //Note the lack of ex plicit type.
}

Uni form ini tial iza tion does not re place con struc tor syn tax. There are still times when con -
struc tor syn tax is re quired. If a class has an initializer list con struc tor ( TypeName (
initializer_list<SomeType> ) ; ) , then it takes pri or ity over other forms of con struc tion, pro -
vided that the initializer list con forms to the se quence con struc tor's type. The C++11 ver -
sion of std::vec tor has an initializer list con struc tor for its tem plate type. This means that
the following code:

std::vec tor<int> the_vec{4};

will call the initializer list con struc tor, not the con struc tor of std::vec tor that takes a sin gle
size pa ram e ter and cre ates the vec tor with that size. To ac cess the lat ter con struc tor, the user 
will need to use the stan dard con struc tor syntax directly.

46.2.5.3 Type in fer ence

In C++03 (and C), the type of a vari able must be ex plic itly spec i fied in or der to use it.
How ever, with the ad vent of tem plate types and tem plate metaprogramming tech niques, the
type of some thing, par tic u larly the well-de fined re turn value of a func tion, may not be eas -
ily ex pressed. There fore, stor ing in ter me di ates in vari ables is dif fi cult, pos si bly re quir ing
knowl edge of the in ter nals of a par tic u lar metaprogramming library.

C++11 al lows this to be mit i gated in two ways. First, the def i ni tion of a vari able with an
ex plicit ini tial iza tion can use the auto key word. This cre ates a vari able of the spe cific type
of the initializer:

auto some_strange_call able_type = boost::bind(&some_func tion, 
_2, _1, some_ob ject);
auto other_vari able = 5;

The type of some_strange_call able_type is sim ply what ever the par tic u lar tem plate func tion 
over ride of boost::bind re turns for those par tic u lar ar gu ments. This type is eas ily de ter mined 
pro ce dur ally by the com piler as part of its se man tic anal y sis du ties, but is not easy for the
user to de ter mine upon inspection.
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The type of other_vari able is also well-de fined, but it is eas ier for the user to de ter mine. It
is an int, which is the same type as the in te ger lit eral.

Ad di tion ally, the key word decltype can be used to de ter mine the type of an ex pres sion at
com pile-time. For ex am ple:

int some_int;
decltype(some_int) other_in te ger_vari able = 5;

This is more use ful in con junc tion with auto, since the type of an auto vari able is known
only to the com piler. How ever, decltype can also be very use ful for ex pres sions in code that 
makes heavy use of op er a tor over load ing and spe cial ized types.

auto is also use ful for re duc ing the ver bos ity of the code. For in stance, in stead of writ ing

for (std::vec tor<int>::const_iterator itr = myvec.cbegin();
itr != myvec.cend(); ++itr)

the pro gram mer can use the shorter

for (auto itr = myvec.cbegin(); itr != myvec.cend(); ++itr)

This dif fer ence grows as the pro gram mer be gins to nest con tain ers, though in such cases
typedefs are a good way to de crease the amount of code.

The type de noted by decltype can be dif fer ent from the type de duced by auto.

#in clude <vec tor>
int main()
{
    const std::vec tor<int> v(1);
    auto a = v[0];        // a has type int
    decltype(v[0]) b = 1; // b has type const int&, the re -
turn type of
                        // std::vec tor<int>::op er a -
tor[](size_type) const
    auto c = 0;           // c has type int
    auto d = c;           // d has type int
    decltype(c) e;        // e has type int, the type of
the en tity named by c
    decltype((c)) f = c;  // f has type int&, be cause (c)
is an lvalue
    decltype(0) g;        // g has type int, be cause 0 is
an rvalue
}

46.2.5.4 Range-based for-loop

In C++03, it er at ing over the el e ments of a list re quires a lot of code. Other lan guages have
im ple mented sup port for syn tac tic sugar that al low the pro gram mer to write a sim ple
“foreach” state ment that au to mat i cally tra verses items in a list. One of those lan guages is
the Java pro gram ming lan guage, which re ceived sup port for what has been de fined as en -
hanced for loops in Java 5.0.[7]

C++11 added a sim i lar fea ture. The state ment for al lows for easy it er a tion over a list of el e -
ments:
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int my_ar ray[5] = {1, 2, 3, 4, 5};
for (int &x : my_ar ray) {
    x *= 2;
}

This form of for, called the “range-based for”, will it er ate over each el e ment in the list. It
will work for C-style ar rays, initializer lists, and any type that has be gin() and end() func -
tions de fined for it that re turn iterators. All of the stan dard li brary con tain ers that have be -
gin/end pairs will work with the range-based for statement.

46.2.5.5 Lambda func tions and ex pres sions

C++11 pro vides the abil ity to cre ate anon y mous func tions, called lambda func tions. These
are de fined as fol lows:

[](int x, int y) { re turn x + y; }

The re turn type is im plicit; it re turns the type of the re turn ex pres sion (decltype(x+y)). The
re turn type of a lambda can be omit ted so long as all re turn ex pres sions re turn the same
type.

46.2.5.6 Al ter na tive func tion syn tax

Stan dard C func tion dec la ra tion syn tax was per fectly ad e quate for the fea ture set of the C
lan guage. As C++ evolved from C, it kept the ba sic syn tax and ex tended it where nec es sary. 
How ever, as C++ be came more com pli cated, it ex posed a num ber of lim i ta tions, par tic u -
larly with re gard to tem plate func tion dec la ra tions. The fol low ing, for example, is not
allowed in C++03:

tem plate<class Lhs, class Rhs>
  Ret add ing_func(const Lhs &lhs, const Rhs &rhs) {re turn
lhs + rhs;} //Ret must be the type of lhs+rhs

The type Ret is what ever the ad di tion of types Lhs and Rhs will pro duce. Even with the
afore men tioned C++11 func tion al ity of decltype, this is not pos si ble:

tem plate<class Lhs, class Rhs>
  decltype(lhs+rhs) add ing_func(const Lhs &lhs, const Rhs
&rhs) {re turn lhs + rhs;} //Not le gal C++11

This is not le gal C++ be cause lhs and rhs have not yet been de fined; they will not be valid
iden ti fi ers un til af ter the parser has parsed the rest of the func tion pro to type.

To work around this, C++11 in tro duced a new func tion dec la ra tion syn tax, with a trail -
ing-re turn-type:

tem plate<class Lhs, class Rhs>
  auto add ing_func(const Lhs &lhs, const Rhs &rhs) ->
decltype(lhs+rhs) {re turn lhs + rhs;}
This syn tax can be used for more mun dane func tion dec la ra -
tions and def i ni tions:
struct SomeStruct  {
    auto func_name(int x, int y) -> int;
};
 
auto SomeStruct::func_name(int x, int y) -> int {
    re turn x + y;
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}

The use of the key word “auto” in this case means some thing dif fer ent from its use in au to -
matic type de duc tion.

46.2.5.7 Ob ject con struc tion im prove ment

In C++03, con struc tors of a class are not al lowed to call other con struc tors of that class;
each con struc tor must con struct all of its class mem bers it self or call a com mon mem ber
func tion, like these,

class SomeType  {
    int num ber;
 
pub lic:
    SomeType(int new_num ber) : num ber(new_num ber) {}
    SomeType() : num ber(42) {}
};
class SomeType  {
    int num ber;
 
pri vate:
    void Con struct(int new_num ber) { num ber = new_num ber; }
pub lic:
    SomeType(int new_num ber) { Con struct(new_num ber); }
    SomeType() { Con struct(42); }
};

Con struc tors for base classes can not be di rectly ex posed to de rived classes; each de rived
class must im ple ment con struc tors even if a base class con struc tor would be ap pro pri ate.
Non-con stant data mem bers of classes can not be in i tial ized at the site of the dec la ra tion of
those mem bers. They can be in i tial ized only in a constructor.

C++11 pro vides so lu tions to all of these prob lems.

C++11 al lows con struc tors to call other peer con struc tors (known as del e ga tion). This al -
lows con struc tors to uti lize an other con struc tor's be hav ior with a min i mum of added code.
Ex am ples of other lan guages sim i lar to C++ that pro vide del e ga tion are Java, C#, and D.

This syn tax is as fol lows:

class SomeType  {
    int num ber;
 
pub lic:
    SomeType(int new_num ber) : num ber(new_num ber) {}
    SomeType() : SomeType(42) {}
};

No tice that, in this case, the same ef fect could have been achieved by mak ing new_num ber
a de fault ing pa ram e ter. The new syn tax, how ever, al lows the de fault value (42) to be ex -
pressed in the im ple men ta tion rather than the in ter face — a ben e fit to maintainers of li brary 
code since de fault val ues for func tion pa ram e ters are “baked in” to call sites, whereas con -
struc tor del e ga tion al lows the value to be changed with out re com pi la tion of the code using
the library.
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This co mes with a ca veat: C++03 con sid ers an ob ject to be con structed when its con struc tor 
fin ishes ex e cut ing, but C++11 con sid ers an ob ject con structed once any con struc tor fin ishes 
ex e cu tion. Since mul ti ple con struc tors will be al lowed to ex e cute, this will mean that each
del e gate con struc tor will be ex e cut ing on a fully con structed ob ject of its own type. De rived 
class con struc tors will ex e cute af ter all del e ga tion in their base classes is complete.

For base-class con struc tors, C++11 al lows a class to spec ify that base class con struc tors
will be in her ited. This means that the C++11 com piler will gen er ate code to per form the in -
her i tance, the for ward ing of the de rived class to the base class. Note that this is an
all-or-noth ing fea ture; ei ther all of that base class's con struc tors are for warded or none of
them are. Also, note that there are re stric tions for mul ti ple in her i tance, such that class con -
struc tors can not be in her ited from two classes that use con struc tors with the same sig na ture. 
Nor can a con struc tor in the de rived class ex ist that matches a signature in the inherited
base class.

The syn tax is as fol lows:

class BaseClass {
pub lic:
    BaseClass(int value);
};
 
class DerivedClass : pub lic BaseClass {
pub lic:
    us ing BaseClass::BaseClass;
};

For mem ber ini tial iza tion, C++11 al lows the fol low ing syn tax:

class SomeClass {
pub lic:
    SomeClass() {}
    ex plicit SomeClass(int new_value) : value(new_value) {}
 
pri vate:
    int value = 5;
};

Any con struc tor of the class will ini tial ize value with 5, if the con struc tor does not over ride
the ini tial iza tion with its own. So the above empty con struc tor will ini tial ize value as the
class def i ni tion states, but the con struc tor that takes an int will ini tial ize it to the given
parameter.

It can also use con struc tor or uni form ini tial iza tion, in stead of the equal ity ini tial iza tion
shown above.

46.2.5.8 Ex plicit over rides and fi nal

In C++03, it is pos si ble to ac ci den tally cre ate a new vir tual func tion, when one in tended to
over ride a base class func tion. For example:

struct Base {
    vir tual void some_func(float);
};
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struct De rived : Base {
    vir tual void some_func(int);
};

The De rived::some_func is in tended to re place the base class ver sion. But be cause it has a
dif fer ent in ter face, it cre ates a sec ond vir tual func tion. This is a com mon prob lem, par tic u -
larly when a user goes to mod ify the base class.

C++11 pro vides syn tax to solve this prob lem.

struct Base {
    vir tual void some_func(float);
};
 
struct De rived : Base {
    vir tual void some_func(int) over ride; // ill-formed be -
cause it does n't over ride a base class method
};

The over ride spe cial iden ti fier means that the com piler will check the base class(es) to see
if there is a vir tual func tion with this ex act sig na ture. And if there is not, the com piler will
er ror out.

C++11 also adds the abil ity to pre vent in her it ing from classes or sim ply pre vent ing over rid -
ing meth ods in de rived classes. This is done with the spe cial iden ti fier fi nal. For example:

struct Base1 fi nal { };
 
struct Derived1 : Base1 { }; // ill-formed be cause the class 
Base1 has been marked fi nal
 
struct Base2 {
    vir tual void f() fi nal;
};
 
struct Derived2 : Base2 {
    void f(); // ill-formed be cause the vir tual func tion
Base2::f has been marked fi nal
};

In this ex am ple, the vir tual void f() fi nal; state ment de clares a new vir tual func tion, but it
also pre vents de rived classes from over rid ing it. It also has the ef fect of pre vent ing de rived
classes from us ing that par tic u lar func tion name and pa ram e ter combination.

Note that nei ther over ride nor fi nal are lan guage keywords. They are tech ni cally iden ti fi ers; 
they gain spe cial mean ing only when used in those spe cific con texts. In any other lo ca tion,
they can be valid identifiers.

46.2.5.9 Null pointer con stant

For the pur poses of this sec tion and this sec tion alone, ev ery oc cur rence of “0” is meant as
“a con stant ex pres sion which eval u ates to 0, which is of type int”. In re al ity, the con stant
ex pres sion can be of any integral type.

Since the dawn of C in 1972, the con stant 0 has had the dou ble role of con stant in te ger and
null pointer con stant. The am bi gu ity in her ent in the dou ble mean ing of 0 was dealt with in
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C by the use of the pre pro cessor macro NULL, which com monly ex pands to ei ther
((void*)0) or 0. C++ did n't adopt the same be hav ior, al low ing only 0 as a null pointer con -
stant. This in ter acts poorly with function overloading:

void foo(char *);
void foo(int);

If NULL is de fined as 0 (which is usu ally the case in C++), the state ment foo(NULL); will
call foo(int), which is al most cer tainly not what the pro gram mer in tended, and not what a
su per fi cial read ing of the code suggests.

C++11 cor rects this by in tro duc ing a new key word to serve as a dis tin guished null pointer
con stant: nullptr. It is of type nullptr_t, which is im plic itly con vert ible and com pa ra ble to
any pointer type or pointer-to-mem ber type. It is not im plic itly con vert ible or com pa ra ble to 
in te gral types, ex cept for bool. While the orig i nal pro posal spec i fied that an rvalue of type
nullptr should not be con vert ible to bool, the core lan guage work ing group de cided that
such a con ver sion would be de sir able, for con sis tency with reg u lar pointer types. The pro -
posed word ing changes were unan i mously voted into the Working Paper in June 2008.[2]

For back wards com pat i bil ity rea sons, 0 re mains a valid null pointer con stant.

char *pc = nullptr;     // OK
int  *pi = nullptr;     // OK
bool   b = nullptr;     // OK. b is false.
int    i = nullptr;     // er ror
 
foo(nullptr);           // calls foo(char *), not foo(int);

46.2.5.10 Strongly typed enu mer a tions

In C++03, enu mer a tions are not type-safe. They are ef fec tively in te gers, even when the enu -
mer a tion types are dis tinct. This al lows the com par i son be tween two enum val ues of dif fer -
ent enu mer a tion types. The only safety that C++03 pro vides is that an in te ger or a value of
one enum type does not con vert im plic itly to an other enum type. Ad di tion ally, the un der ly -
ing in te gral type is im ple men ta tion-de fined; code that de pends on the size of the enu mer a -
tion is there fore non-por ta ble. Lastly, enu mer a tion val ues are scoped to the en clos ing scope. 
Thus, it is not pos si ble for two separate enumerations to have matching member names.

C++11 al lows a spe cial clas si fi ca tion of enu mer a tion that has none of these is sues. This is
ex pressed us ing the enum class (enum struct is also ac cepted as a syn onym) dec la ra tion:

enum class Enu mer a tion {
    Val1,
    Val2,
    Val3 = 100,
    Val4 // = 101
};

This enu mer a tion is type-safe. Enum class val ues are not im plic itly con verted to in te gers;
there fore, they can not be com pared to in te gers ei ther (the ex pres sion Enu mer a tion::Val4 ==
101 gives a compiler error).

The un der ly ing type of enum classes is al ways known. The de fault type is int, this can be
over rid den to a dif fer ent in te gral type as can be seen in the fol low ing example:

enum class Enum2 : un signed int {Val1, Val2};
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The scoping of the enu mer a tion is also de fined as the enu mer a tion name's scope. Us ing the
enu mer a tor names re quires ex plic itly scoping. Val1 is un de fined, but Enum2::Val1 is
defined.

Ad di tion ally, C++11 will al low old-style enu mer a tions to pro vide ex plicit scoping as well
as the def i ni tion of the un der ly ing type:

enum Enum3 : un signed long {Val1 = 1, Val2};

The enu mer a tor names are de fined in the enu mer a tion's scope (Enum3::Val1), but for back -
wards com pat i bil ity, enu mer a tor names are also placed in the en clos ing scope.

For ward-de clar ing enums is also pos si ble in C++11. Pre vi ously, enum types could not be
for ward-de clared be cause the size of the enu mer a tion de pends on the def i ni tion of its mem -
bers. As long as the size of the enu mer a tion is spec i fied ei ther im plic itly or ex plic itly, it can 
be forward-declared:

enum Enum1;                      // Il le gal in C++03 and
C++11; the un der ly ing type can not be de ter mined.
enum Enum2 : un signed int;       // Le gal in C++11, the un -
der ly ing type is ex plic itly spec i fied.
enum class Enum3;                // Le gal in C++11, the
un der ly ing type is int.
enum class Enum4 : un signed int; // Le gal in C++11.
enum Enum2 : un signed short;     // Il le gal in C++11, be -
cause Enum2 was pre vi ously de clared with a dif fer ent un der ly -
ing type.

46.2.5.11 Right an gle bracket

C++03's parser de fines ">>" as the right shift op er a tor in all cases. How ever, with nested
tem plate dec la ra tions, there is a ten dency for the pro gram mer to ne glect to place a space be -
tween the two right an gle brack ets, thus caus ing a com piler syntax error.

C++11 im proves the spec i fi ca tion of the parser so that mul ti ple right an gle brack ets will be
in ter preted as clos ing the tem plate ar gu ment list where it is rea son able. This can be over rid -
den by us ing parentheses:

tem plate<bool Test> class SomeType;
std::vec tor<SomeType<1>2>> x1;  // In ter preted as a std::vec -
tor of SomeType<true> 2>,
// which is not le gal syn tax. 1 is true.
std::vec tor<SomeType<(1>2)>> x1;  // In ter preted as std::vec -
tor of SomeType<false>,
// which is le gal C++11 syn tax. (1>2) is false.

46.2.5.12 Ex plicit con ver sion op er a tors

C++98 added the ex plicit key word as a mod i fier on con struc tors to pre vent sin gle-ar gu ment 
con struc tors from be ing used as im plicit type con ver sion op er a tors. How ever, this does
noth ing for ac tual con ver sion op er a tors. For ex am ple, a smart pointer class may have an op -
er a tor bool() to al low it to act more like a prim i tive pointer: if it in cludes this con ver sion, it 
can be tested with if(smart_ptr_vari able) (which would be true if the pointer was non-null
and false oth er wise). How ever, this al lows other, un in tended con ver sions as well. Be cause
C++ bool is de fined as an arith me tic type, it can be im plic itly con verted to in te gral or even
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float ing-point types, which al lows for math e mat i cal operations that are not intended by the
user.

In C++11, the ex plicit key word can now be ap plied to con ver sion op er a tors. As with con -
struc tors, it pre vents the use of those con ver sion func tions in im plicit con ver sions. How -
ever, lan guage con texts that spe cif i cally re quire a boolean value (the con di tions of if-state -
ments and loops, as well as operands to the log i cal op er a tors) count as ex plicit con ver sions
and can thus use a bool conversion operator.

46.2.5.13 Alias tem plates

In C++03, it is pos si ble to de fine a typedef only as a syn onym for an other type, in clud ing a
syn onym for a tem plate spe cial iza tion with all ac tual tem plate ar gu ments spec i fied. It is not 
pos si ble to cre ate a typedef tem plate. For example:
tem plate <typename First, typename Sec ond, int third>
class SomeType;
 
tem plate <typename Sec ond>
typedef SomeType<OtherType, Sec ond, 5> TypedefName; //Il le gal 
in C++03
This will not com pile.

C++11 adds this abil ity with the fol low ing syn tax:
tem plate <typename First, typename Sec ond, int third>
class SomeType;
 
tem plate <typename Sec ond>
us ing TypedefName = SomeType<OtherType, Sec ond, 5>;
The us ing syn tax can be also used as type aliasing in C++11:
typedef void (*Type)(dou ble);           // Old style
us ing OtherType = void (*)(dou ble);             // New in -
tro duced syn tax

46.2.5.14 Un re stricted un ions

In C++03, there are re stric tions on what types of ob jects can be mem bers of a un ion. For
ex am ple, un ions can not con tain any ob jects that de fine a non-triv ial con struc tor. C++11 lifts 
some of these re stric tions.[3]

This is a sim ple ex am ple of a un ion per mit ted in C++:
//for place ment new
#in clude <new>
 
struct Point  {
    Point() {}
    Point(int x, int y): x_(x), y_(y) {}
    int x_, y_;
};
un ion U {
    int z;
    dou ble w;
    Point p;  // Il le gal in C++03; point has a non-triv ial
con struc tor.  How ever, this is le gal in C++11.
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    U() { new( &p ) Point(); } // No nontrivial mem ber
func tions are im plic itly de fined for a un ion;
                               // if re quired they are
in stead de leted to force a man ual def i ni tion.
};
The changes will not break any ex ist ing code since they only re lax cur rent rules.

46.2.6 Core lan guage func tion al ity im prove ments

These fea tures al low the lan guage to do things that were pre vi ously im pos si ble, ex ceed ingly 
ver bose, or re quired non-por ta ble li brar ies.

46.2.6.1 Variadic tem plates

In C++11, tem plates can take vari able num bers of tem plate pa ram e ters. This also al lows the 
def i ni tion of type-safe variadic func tions.

46.2.6.2 New string lit er als

C++03 of fers two kinds of string lit er als. The first kind, con tained within dou ble quotes,
pro duces a null-ter mi nated ar ray of type const char. The sec ond kind, de fined as L"", pro -
duces a null-ter mi nated ar ray of type const wchar_t, where wchar_t is a wide-char ac ter.
Nei ther lit eral type of fers sup port for string lit er als with UTF-8, UTF-16, or any other kind
of Unicode encodings.

For the pur pose of en hanc ing sup port for Unicode in C++ com pil ers, the def i ni tion of the
type char has been mod i fied to be both at least the size nec es sary to store an eight-bit cod -
ing of UTF-8 and large enough to con tain any mem ber of the com piler's ba sic ex e cu tion
char ac ter set. It was pre vi ously de fined as only the latter.

There are three Unicode encodings that C++11 will sup port: UTF-8, UTF-16, and UTF-32.
In ad di tion to the pre vi ously noted changes to the def i ni tion of char, C++11 adds two new
char ac ter types: char16_t and char32_t. These are de signed to store UTF-16 and UTF-32 re -
spec tively.

The fol low ing shows how to cre ate string lit er als for each of these encodings:
u8"I'm a UTF-8 string."
u"This is a UTF-16 string."
U"This is a UTF-32 string."
The type of the first string is the usual const char[]. The type of the sec ond string is const
char16_t[]. The type of the third string is const char32_t[].

When build ing Unicode string lit er als, it is of ten use ful to in sert Unicode codepoints di -
rectly into the string. To do this, C++11 al lows the fol low ing syntax:
u8"This is a Unicode Char ac ter: \u2018."
u"This is a big ger Unicode Char ac ter: \u2018."
U"This is a Unicode Char ac ter: \u2018."
The num ber af ter the \u is a hex a dec i mal num ber; it does not need the usual 0x pre fix. The
iden ti fier \u rep re sents a 16-bit Unicode codepoint; to en ter a 32-bit codepoint, use \U and a 
32-bit hex a dec i mal num ber. Only valid Unicode codepoints can be en tered. For ex am ple,
codepoints on the range U+D800—U+DFFF are for bid den, as they are re served for sur ro -
gate pairs in UTF-16 encodings.

It is also some times use ful to avoid es cap ing strings man u ally, par tic u larly for us ing lit er als
of XML files, script ing lan guages, or reg u lar ex pres sions. C++11 pro vides a raw string
literal:
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R"(The String Data \ Stuff " )"

R"de lim iter(The String Data \ Stuff " )de lim iter"

In the first case, ev ery thing be tween the "( and the )" is part of the string. The " and \ char -
ac ters do not need to be es caped. In the sec ond case, the "de lim iter( starts the string, and it
ends only when )de lim iter" is reached. The string de lim iter can be any string up to 16 char -
ac ters in length, in clud ing the empty string. This string can not con tain spaces, con trol char -
ac ters, '(', ')', or the '\' char ac ter. The use of this de lim iter string al lows the user to have ")"
char ac ters within raw string lit er als. For ex am ple, R"de lim iter((a-z))de lim iter" is equivalent
to "(a-z)".[4]

Raw string lit er als can be com bined with the wide lit eral or any of the Unicode lit eral pre -
fixes:

u8R"XXX(I'm a "raw UTF-8" string.)XXX"

uR"*(This is a "raw UTF-16" string.)*"

UR"(This is a "raw UTF-32" string.)"

46.2.6.3 User-de fined lit er als

C++03 pro vides a num ber of lit er als. The char ac ters “12.5” are a lit eral that is re solved by
the com piler as a type dou ble with the value of 12.5. How ever, the ad di tion of the suf fix
“f”, as in “12.5f”, cre ates a value of type float that con tains the value 12.5. The suf fix mod -
i fi ers for lit er als are fixed by the C++ spec i fi ca tion, and C++ code can not cre ate new literal 
modifiers.

C++11 also in cludes the abil ity for the user to de fine new kinds of lit eral mod i fi ers that will 
con struct ob jects based on the string of char ac ters that the lit eral modifies.

Lit er als trans for ma tion is re de fined into two dis tinct phases: raw and cooked. A raw lit eral
is a se quence of char ac ters of some spe cific type, while the cooked lit eral is of a sep a rate
type. The C++ lit eral 1234, as a raw lit eral, is this se quence of char ac ters '1', '2', '3', '4'. As
a cooked lit eral, it is the in te ger 1234. The C++ lit eral 0xA in raw form is '0', 'x', 'A', while
in cooked form it is the integer 10.

Lit er als can be ex tended in both raw and cooked forms, with the ex cep tion of string lit er als, 
which can be pro cessed only in cooked form. This ex cep tion is due to the fact that strings
have pre fixes that af fect the spe cific mean ing and type of the char ac ters in question.

All user-de fined lit er als are suf fixes; de fin ing pre fix lit er als is not pos si ble.

User-de fined lit er als pro cess ing the raw form of the lit eral are de fined as fol lows:
OutputType op er a tor "" _suf fix(const char *lit eral_string);
 
OutputType some_vari able = 1234_suf fix;
The sec ond state ment ex e cutes the code de fined by the user-de fined lit eral func tion. This
func tion is passed "1234" as a C-style string, so it has a null ter mi na tor.

An al ter na tive mech a nism for pro cess ing in te ger and float ing point raw lit er als is through a
variadic template:
tem plate<char...> OutputType op er a tor "" _suf fix();
 
OutputType some_vari able = 1234_suf fix;
OutputType an other_vari able = 2.17_suf fix;
This instantiates the lit eral pro cess ing func tion as op er a tor "" _suf fix<'1', '2', '3', '4'>(). In
this form, there is no ter mi nat ing null char ac ter to the string. The main pur pose to do ing
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this is to use C++11's constexpr key word and the com piler to al low the lit eral to be trans -
formed en tirely at com pile time, as sum ing OutputType is a constexpr-constructable and
copyable type, and the lit eral pro cess ing func tion is a constexpr function.

For nu meric lit er als, the type of the cooked lit eral is ei ther un signed long long for in te gral
lit er als or long dou ble for float ing point lit er als. (Note: There is no need for signed in te gral
types be cause a sign-pre fixed lit eral is parsed as ex pres sion con tain ing the sign as unary
pre fix op er a tor and the un signed num ber.) There is no alternative template form:
OutputType op er a tor "" _suf fix(un signed long long);
OutputType op er a tor "" _suf fix(long dou ble);
 
OutputType some_vari able    = 1234_suf fix;   // uses the
first func tion
OutputType an other_vari able = 3.1416_suf fix; // uses the sec -
ond func tion
For string lit er als, the fol low ing are used, in ac cor dance with the pre vi ously men tioned new 
string pre fixes:
OutputType op er a tor "" _suf fix(const char * string_val ues,
size_t num_chars);
OutputType op er a tor "" _suf fix(const wchar_t * string_val ues, 
size_t num_chars);
OutputType op er a tor "" _suf fix(const char16_t * string_val -
ues, size_t num_chars);
OutputType op er a tor "" _suf fix(const char32_t * string_val -
ues, size_t num_chars);
 
OutputType some_vari able = "1234"_suf fix;      //Calls the
const char * ver sion
OutputType some_vari able = u8"1234"_suf fix;    //Calls the
const char * ver sion
OutputType some_vari able = L"1234"_suf fix;     //Calls the
const wchar_t * ver sion
OutputType some_vari able = u"1234"_suf fix;     //Calls the
const char16_t * ver sion
OutputType some_vari able = U"1234"_suf fix;     //Calls the
const char32_t * ver sion
There is no al ter na tive tem plate form. Char ac ter lit er als are de fined sim i larly.

46.2.6.4 Multithreading mem ory model

The C++11 stan dard izes sup port for multithreaded pro gram ming.

There are two parts in volved: a mem ory model which al lows mul ti ple threads to co-ex ist in
a pro gram and li brary sup port for in ter ac tion be tween threads. (See this ar ti cle's sec tion on
thread ing facilities.)

The mem ory model de fines when mul ti ple threads may ac cess the same mem ory lo ca tion,
and spec i fies when up dates by one thread be come vis i ble to other threads.
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46.2.6.5 Thread-lo cal stor age

In a multi-threaded en vi ron ment, it is com mon for ev ery thread to have some unique vari -
ables. This al ready hap pens for the lo cal vari ables of a func tion, but it does not hap pen for
global and static variables.

A new thread-lo cal stor age du ra tion (in ad di tion to the ex ist ing static, dy namic and au to -
matic) is in di cated by the stor age specifier thread_local.

Any ob ject which could have static stor age du ra tion (i.e., life time span ning the en tire ex e -
cu tion of the pro gram) may be given thread-lo cal du ra tion in stead. The in tent is that like
any other static-du ra tion vari able, a thread-lo cal ob ject can be in i tial ized us ing a con struc tor 
and de stroyed using a destructor.

46.2.6.6 Ex plic itly de faulted and de leted spe cial mem ber func tions

In C++03, the com piler pro vides, for classes that do not pro vide them for them selves, a de -
fault con struc tor, a copy con struc tor, a copy as sign ment op er a tor (op er a tor=), and a de struc -
tor. The pro gram mer can over ride these de faults by de fin ing cus tom ver sions. C++ also de -
fines sev eral global op er a tors (such as op er a tor= and op er a tor new) that work on all classes, 
which the programmer can override.

How ever, there is very lit tle con trol over the cre ation of these de faults. Mak ing a class in -
her ently non-copyable, for ex am ple, re quires de clar ing a pri vate copy con struc tor and copy
as sign ment op er a tor and not de fin ing them. At tempt ing to use these func tions is a vi o la tion
of the one def i ni tion rule. While a di ag nos tic mes sage is not re quired,[8] this typ i cally re -
sults in a linker error.[citation needed]

In the case of the de fault con struc tor, the com piler will not gen er ate a de fault con struc tor if
a class is de fined with any con struc tors. This is use ful in many cases, but it is also use ful to 
be able to have both spe cial ized con struc tors and the com piler-gen er ated default.

C++11 al lows the ex plicit de fault ing and de let ing of these spe cial mem ber func tions. For
ex am ple, the fol low ing type ex plic itly de clares that it is us ing the de fault constructor:
struct SomeType {
    SomeType() = de fault; //The de fault con struc tor is ex -
plic itly stated.
    SomeType(OtherType value);
};
Al ter na tively, cer tain fea tures can be ex plic itly dis abled. For ex am ple, the fol low ing type is
non-copyable:
struct NonCopyable {
    NonCopyable & op er a tor=(const NonCopyable&) = de lete;
    NonCopyable(const NonCopyable&) = de lete;
    NonCopyable() = de fault;
};
The = de lete specifier can be used to pro hibit call ing any func tion, which can be used to
dis al low call ing a mem ber func tion with par tic u lar pa ram e ters. For example:
struct NoInt {
    void f(dou ble i);
    void f(int) = de lete;
};
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An at tempt to call f() with an int will be re jected by the com piler, in stead of per form ing a
si lent con ver sion to dou ble. This can be gen er al ized to dis al low call ing the func tion with
any type other than dou ble as follows:
struct OnlyDouble {
    void f(dou ble d);
    tem plate<class T> void f(T) = de lete;
};

46.2.6.7 Type long long int

In C++03, the larg est in te gral type is long int. It is guar an teed to have at least as many us -
able bits as int. This re sulted in long int hav ing size of 64 bits on some pop u lar im ple men -
ta tions and 32 bits on oth ers. C++11 adds a new in te gral type long long int to ad dress this
is sue. It is guar an teed to be at least as large as a long int, and have no fewer than 64 bits.
The type was orig i nally in tro duced by C99 to the stan dard C, and most C++ com pil ers sup -
port it as an extension already.[9][10]

46.2.6.8 Static as ser tions

C++03 pro vides two meth ods to test as ser tions: the macro as sert and the pre pro cessor di rec -
tive #er ror. How ever, nei ther is ap pro pri ate for use in tem plates: the macro tests the as ser -
tion at ex e cu tion-time, while the pre pro cessor di rec tive tests the as ser tion dur ing pre pro -
cess ing, which hap pens be fore instantiation of tem plates. Nei ther is ap pro pri ate for test ing
prop er ties that are dependent on template parameters.

The new util ity in tro duces a new way to test as ser tions at com pile-time, us ing the new key -
word static_as sert. The dec la ra tion as sumes the fol low ing form:

static_as sert (con stant-ex pres sion, er ror-mes sage);

Here are some ex am ples of how static_as sert can be used:
static_as sert ((GREEKPI > 3.14) && (GREEKPI < 3.15), "GREEKPI 
is in ac cu rate!");
tem plate<class T>
struct Check  {
    static_as sert (sizeof(int) <= sizeof(T), "T is not big
enough!");
};
When the con stant ex pres sion is false the com piler pro duces an er ror mes sage. The first ex -
am ple rep re sents an al ter na tive to the pre pro cessor di rec tive #er ror, in con trast in the sec ond 
ex am ple the as ser tion is checked at ev ery instantiation of the template class Check.

Static as ser tions are use ful out side of tem plates as well. For in stance, a par tic u lar im ple -
men ta tion of an al go rithm might de pend on the size of a long long be ing larger than an int,
some thing the stan dard does not guar an tee. Such an as sump tion is valid on most sys tems
and com pil ers, but not all.

46.2.6.9 Al low sizeof to work on mem bers of classes with out an ex plicit ob -
ject

In C++03, the sizeof op er a tor can be used on types and ob jects. But it can not be used to do
the fol low ing:
struct SomeType { OtherType mem ber; };
 
sizeof(SomeType::mem ber); //Does not work with C++03. Okay
with C++11
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This should re turn the size of OtherType. C++03 does not al low this, so it is a com pile er -
ror. C++11 does al low it.

46.2.6.10 Con trol and query ob ject align ment

C++11 al lows vari able align ment to be que ried and con trolled with alignof and alignas.

The alignof op er a tor takes a type and re turns the power of 2 byte bound ary on which the
type in stances must be al lo cated (as a std::size_t). When given a ref er ence type alignof re -
turns the ref er enced type's align ment; for ar rays it re turns the el e ment type's alignment.

The alignas specifier con trols the mem ory align ment for a vari able. The specifier takes a
con stant or a type; when sup plied a type alignas(T) is short hand for alignas(alignof(T)).
For ex am ple, to spec ify that a char ar ray should be prop erly aligned to hold a float:

    alignas(float) un signed char c[sizeof(float)]

46.2.6.11 Al low gar bage col lected im ple men ta tions

It is im ple men ta tion-de fined whether un reach able dy nam i cally al lo cated ob jects are au to -
mat i cally re claimed. How ever C++11 adds a few re stric tions to im ple men ta tions so that
some be hav ior that would pre vent gar bage col lec tion to work is now dis al lowed. This in -
cludes in par tic u lar com mon ways to "hide" point ers from a pos si ble gar bage collector, like
applying xor to it.

46.2.6.12 At trib utes

C++11 pro vides a stan dard ized syn tax for com piler/tool ex ten sions to the lan guage. Such
ex ten sions were tra di tion ally spec i fied us ing #pragma di rec tive or ven dor-spe cific keywords 
(like __at trib ute__ for GNU and __declspec for Microsoft). With the new syn tax, added in -
for ma tion can be spec i fied in a form of an at trib ute en closed in dou ble square brack ets. An
at trib ute can be ap plied to var i ous el e ments of source code:

int [[attr1]] i [[attr2, attr3]];
[[attr4(arg1, arg2)]] if (cond)
{
    [[ven dor::attr5]] re turn i;
}

In the ex am ple above, at trib ute attr1 ap plies to the type of vari able i, attr2 and attr3 ap ply
to the vari able it self, attr4 ap plies to the if state ment and ven dor::attr5 ap plies to the re turn
state ment. In gen eral (but with some ex cep tions), an at trib ute spec i fied for a named en tity is 
placed af ter the name, and be fore the en tity oth er wise, as shown above, sev eral at trib utes
may be listed in side one pair of dou ble square brack ets, added ar gu ments may be pro vided
for an at trib ute, and at trib utes may be scoped by vendor-specific attribute namespaces.

It is rec om mended that at trib utes have no lan guage se man tic mean ing and do not change
the sense of a pro gram when ig nored. At trib utes can be use ful for pro vid ing in for ma tion
that, for ex am ple, helps the com piler to is sue better di ag nos tics or op ti mize the gen er ated
code.

C++11 pro vides two stan dard at trib utes it self: noreturn to spec ify that a func tion does not
re turn, and car ries_de pend ency to help op ti miz ing multi-threaded code by in di cat ing that
func tion ar gu ments or re turn value carry a dependency
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46.2.7 C++ stan dard li brary changes

A num ber of new fea tures were in tro duced in the C++11 stan dard li brary. Many of these
could have been im ple mented un der the old stan dard, but some rely (to a greater or lesser
ex tent) on new C++11 core fea tures.

A large part of the new li brar ies was de fined in the doc u ment C++ Stan dards Com mit tee's
Li brary Tech ni cal Re port (called TR1), which was pub lished in 2005. Var i ous full and par -
tial im ple men ta tions of TR1 are cur rently avail able us ing the namespace std::tr1. For
C++11 they were moved to namespace std. How ever, as TR1 fea tures were brought into the 
C++11 stan dard li brary, they were up graded where ap pro pri ate with C++11 lan guage fea -
tures that were not avail able in the ini tial TR1 ver sion. Also, they may have been en hanced
with fea tures that were pos si ble un der C++03, but were not part of the original TR1
specification.

The com mit tee in tends to cre ate a sec ond tech ni cal re port (called TR2) now that stan dard -
iza tion of C++11 is com plete. Li brary pro pos als which were not ready in time for C++11
will be put into TR2 or fur ther tech ni cal reports.

46.2.7.1 Up grades to stan dard li brary com po nents

C++11 of fers a num ber of new lan guage fea tures that the cur rently ex ist ing stan dard li brary 
com po nents can ben e fit from. For ex am ple, most stan dard li brary con tain ers can ben e fit
from Rvalue ref er ence based move con struc tor sup port, both for quickly mov ing heavy con -
tain ers around and for mov ing the con tents of those con tain ers to new mem ory lo ca tions.
The stan dard li brary com po nents were up graded with new C++11 lan guage fea tures where
ap pro pri ate. These include, but are not necessarily limited to:

· Rvalue ref er ences and the as so ci ated move sup port

· Sup port for the UTF-16 en cod ing unit, and UTF-32 en cod ing unit Unicode char -

ac ter types

· Variadic tem plates (cou pled with Rvalue ref er ences to al low for per fect for ward -

ing)

· Com pile-time con stant ex pres sions

· Decltype

· Ex plicit con ver sion op er a tors

· De fault/De leted func tions

Ad di tion ally, much time has passed since the pre vi ous C++ stan dard. A great deal of code
us ing the stan dard li brary has been writ ten; this has re vealed por tions of the stan dard li brar -
ies that could use some im prove ment. Among the many ar eas of im prove ment con sid ered
were stan dard li brary al lo ca tors. A new scope-based model of al lo ca tors was in cluded in
C++11 to sup ple ment the previous model.

46.2.7.2 Thread ing fa cil i ties

While the C++11 lan guage pro vides a mem ory model that sup ports thread ing, the pri mary
sup port for ac tu ally us ing thread ing co mes with the C++11 stan dard library.

A thread class (std::thread) is pro vided which takes a func tion ob ject — and an op tional se -
ries of ar gu ments to pass to it — to run in the new thread. It is pos si ble to cause a thread to 
halt un til an other ex e cut ing thread com pletes, pro vid ing thread join ing sup port through the
std::thread::join() mem ber func tion. Ac cess is pro vided, where fea si ble, to the un der ly ing
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na tive thread ob ject(s) for plat form spe cific op er a tions by the std::thread::native_handle()
member function.

For syn chro ni za tion be tween threads, ap pro pri ate mutexes (std::mutex, std::re cur -
sive_mutex, etc.) and con di tion vari ables (std::con di tion_vari able and std::con di tion_vari -
able_any) are added to the li brary. These are ac ces si ble through RAII locks (std::lock_guard 
and std::unique_lock) and lock ing al go rithms for easy use.

For high-per for mance, low-level work, it is some times nec es sary to com mu ni cate be tween
threads with out the over head of mutexes. This is achieved us ing atomic op er a tions on mem -
ory lo ca tions. These can op tion ally spec ify the min i mum mem ory vis i bil ity con straints re -
quired for an op er a tion. Ex plicit mem ory bar ri ers may also be used for this purpose.

The C++11 thread li brary also in cludes fu tures and prom ises for pass ing asyn chron ous re -
sults be tween threads, and std::pack aged_task for wrap ping up a func tion call that can gen -
er ate such an asyn chron ous re sult. The fu tures pro posal was crit i cized be cause it lacks a
way to com bine fu tures and check for the com ple tion of one prom ise in side a set of
promises.[11]

Fur ther high-level thread ing fa cil i ties such as thread pools have been re manded to a fu ture
C++ tech ni cal re port. They are not part of C++11, but their even tual im ple men ta tion is ex -
pected to be built en tirely on top of the thread li brary features.

The new std::async fa cil ity pro vides a con ve nient method of run ning tasks and ty ing them
to a std::fu ture. The user can choose whether the task is to be run asynchronously on a sep -
a rate thread or syn chro nously on a thread that waits for the value. By de fault, the im ple -
men ta tion can choose, which pro vides an easy way to take ad van tage of hard ware
concurrency with out oversubscription, and pro vides some of the ad van tages of a thread pool 
for simple usages.

46.2.7.3 Tuple types

Tuples are col lec tions com posed of het er o ge neous ob jects of pre-ar ranged di men sions. A
tuple can be con sid ered a gen er al iza tion of a struct's mem ber variables.

The C++11 ver sion of the TR1 tuple type bene fited from C++11 fea tures like variadic tem -
plates. The TR1 ver sion re quired an im ple men ta tion-de fined max i mum num ber of con tained 
types, and re quired sub stan tial macro trick ery to im ple ment rea son ably. By con trast, the im -
ple men ta tion of the C++11 ver sion re quires no ex plicit im ple men ta tion-de fined max i mum
num ber of types. Though com pil ers will al most cer tainly have an in ter nal max i mum re -
cursion depth for tem plate instantiation (which is nor mal), the C++11 ver sion of tuples will
not expose this value to the user.

Us ing variadic tem plates, the dec la ra tion of the tuple class looks as fol lows:

tem plate <class ...Types> class tuple;

An ex am ple of def i ni tion and use of the tuple type:

typedef std::tuple <int, dou ble, long &, const char *> test_tuple;

long lengthy = 12;

test_tuple proof (18, 6.5, lengthy, "Ciao!");

 

lengthy = std::get<0>(proof);  // As sign to 'lengthy' the value 18.

std::get<3>(proof) = " Beau ti ful!";  // Mod ify the tuple’s fourth el e ment.
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It’s pos si ble to cre ate the tuple proof with out de fin ing its con tents, but only if the tuple el e -
ments' types pos sess de fault con struc tors. More over, it’s pos si ble to as sign a tuple to an -
other tuple: if the two tuples’ types are the same, it is nec es sary that each el e ment type pos -
sesses a copy con struc tor; oth er wise, it is nec es sary that each el e ment type of the right-side
tuple is con vert ible to that of the cor re spond ing el e ment type of the left-side tuple or that
the cor re spond ing el e ment type of the left-side tuple has a suitable constructor.

typedef std::tuple <int , dou ble, string       > tuple_1 t1;

typedef std::tuple <char, short , const char * > tuple_2 t2 ('X', 2, "Hola!");

t1 = t2 ;  // Ok, first two el e ments can be con verted,

           // the third one can be con structed from a 'const char *'.

Re la tional op er a tors are avail able (among tuples with the same num ber of el e ments), and
two ex pres sions are avail able to check a tuple’s char ac ter is tics (only dur ing compilation):

std::tuple_size<T>::value re turns the num ber of el e ments in the tuple T,

std::tuple_el e ment<I, T>::type re turns the type of the ob ject num ber I of the tuple T.

46.2.7.4 Hash ta bles

In clud ing hash ta bles (un or dered as so cia tive con tain ers) in the C++ stan dard li brary is one
of the most re cur ring re quests. It was not adopted in C++03 due to time con straints only.
Al though hash ta bles are less ef fi cient than a bal anced tree in the worst case (in the pres -
ence of many col li sions), they per form better in many real applications.

Col li sions are man aged only through lin ear chain ing be cause the com mit tee did n't con sider
op por tune to stan dard ize so lu tions of open ad dress ing that in tro duce quite a lot of in trin sic
prob lems (above all when era sure of el e ments is ad mit ted). To avoid name clashes with
non-stan dard li brar ies that de vel oped their own hash ta ble im ple men ta tions, the pre fix “un -
or dered” was used instead of “hash”.

The new li brary has four types of hash ta bles, dif fer en ti ated by whether or not they ac cept
el e ments with the same key (unique keys or equiv a lent keys), and whether they map each
key to an as so ci ated value. They cor re spond to the four ex ist ing bi nary-search-tree-based
as so cia tive con tain ers, with an unordered_ prefix.

Type of hash ta bleAs so ci ated val uesEquiv a lent keys
std::un or dered_set  No No
std::un or dered_multiset  No Yes
std::un or dered_map  Yes  No
std::un or dered_multimap  Yes  Yes
New classes ful fill all the re quire ments of a con tainer class, and have all the meth ods nec es -
sary to ac cess el e ments: in sert, erase, be gin, end.

This new fea ture did n't need any C++ lan guage core ex ten sions (though im ple men ta tions
will take ad van tage of var i ous C++11 lan guage fea tures), only a small ex ten sion of the
header <func tional> and the in tro duc tion of head ers <un or dered_set> and <un or -
dered_map>. No other changes to any ex ist ing stan dard classes were needed, and it does n’t
de pend on any other ex ten sions of the standard library.

46.2.7.5 Reg u lar ex pres sions

The new li brary, de fined in the new header <regex>, is made of a cou ple of new classes:

reg u lar ex pres sions are rep re sented by in stance of the tem plate class std::regex;

oc cur rences are rep re sented by in stance of the tem plate class std::match_re sults.
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The func tion std::regex_search is used for search ing, while for ‘search and re place’ the
func tion std::regex_re place is used which re turns a new string. The al go rithms
std::regex_search and std::regex_re place take a reg u lar ex pres sion and a string and write the 
oc cur rences found in the struct std::match_results.

Here is an ex am ple of the use of std::match_re sults:
const char *reg_esp = "[ ,.\\t\\n;:]";  // List of sep a ra tor 
char ac ters.
 
// this can be done us ing raw string lit er als:
// const char *reg_esp = R"([ ,.\t\n;:])";
 
std::regex rgx(reg_esp);  // 'regex' is an in stance of the
tem plate class
                      // 'ba sic_regex' with ar gu ment of
type 'char'.
std::cmatch match;  // 'cmatch' is an in stance of the tem -
plate class
                // 'match_re sults' with ar gu ment of type
'const char *'.
const char *tar get = "Un seen Uni ver sity - Ankh-Morpork";
 
// Iden ti fies all words of 'tar get' sep a rated by char ac ters
of 'reg_esp'.
if( std::regex_search( tar get, match, rgx ) ) {
    // If words sep a rated by spec i fied char ac ters are pres -
ent.
 
    const size_t n = match.size();
    for( size_t a = 0; a < n; a++ ) {
        std::string str( match[a].first, match[a].sec ond );
        std::cout << str << "\n";
    }
}
Note the use of dou ble backslashes, be cause C++ uses back slash as an es cape char ac ter.
The C++11 raw string fea ture could be used to avoid the prob lem.

The li brary <regex> re quires nei ther al ter ation of any ex ist ing header (though it will use
them where ap pro pri ate) nor an ex ten sion of the core language.

46.2.7.6 Gen eral-pur pose smart point ers

Main ar ti cle: C++ Smart Point ers

C++11 pro vides ?std::unique_ptr?, as well as im prove ments to ?std::shared_ptr? and
?std::weak_ptr? from TR1. ?std::auto_ptr? is dep re cated.

46.2.7.7 Ex ten si ble ran dom num ber fa cil ity

The C stan dard li brary pro vides the abil ity to gen er ate pseudorandom num bers through the
func tion rand. How ever, the al go rithm is del e gated en tirely to the li brary ven dor. C++ in -
her ited this func tion al ity with no changes, but C++11 will pro vide a new method for gen er -
at ing pseudorandom numbers.
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C++11's ran dom num ber func tion al ity is split into two parts: a gen er a tor en gine that con -
tains the ran dom num ber gen er a tor's state and pro duces the pseudorandom num bers; and a
dis tri bu tion, which de ter mines the range and math e mat i cal dis tri bu tion of the out come.
These two are com bined to form a ran dom number generator object.

Un like the C stan dard rand, the C++11 mech a nism will come with three gen er a tor en gine
al go rithms, each with its own strengths and weak nesses:
Class tem plate In te gral/float ing-point  Qual ity Speed
Size of state
lin ear_congruential In te gral  Me dium  Me dium  1
sub tract_with_carry Both Me dium  Fast 25
mersenne_twister  In te gral  Good Fast 624
C++11 will also pro vide a num ber of stan dard dis tri bu tions: uni form_int_dis tri bu tion,
bernoulli_dis tri bu tion, geo met ric_dis tri bu tion, pois son_dis tri bu tion, bi no mial_dis tri bu tion,
uni form_real_dis tri bu tion, ex po nen tial_dis tri bu tion, nor mal_dis tri bu tion, and
gamma_distribution.

The gen er a tor and dis tri bu tions are com bined as in the fol low ing ex am ple:
#in clude <ran dom>
#in clude <func tional>
 
std::uni form_int_dis tri bu tion<int> dis tri bu tion(0, 99);
std::mt19937 en gine; // Mersenne twister MT19937
auto gen er a tor = std::bind(dis tri bu tion, en gine);
int ran dom = gen er a tor();  // Gen er ate a uni form in te gral
variate be tween 0 and 99.
int random2 = dis tri bu tion(en gine); // Gen er ate an other sam -
ple di rectly us ing the dis tri bu tion and the en gine ob jects.

46.2.7.8 Wrap per ref er ence

A wrap per ref er ence is ob tained from an in stance of the tem plate class ref er ence_wrap per.
Wrap per ref er ences are sim i lar to nor mal ref er ences (‘&’) of the C++ lan guage. To ob tain a 
wrap per ref er ence from any ob ject the func tion tem plate ref is used (for a con stant
reference cref is used).

Wrap per ref er ences are use ful above all for func tion tem plates, where ref er ences to pa ram e -
ters rather than cop ies are needed:

// This func tion will ob tain a ref er ence to the pa ram e ter 'r' and in cre ment it.
void f (int &r)  { r++; }
 
// Tem plate func tion.
tem plate<class F, class P> void g (F f, P t)  { f(t); }
 
int main()
{
    int i = 0 ;
    g (f, i) ;  // 'g<void (int &r), int>' is instantiated
               // then 'i' will not be mod i fied.
    std::cout << i << std::endl;  // Out put -> 0
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    g (f, std::ref(i));  // 'g<void(int &r),ref er ence_wrap -
per<int>>' is instantiated
                    // then 'i' will be mod i fied.
    std::cout << i << std::endl;  // Out put -> 1
}
This new util ity was added to the ex ist ing <util ity> header and did n't need fur ther ex ten -
sions of the C++ lan guage.

46.2.7.9 Poly mor phic wrap pers for func tion ob jects

Poly mor phic wrap pers for func tion ob jects are sim i lar to func tion point ers in se man tics and
syn tax, but are less tightly bound and can in dis crim i nately re fer to any thing which can be
called (func tion point ers, mem ber func tion point ers, or func tors) whose ar gu ments are com -
pat i ble with those of the wrapper.

Through the ex am ple it is pos si ble to un der stand its char ac ter is tics:
std::func tion<int (int, int)> func;  // Wrap per cre ation us -
ing
                                 // tem plate class
'func tion'.
std::plus<int> add;  // 'plus' is de clared as 'tem plate<class 
T> T plus( T, T ) ;'
                 // then 'add' is type 'int add( int x,
int y )'.
func = add;  // OK - Pa ram e ters and re turn types are the
same.
 
int a = func (1, 2);  // NOTE: if the wrap per 'func' does
not re fer to any func tion,
                      // the ex cep tion 'std::bad_func -
tion_call' is thrown.
 
std::func tion<bool (short, short)> func2 ;
if(!func2) { // True be cause 'func2' has not yet been as -
signed a func tion.
 
    bool ad ja cent(long x, long y);
    func2 = &ad ja cent ;  // OK - Pa ram e ters and re turn
types are con vert ible.
 
    struct Test {
        bool op er a tor()(short x, short y);
    };
    Test car;
    func = std::ref(car);  // 'std::ref' is a tem plate func -
tion that re turns the wrap per
                     // of mem ber func tion 'op er a tor()'
of struct 'car'.
}
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func = func2;  // OK - Pa ram e ters and re turn types are con -
vert ible.
The tem plate class func tion was de fined in side the header <func tional>, and did n't re quire
any changes to the C++ lan guage.

46.2.7.10 Type traits for metaprogramming

Metaprogramming con sists of cre at ing a pro gram that cre ates or mod i fies an other pro gram
(or it self). This can hap pen dur ing com pi la tion or dur ing ex e cu tion. The C++ Stan dards
Com mit tee has de cided to in tro duce a li brary that al lows metaprogramming dur ing com pi la -
tion through templates.

Here is an ex am ple of a meta-pro gram, us ing the C++03 stan dard: a re cursion of tem plate
in stances for cal cu lat ing in te ger exponents:
tem plate<int B, int N>
struct Pow {
    // re cur sive call and re com bi na tion.
    enum{ value = B*Pow<B, N-1>::value };
};
 
tem plate< int B >
struct Pow<B, 0> {
    // ''N == 0'' con di tion of ter mi na tion.
    enum{ value = 1 };
};
int quartic_of_three = Pow<3, 4>::value;
Many al go rithms can op er ate on dif fer ent types of data; C++'s tem plates sup port ge neric
pro gram ming and make code more com pact and use ful. Nev er the less it is com mon for al go -
rithms to need in for ma tion on the data types be ing used. This in for ma tion can be ex tracted
dur ing instantiation of a tem plate class using type traits.

Type traits can iden tify the cat e gory of an ob ject and all the char ac ter is tics of a class (or of
a struct). They are de fined in the new header <type_traits>.

In the next ex am ple there is the tem plate func tion ‘elab o rate’ that, de pend ing on the given
data types, will instantiate one of the two pro posed al go rithms (al go rithm.do_it).
// First way of op er at ing.
tem plate< bool B > struct Al go rithm {
    tem plate<class T1, class T2> static int do_it (T1 &, T2 
&)  { /*...*/ }
};
 
// Sec ond way of op er at ing.
tem plate<> struct Al go rithm<true> {
    tem plate<class T1, class T2> static int do_it (T1, T2)  
{ /*...*/ }
};
 
// Instantiating 'elab o rate' will au to mat i cally instantiate
the cor rect way to op er ate.
tem plate<class T1, class T2>
int elab o rate (T1 A, T2 B)
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{
    // Use the sec ond way only if 'T1' is an in te ger and if 
'T2' is
    // in float ing point, oth er wise use the first way.
    re turn Al go rithm<std::is_in te gral<T1>::value &&
std::is_float ing_point<T2>::value>::do_it( A, B ) ;
}
Through type traits, de fined in header <type_trans form>, it’s also pos si ble to cre ate type
trans for ma tion op er a tions (static_cast and const_cast are in suf fi cient in side a template).

This type of pro gram ming pro duces el e gant and con cise code; how ever the weak point of
these tech niques is the de bug ging: un com fort able dur ing com pi la tion and very dif fi cult dur -
ing program execution.

46.2.7.11 Uni form method for com put ing the re turn type of func tion ob jects

De ter min ing the re turn type of a tem plate func tion ob ject at com pile-time is not in tu itive,
par tic u larly if the re turn value de pends on the pa ram e ters of the func tion. As an example:
struct Clear {
    int    op er a tor()(int) const;  // The pa ram e ter type is
    dou ble op er a tor()(dou ble) const;  // equal to the re turn 
type.
};
 
tem plate <class Obj>
class Cal cu lus {
pub lic:
    tem plate<class Arg> Arg op er a tor()(Arg& a) const
    {
        re turn mem ber(a);
    }
pri vate:
    Obj mem ber;
};
Instantiating the class tem plate Cal cu lus<Clear>, the func tion ob ject of cal cu lus will have
al ways the same re turn type as the func tion ob ject of Clear. How ever, given class Con fused
below:
struct Con fused {
    dou ble op er a tor()(int) const;  // The pa ram e ter type is
NOT
    int    op er a tor()(dou ble) const;  // equal to the re -
turn type.
};
At tempt ing to instantiate Cal cu lus<Con fused> will cause the re turn type of Cal cu lus to not
be the same as that of class Con fused. The com piler may gen er ate warn ings about the con -
ver sion from int to dou ble and vice-versa.

TR1 in tro duces, and C++11 adopts, the tem plate class std::re sult_of that al lows one to de -
ter mine and use the re turn type of a func tion ob ject for ev ery dec la ra tion. The ob ject
CalculusVer2 uses the std::re sult_of ob ject to de rive the re turn type of the function object:
tem plate< class Obj >
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class CalculusVer2 {
pub lic:
    tem plate<class Arg>
    typename std::re sult_of<Obj(Arg)>::type op er a tor()(Arg&
a) const
    {
        re turn mem ber(a);
    }
pri vate:
    Obj mem ber;
};
In this way in in stances of func tion ob ject of CalculusVer2<Con fused> there are no con ver -
sions, warn ings, or er rors.

The only change from the TR1 ver sion of std::re sult_of is that the TR1 ver sion al lowed an
im ple men ta tion to fail to be able to de ter mine the re sult type of a func tion call. Due to
changes to C++ for sup port ing decltype, the C++11 ver sion of std::re sult_of no lon ger
needs these spe cial cases; im ple men ta tions are re quired to com pute a type in all cases.

46.2.8 Im proved C com pat i bil ity

For com pat i bil ity with C, from C99, these were added:[23]

· Pre pro cessor:[24]

· variadic mac ros,

· con cat e na tion of ad ja cent nar row/wide string lit er als,

· _Pragma()  equiv a lent of #pragma.

· long long  in te ger type that is at least 64 bits long.

· __func__  macro eval u at ing to the name of the func tion it is in.

· Head ers:

· cstdbool (stdbool.h),

· cstdint (stdint.h),

· cinttypes (inttypes.h).

46.2.9 Fea tures planned but re moved or not in cluded

Head ing for a sep a rate TR:

· Mod ules

· Dec i mal Types

· Math Spe cial Func tions

Post poned:

· Con cepts

· More com plete or re quired gar bage col lec tion sup port

· Re flec tion

· Macro Scopes
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46.2.10 Fea tures to be re moved or dep re cated

· The term se quence point, which is be ing re placed by spec i fy ing that ei ther one

op er a tion is se quenced be fore an other, or that two op er a tions are

unsequenced.[12]

· ex port[13]: Its cur rent use is re moved, but the key word it self is still re served, for 

po ten tial fu ture use.

· dy namic ex cep tion spec i fi ca tions[13]. Com pile time spec i fi ca tion of non-ex cep -

tion throw ing func tions is avail able with the noexcept key word (use ful for op ti -

mi za tion)

· std::auto_ptr Su per seded by std::unique_ptr.

· std::auto_ptr Su per seded by std::unique_ptr.

46.3 C++14

ISO/IEC 14882:2014 C++14

The fol low ing in for ma tion is taken from the Wikipedia en try.

C++14 is a ver sion of the stan dard for the pro gram ming lan guage C++, it is in tended to be
a small ex ten sion over C++11, fea tur ing mainly bug fixes and small im prove ments. Its ap -
proval was an nounced on Au gust 18, 2014.[1] C++14 was re leased on De cem ber 15,
2014.[2]

Be cause ear lier C++ stan dard re vi sions were no tice ably late, the name "C++1y" was some -
times used in stead un til its ap proval, sim i larly to how the C++11 stan dard used to be
termed "C++0x" with the ex pec ta tion of its re lease be fore 2010 (al though in fact it slipped
into 2010 and fi nally 2011).

46.3.1 New lan guage fea tures

These are the fea tures added to the core lan guage of C++14.

46.3.1.1 Func tion re turn type de duc tion

C++11 al lowed lambda func tions to de duce the re turn type based on the type of the ex pres -
sion given to the re turn state ment. C++14 pro vides this abil ity to all func tions. It also ex -
tends these fa cil i ties to lambda func tions, al low ing re turn type de duc tion for func tions that
are not of the form re turn ex pres sion;.[3]

In or der to in duce re turn type de duc tion, the func tion must be de clared with auto as the re -
turn type, but with out the trail ing re turn type specifier in C++11:

auto DeduceReturnType();   // Re turn type to be de ter mined.

If mul ti ple re turn ex pres sions are used in the func tion's im ple men ta tion, then they must all
de duce the same type.[4]

Func tions that de duce their re turn types can be for ward de clared, but they can not be used
un til they have been de fined. Their def i ni tions must be avail able to the trans la tion unit that
uses them.

Re cursion can be used with a func tion of this type, but the re cur sive call must hap pen af ter
at least one re turn state ment in the def i ni tion of the func tion:[4]

auto Cor rect(int i) {
  if (i == 1)
    re turn i;               // re turn type de duced as int
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  else
    re turn Cor rect(i-1)+i;  // ok to call it now
}

auto Wrong(int i) {
  if (i != 1)
    re turn Wrong(i-1)+i;  // Too soon to call this. No
prior re turn state ment.
  else
    re turn i;             // re turn type de duced as int
}

46.3.1.2 Al ter nate type de duc tion on dec la ra tion

In C++11, two meth ods of type de duc tion were added. auto was a way to cre ate a vari able
of the ap pro pri ate type, based on a given ex pres sion. decltype was a way to com pute the
type of a given ex pres sion. How ever, the way decltype and auto de duce types are dif fer ent.
In par tic u lar, auto al ways de duces a non-ref er ence type, as though by us ing std::de cay,
while auto&& al ways de duces a ref er ence type. How ever, decltype can be prod ded into de -
duc ing a ref er ence or non-ref er ence type, based on the value cat e gory of the ex pres sion and 
the na ture of the ex pres sion it is de duc ing:[3]

int i;
int&& f();
auto x3a = i;              // decltype(x3a) is int
decltype(i) x3d = i;       // decltype(x3d) is int
auto x4a = (i);            // decltype(x4a) is int
decltype((i)) x4d = (i);   // decltype(x4d) is int&
auto x5a = f();            // decltype(x5a) is int
decltype(f()) x5d = f();   // decltype(x5d) is int&&

C++14 adds the decltype(auto) syn tax. This al lows auto dec la ra tions to use the decltype
rules on the given ex pres sion.

The decltype(auto) syn tax can also be used with re turn type de duc tion, by us ing
decltype(auto) syn tax in stead of auto for the func tion's re turn type de duc tion.[4]

46.3.1.3 Re laxed constexpr re stric tions

C++11 in tro duced the con cept of a constexpr-de clared func tion; a func tion which could be
ex e cuted at com pile time. Their re turn val ues could be con sumed by op er a tions that re quire
con stant ex pres sions, such as an in te ger tem plate ar gu ment. How ever, C++11 constexpr
func tions could only con tain a sin gle ex pres sion that is re turned (as well as static_as serts
and a small num ber of other dec la ra tions).

C++14 re laxes these re stric tions. Constexpr-de clared func tions may now con tain the fol low -
ing:[3]

· Any dec la ra tions ex cept: 

· static or thread_lo cal vari ables.

· Vari able dec la ra tions with out initializers.

· The con di tional branch ing state ments if and switch.

· Any loop ing state ment, in clud ing range-based for.
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· Ex pres sions which change the value of an ob ject if the life time of that ob ject be -

gan within the con stant ex pres sion func tion. This in cludes calls to any non-const 

constexpr-de clared non-static mem ber func tions.

goto state ments are for bid den in C++14 re laxed constexpr-de clared func tions.

Also, C++11 stated that all non-static mem ber func tions that were de clared constexpr were
also im plic itly de clared const, with re spect to this. That has since been re moved; non-static
mem ber func tions may be non-const.[5] How ever, per the above re stric tions, a non-const
constexpr mem ber func tion can only mod ify a class mem ber if that ob ject's life time be gan
within the con stant ex pres sion eval u a tion.

46.3.1.4 Vari able tem plates

In prior ver sions of C++, only func tions, classes or type aliases could be templated. C++14
now al lows the cre ation of vari ables that are templated. An ex am ple given in the pro posal is 
a vari able pi that can be read to get the value of pi for var i ous types (e.g., 3 when read as
an in te gral type; the clos est value pos si ble with float, dou ble or long dou ble pre ci sion when 
read as float, dou ble or long dou ble, re spec tively; etc.).

The usual rules of tem plates ap ply to such dec la ra tions and def i ni tions, in clud ing spe cial -
iza tion.[6][7]

tem plate<typename T>
constexpr T pi = T(3.1415926535897932385);
// Usual spe cial iza tion rules ap ply:
tem plate<>
constexpr const char* pi<const char*> = "pi";

46.3.1.5 Ag gre gate mem ber ini tial iza tion

C++11 added mem ber initializers, ex pres sions to be ap plied to mem bers at class scope if a
con struc tor did not ini tial ize the mem ber it self. The def i ni tion of ag gre gates was changed to 
ex plic itly ex clude any class with mem ber initializers; there fore, they are not al lowed to use
ag gre gate ini tial iza tion.

C++14 re laxes this re stric tion,[3] al low ing ag gre gate ini tial iza tion on such types. If the
braced init list does not pro vide a value for that ar gu ment, the mem ber initializer takes care
of it.[8]

46.3.1.6 Bi nary lit er als

Nu meric lit er als in C++14 can be spec i fied in bi nary form.[3] The syn tax uses the pre fixes
0b or 0B. The syn tax is also used in other lan guages e.g. Java, C#, Swift, Go, Scala, Ruby,
Py thon, OCaml, and as an un of fi cial ex ten sion in some C com pil ers since at least 2007.[9]

46.3.1.7 Digit sep a ra tors

In C++14, the sin gle-quote char ac ter may be used ar bi trarily as a digit sep a ra tor in nu meric
lit er als, both in te ger lit er als and float ing point lit er als.[10] This can make it eas ier for hu -
man read ers to parse large num bers through subitizing.

auto in te ger_lit eral = 1'000'000;
auto float ing_point_lit eral = 0.000'015'3;
auto bi nary_lit eral = 0b0100'1100'0110;
auto silly_ex am ple = 1'0'0'000'00;
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46.3.1.8 Ge neric lambdas

In C++11, lambda func tion pa ram e ters need to be de clared with con crete types. C++14 re -
laxes this re quire ment, al low ing lambda func tion pa ram e ters to be de clared with the auto
type specifier.[6]

auto lambda = [](auto x, auto y) {re turn x + y;};

As for auto type de duc tion, ge neric lambdas fol low the rules of tem plate ar gu ment de duc -
tion (which are sim i lar, but not iden ti cal in all re spects). The above code is equiv a lent to
this:[11]

struct un named_lambda
{
  tem plate<typename T, typename U>
    auto op er a tor()(T x, U y) const {re turn x + y;}
};
auto lambda = un named_lambda{};

46.3.1.9 Lambda cap ture ex pres sions

C++11 lambda func tions cap ture vari ables de clared in their outer scope by value-copy or by 
ref er ence. This means that value mem bers of a lambda can not be move-only types.[12]
C++14 al lows cap tured mem bers to be in i tial ized with ar bi trary ex pres sions. This al lows
both cap ture by value-move and de clar ing ar bi trary mem bers of the lambda, with out hav ing 
a cor re spond ingly named vari able in an outer scope.[6]

This is done via the use of an initializer ex pres sion:

auto lambda = [value = 1] {re turn value;};

The lambda func tion lambda re turns 1, which is what value was in i tial ized with. The de -
clared cap ture de duces the type from the initializer ex pres sion as if by auto.

This can be used to cap ture by move, via the use of the stan dard std::move func tion:

std::unique_ptr<int> ptr(new int(10));
auto lambda = [value = std::move(ptr)] {re turn *value;};

46.3.1.10 The at trib ute [[dep re cated]]

The dep re cated at trib ute al lows mark ing an en tity dep re cated, which makes it still le gal to
use but puts us ers on no tice that use is dis cour aged and may cause a warn ing mes sage to be 
printed dur ing com pi la tion. An op tional string lit eral can ap pear as the ar gu ment of dep re -
cated, to ex plain the ra tio nale for dep re ca tion and/or to sug gest a re place ment.

[[dep re cated]] int f();
[[dep re cated("g() is thread-un safe. Use h() in stead")]]
void g( int& x );
void h( int& x );
void test() {
  int a = f(); // warn ing: 'f' is dep re cated
  g(a); // warn ing: 'g' is dep re cated: g() is thread-un safe. 
Use h() in stead
}
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46.3.2 New stan dard li brary fea tures

46.3.2.1 Shared mutexes and lock ing

C++14 adds a shared timed mutex and a com pan ion shared lock type.[13][14]

46.3.2.2 Het er o ge neous lookup in as so cia tive con tain ers

The C++ Stan dard Li brary de fines four as so cia tive con tainer classes. These classes al low
the user to look up a value based on a value of that type. The map con tain ers al low the user 
to spec ify a key and a value, where lookup is done by key and re turns a value. How ever,
the lookup is al ways done by the spe cific key type, whether it is the key as in maps or the
value it self as in sets.

C++14 al lows the lookup to be done via an ar bi trary type, so long as the com par i son op er a -
tor can com pare that type with the ac tual key type.[15] This would al low a map from
std::string to some value to com pare against a const char* or any other type for which an
op er a tor< over load is avail able.

To pre serve back wards com pat i bil ity, het er o ge neous lookup is only al lowed when the com -
para tor given to the as so cia tive con tainer al lows it. The stan dard li brary classes std::less<>
and std::greater<> are aug mented to al low het er o ge neous lookup.[16]

46.3.2.3 Stan dard user-de fined lit er als

C++11 de fined the syn tax for user-de fined lit eral suf fixes, but the stan dard li brary did not
use any of them. C++14 adds the fol low ing stan dard lit er als:[15]

"s", for cre at ing the var i ous std::ba sic_string types.

"h", "min", "s", "ms", "us", "ns", for cre at ing the cor re spond ing std::chrono::du ra tion time
in ter vals.

"if", "i", "il", for cre at ing the cor re spond ing std::com plex<float>, std::com plex<dou ble> and 
std::com plex<long dou ble> imag i nary numbers.

auto str = "hello world"s; // auto de duces string
auto dur = 60s;            // auto de duces chrono::sec onds
auto z   = 1i;             // auto de duces com plex<dou ble>

The two "s" lit er als do not in ter act, as the string one only op er ates on string lit er als, and the 
one for sec onds op er ates only on num bers.[17]

46.3.2.4 Tuple ad dress ing via type

The std::tuple type in tro duced in C++11 al lows an ag gre gate of typed val ues to be in dexed
by a com pile-time con stant in te ger. C++14 ex tends this to al low fetch ing from a tuple by
type in stead of by in dex.[15] If the tuple has more than one el e ment of the type, a com -
pile-time er ror re sults:[18]

tuple<string, string, int> t("foo", "bar", 7);
int i = get<int>(t);        // i == 7
int j = get<2>(t);          // Same as be fore: j == 7
string s = get<string>(t);  // Com pile-time er ror due to am -
bi gu ity

46.3.2.5 Smaller li brary fea tures

std::make_unique can be used like std::make_shared for std::unique_ptr ob jects.[6]

std::in te gral_con stant gained an op er a tor() over load to re turn the con stant value.[15]
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The class tem plate std::in te ger_se quence and re lated alias tem plates were added for rep re -
sent ing com pile-time in te ger se quences, such as the in di ces of el e ments in a pa ram e ter
pack.[19]

The global std::be gin/std::end func tions were aug mented with std::cbegin/std::cend func -
tions, which re turn con stant iterators, and std::rbegin/std::rend and std::crbegin/std::crend
which re turn re verse iterators.

The std::ex change func tion tem plate to as sign a new value to a vari able and re turn the old
value.[20]

New over loads of std::equal, std::mis match, and std::is_per mu ta tion that take a pair of
 iterators for the sec ond range, so that the caller does not need to sep a rately check that the
two ranges are of the same length.[21]

The std::is_fi nal type trait which de tects if a class is marked fi nal.

The std::quoted stream I/O ma nip u la tor al lows in sert ing and ex tract ing strings with em bed -
ded spaces, by plac ing de lim it ers (de fault ing to dou ble-quotes) on out put and strip ping them 
on in put, and es cap ing any em bed ded de lim it ers.[22]

46.3.3 Com piler sup port

Clang fin ished sup port for C++14 in 3.4 though un der the stan dard name c++1y.[23] 

GCC fin ished sup port for C++14 in GCC 5, and made C++14 the de fault C++ stan dard in
GCC 6[24] 

Microsoft Vi sual Stu dio 2015 has sup port for some but not all C++14 fea tures.[25]

46.4 The C++ 2017 stan dard

C++17 is a re vi sion of the ISO/IEC 14882 stan dard for the C++ pro gram ming lan guage. 

46.4.1 His tory

Be fore the C++ Stan dards Com mit tee fixed a 3-year re lease cy cle, C++17's re lease date was 
un cer tain. In that time pe riod, the C++17 re vi sion was also called C++1z, fol low ing C++0x
or C++1x for C++11 and C++1y for C++14. The C++17 spec i fi ca tion reached the Draft In -
ter na tional Stan dard (DIS) stage in March 2017.[1][2] This DIS was unan i mously ap proved, 
with only ed i to rial com ments,[3] and the fi nal stan dard was pub lished in De cem ber
2017.[4] Few changes were made to the C++ Stan dard Tem plate Li brary, al though some al -
go rithms in the <al go rithm> header were given sup port for ex plicit parallelization and some 
syn tac tic en hance ments were made. 

46.4.2 Re moved

This re vi sion of C++ not only added new fea tures but also re moved a few. 

· Re moval of tri graphs.[5][6]

· Re moval of some dep re cated types and func tions from the stan dard li brary, in -

clud ing std::auto_ptr, std::ran dom_shuf fle, and old func tion ad ap tors.[7][8]
These were su per seded in C++11 by im proved fa cil i ties such as std::unique_ptr,

std::shuf fle, std::bind, and lambdas.

· Re moval of the (for merly dep re cated) use of the key word reg is ter as a stor age

class specifier.[9] This key word is now re served and un used.

46.4.3 New fea tures

C++17 in tro duced many new fea tures. The fol low ing lists may be in com plete. 
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46.4.3.1 Lan guage

· Mak ing the text mes sage for static_as sert op tional[10]

· Al low typename (as an al ter na tive to class) in a tem plate tem plate pa ram e ter[11]

· New rules for auto de duc tion from braced-init-list[12][7]

· Nested namespace def i ni tions, e.g., namespace X::Y { … } in stead of namespace 

X { namespace Y { … } }[7][13]

· Al low ing at trib utes for namespaces and enu mer a tors[14][15]

· New stan dard at trib utes [[fallthrough]], [[maybe_un used]] and [[nodiscard]][16]

· UTF-8 (u8) char ac ter lit er als[14][17] (UTF-8 string lit er als have ex isted since

C++11; C++17 adds the cor re spond ing char ac ter lit er als for con sis tency, though

as they are re stricted to a sin gle byte they can only store ASCII)

· Hex a dec i mal float ing-point lit er als[18][19]

· Con stant eval u a tion for all non-type tem plate ar gu ments[14][20]

· Fold ex pres sions, for variadic tem plates[14][21]

· A com pile-time static if with the form if constexpr(ex pres sion)[22]

· Struc tured bind ing dec la ra tions, al low ing auto [a, b] =

getTwoReturnValues();[23]

· Initializers in if and switch state ments[24]

· copy-ini tial iza tion and di rect-ini tial iza tion of ob jects of type T from prvalue ex -

pres sions of type T (ig nor ing top-level cv-qual i fi ers) shall re sult in no copy or

move con struc tors from the prvalue ex pres sion. See copy eli sion for more in for -

ma tion.

· Some ex ten sions on over-aligned mem ory al lo ca tion[25]

· Class tem plate ar gu ment de duc tion (CTAD), in tro duc ing con struc tor de duc tion

guides, eg. al low ing std::pair(5.0, false) in stead of re quir ing ex plicit con struc tor

ar gu ments types std::pair<dou ble, bool>(5.0, false) or an ad di tional helper tem -

plate func tion std::make_pair(5.0, false).[26][27]

· Inline vari ables, which al lows the def i ni tion of vari ables in header files with out

vi o lat ing the one def i ni tion rule. The rules are ef fec tively the same as inline

func tions

· __has_in clude, al low ing the avail abil ity of a header to be checked by pre pro -
cessor di rec tives[28]

· Value of __cplusplus changed to 201703L[29]

· Ex cep tion spec i fi ca tions were made part of the func tion type[30]

46.4.3.2 Li brary

· Most of Li brary Fun da men tals TS I, in clud ing:[31][32] 

· std::string_view, a read-only non-own ing ref er ence to a

char ac ter se quence or string-slice[33]
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· std::op tional, for rep re sent ing op tional ob jects, a data type

that may not al ways be re turned by a given al go rithm with 

sup port for non-re turn

· std::any, for hold ing sin gle val ues of any type

· std::uncaught_ex cep tions, as a re place ment of std::uncaught_ex cep tion in ex cep -

tion han dling[34][14]

· New in ser tion func tions try_emplace and in sert_or_as sign for std::map and

std::un or dered_map key-value as so cia tive data struc tures[35][36]

· Uni form con tainer ac cess: std::size, std::empty and std::data[36][37]

· Def i ni tion of "con tig u ous iterators"[36][38]

· A file sys tem li brary based on boost::filesystem[39]

· Par al lel ver sions of STL al go rithms[40]

· Ad di tional math e mat i cal spe cial func tions, in clud ing el lip tic integrals and Bessel 

func tions[41]

· std::vari ant, a tagged un ion con tainer[42]

· std::byte, al low ing char to be re placed for data types in tend ing to model a byte

of data as a byte rather than a char ac ter[43]

· Log i cal op er a tor traits: std::con junc tion, std::disjunction and std::ne ga tion[44]

46.4.3.3 Com piler sup port

GCC has had al most com plete sup port for C++17 lan guage fea tures since ver sion 7. Some
li brary fea tures are still not sup ported.[45]

Clang 5 and later im ple ment all the fea tures of C++17.[46]

Vi sual Stu dio 2017 15.7 (MSVC 19.14) sup ports al most all of C++17.[47][48]

46.4.3.4 Li brary sup port

libstdc++ since ver sion 9.1 has com plete sup port for c++17 (8.1 with out Par al lel ism TS and 
re fer ring to C99 in stead of C11) [49]

libc++ as of ver sion 9 has par tial sup port for c++17, with the re main der "in prog ress" [50]

MSVC Stan dard Li brary since 19.15 com plete sup port for c++17 ex cept for "El e men tary
String Con ver sions" and re fer ring to C99 in stead of C11.[51]

46.5 C++ 2020

The fol low ing has been taken from the wikipedia en try.

C++20 is the name for the re vi sion of the ISO/IEC stan dard for the C++ pro gram ming lan -
guage fol low ing C++17.[1] The stan dard be came tech ni cally fi nal ized[2] by WG21 at the
meet ing in Prague in Feb ru ary 2020.[3] C++20 is cur rently un der go ing fi nal ed i to rial work,
af ter a draft was ap proved on 4th Sep tem ber 2020.[4][5]

C++20 adds more new ma jor fea tures than C++14 or C++17.[6]

46.5.1 New fea tures

C++20 in tro duced many new fea tures. The fol low ing lists may be in com plete.

· Lan guage

· con cepts,[8] with terse syn tax[9]
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· mod ules[10]

· des ig nated initializers[11] (based on the C99 fea ture, and

com mon G++ ex ten sion)

· [=, this] as a lambda cap ture[12]

· tem plate pa ram e ter lists on lambdas[13]

· three-way com par i son us ing the "space ship op er a tor", op -

er a tor <=>

· ini tial iza tion of an ad di tional vari able within a range-based 

for state ment[14]

· lambdas in unevaluated con texts[15][16]

· de fault constructible and as sign able state less

lambdas[15][17]

· al low pack ex pan sions in lambda init-cap ture[15][18]

· string lit er als as tem plate pa ram e ters[15][19]

· re mov ing the need for typename in cer tain cir cum -

stances[20]

· new stan dard at trib utes [[no_unique_ad dress]],[21]

[[likely]] and [[un likely]][22]

· con di tional ex plicit, al low ing the ex plicit mod i fier to be

con tin gent on a boolean ex pres sion[23]

· ex panded constexpr: vir tual func tions,[24] un ion,[25] try

and catch,[26] dy namic_cast and typeid,[27]

std::pointer_traits[28]

· im me di ate func tions us ing the new consteval key word[29]

· signed in te gers are now de fined to be rep re sented us ing

two's com ple ment (signed in te ger over flow re mains un de -

fined be hav ior)[30]

· a re vised mem ory model[31]

· var i ous im prove ments to struc tured bind ings (in ter ac tion
with lambda cap tures, static and thread_lo cal stor age du ra -

tion)[32][33]

· coroutines[34]

· us ing on scoped enums[35]

· constinit key word[36]

· Li brary

· ranges (The One Ranges Pro posal)[37]

· std::make_shared and std::al lo cate_shared for ar rays[38]
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· atomic smart point ers (such as

std::atomic<shared_ptr<T>> and

std::atomic<weak_ptr<T>>)[39]

· std::to_ad dress to con vert a pointer to a raw pointer[40]

· cal en dar and time-zone ad di tions to <chrono>[41]

· std::span, pro vid ing a view to a con tig u ous ar ray (anal o -

gous to std::string_view but span can mu tate the ref er -

enced se quence)[42]

· <ver sion> header[43]

· std::bit_cast<> for type cast ing of ob ject rep re sen ta tions,

with less ver bos ity than memcpy() and more abil ity to ex -

ploit com piler in ter nals[44]

· fea ture test mac ros[45]

· var i ous constexpr li brary bits[46]

· smart pointer cre ation with de fault ini tial iza tion[47]

· std::map::con tains method[48]

· bit op er a tions, such as lead ing/trail ing zero/one count,[49]

and log2 op er a tions[50][51][52]

· std::bind_front[53]

· Dep re ca tion

· Use of comma op er a tor in sub script ex pres sions has been

dep re cated[54]

· (most of) vol a tile has been dep re cated[55]

· New (and changed) keywords

· Many new keywords added (and the new "space ship op er -

a tor", op er a tor <=>), such as con cept, constinit,[36]

consteval, co_await, co_re turn, co_yield, re quires (plus

changed mean ing for ex port), and char8_t.[56] And ex -
plicit can take an ex pres sion since C++20.[57] Most of the 

uses of the vol a tile key word have been dep re cated.[55]

· In ad di tion to keywords, there are iden ti fi ers with spe cial

mean ing, in clud ing new im port and mod ule.

· New at trib utes in C++20: [[likely]], [[un likely]], and

[[no_unique_ad dress]][58]

· Re moved fea tures - C++20 also re moved some fea tures.[59]

· The C-de rived head ers <ccomplex>, <ciso646>,

<cstdalign>, <cstdbool> and <ctgmath> were re moved, as

they serve no pur pose in C++. (The cor re spond ing <*.h>

head ers re main, for com pat i bil ity with C.)
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· The use of throw() as an ex cep tion spec i fi ca tion was re -

moved.

· Some pre vi ously dep re cated li brary fea tures were re -

moved, in clud ing std::uncaught_ex cep tion, std::raw_stor -

age_iterator, std::is_lit eral_type, std::is_lit eral_type_v,

std::re sult_of and std::re sult_of_t.

· Com piler sup port

· De vel op ers of ma jor com pil ers have pre pared for the fi nal

C++20 stan dard by im ple ment ing ex per i men tal sup port for 

var i ous fea tures from the C++20 drafts.

· Clang has par tial C++20 sup port that can be en abled with

the op tion -std=c++20 (ver sion 10 and later) or -std=c++2a 

(ver sion 9 and ear lier).[129]

· EDG eccp started im ple ment ing C++20 fea tures in ver sion 

5.0 and as of ver sion 6.1 sup ports most C++20 core lan -

guage fea tures.[130]

· GCC added par tial, ex per i men tal C++20 sup port in

2017[131] in ver sion 8 through the op tion -std=c++2a.
Like Clang, GCC re placed this op tion with -std=c++20 in

ver sion 10. It also has an op tion to en able GNU ex ten sions 

in ad di tion to the ex per i men tal C++20 sup port,

-std=gnu++20.[132]

· Microsoft Vi sual Stu dio sup ports some C++20 fea tures

through its std:c++lat est op tion. An op tion /std:c++20 to

en able C++20 mode is ex pected as soon as the com piler is 

C++20 fea ture com plete.[133]

See the wikipedia en try for more in for ma tion.

46.5.2 Ad di tional sources

The fol low ing ta ble is based on in for ma tion taken from the fol low ing site.

https://isocpp.org/files/pa pers/p0636r0.html

Apol o gies for the for mat ting. 

Doc u ment Sum mary Ex am ples, notes

Re moved or dep re cated fea tures

N4086
Re move 

tri graphs

The se quence ??! no lon ger means |. Im ple men ta tions may 
of fer trigraph-like fea tures as part of their in put en cod ing.

P0001R1
Re move

reg is ter

The reg is ter key word re mains re served, but it no lon ger has any 

se man tics.

P0002R1
Re move ++ for

bool

In cre ment (++) pre fix and post fix ex pres sions are no 

lon ger valid for operands of type bool.
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P0003R5
Re move

throw(A, B, C)

Dy namic ex cep tion spec i fi ca tions of the form throw(A, B, C)

are no lon ger valid. Only throw() re mains as a syn onym

 for noexcept(true). Note the change in ter mi na tion se man tics.

P0386R2

Dep re cate

redeclaration of

static constexpr

class mem bers

Given struct X { static constexpr int n = 10; };, int X::n; is 

no lon ger a def i ni tion, but in stead a re dun dant redeclaration,

which is dep re cated. The mem ber X::n is im plic itly inline (see

be low).

N4190

Re move 

auto_ptr, 

ran dom_shuf fle,

old parts of

<func tional>

Fea tures that have been dep re cated since C++11 and re placed

with su pe rior com po nents are no lon ger in cluded. Their names

re main re served, and im ple men ta tions may choose to con tinue

to ship the fea tures.

P0004R1
Re move 

dep re cated

iostream aliases

Same as above

P0302R1
Re move 

al lo ca tor sup port 

from func tion

The poly mor phic func tion wrap per func tion no lon ger has con -

struc tors that ac cept an al lo ca tor. 

Al lo ca tor sup port for type-eras ing, copyable types is dif fi cult,

and pos si bly not implementable ef fi ciently.

P0063R3
(see be low)

Dep re cate 

C li brary 

head ers

The fol low ing head ers of the C li brary (this is the term for 
a part of the C++ stan dard li brary, not a part of the C stan -

dard!) are now dep re cated:
<ccomplex>,
<cstdalign>,
<cstdbool>,
<ctgmath>. 

Note that the header <ciso646> is not dep re cated.

P0174R1
Dep re cate old 

li brary parts

These li brary com po nents are now dep re cated:
al lo ca tor<void>,

raw_stor age_iterator,

get_tem po rary_buffer,

is_lit eral_type,

std::iterator

P0618R0
Dep re cate

<codecvt>

The en tire header <codecvt> (which does not con tain the class

codecvt!) is dep re cated, as are the util i ties wstring_con vert 
and wbuffer_con vert. These fea tures are hard to use cor rectly,

and there are doubts whether they are even spec i fied cor rectly.

Us ers should use ded i cated text-pro cess ing li brar ies in stead.
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P0371R1

Dep re cate

mem ory_

or der_

con sume 

tem po rarily

The cur rent se man tics of “con sume” or der ing have been
found in ad e quate, and the or der ing needs to be re de fined.

While this work is in prog ress, hope fully ready for 
the next re vi sion of C++, us ers are en cour aged to not use
this or der ing and in stead use “ac quire” or der ing, so as to

not be ex posed to a break ing change in the future.

P0521R0
Dep re cate

shared_ptr::

unique

This mem ber func tion sug gests be hav iour that is not ac tu ally

pro vided.

P0604R0
Dep re cate

re sult_of
Use the new trait in voke_re sult instead.

New core lan guage fea tures with global 
ap pli ca bil ity

P0012R1

Ex cep tion 

spec i fi ca tion as

part of the type

sys tem

The ex cep tion spec i fi ca tion of a func tion is now part
of the func tion’s type: void f() noexcept(true); and

void f() noexcept(false); are func tions of two dis tinct types.

Func tion point ers are con vert ible in the sen si ble di rec tion. (But

the two  func tions f may not form an over load set.) This change

strength ens the type sys tem, e.g. by al low ing APIs to re quire

non-throw ing callbacks.

P0135R1
Guar an teed copy

eli sion

The mean ing of prvalue and glvalue has been re vised,

prvalues are no lon ger ob jects, but merely ini tial iza tion. Func -

tions re turn ing prvalues no lon ger copy ob jects (man da tory

copy eli sion), and there is a new prvalue-to-glvalue con ver sion

called tem po rary ma te ri al iza tion con ver sion. This 

change means that copy eli sion is now guar an teed, and even ap -

plies to types that are not copyable or mov able. This al lows you 

to de fine func tions that re turn such types.

P0035R4

Dy namic 

al lo ca tion of

over-aligned

types

Dy namic al lo ca tion (op er a tor new) may now sup port

 over-aligned types, and a new over load of the op er a tor takes an

align ment pa ram e ter. It is still up to the im ple men ta tion to

choose which align ments to sup port.
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P0145R3
Stricter or der 

of ex pres sion

eval u a tion

The or der of eval u a tion of cer tain subexpressions has been 
spec i fied more than it used to be. An im por tant par tic u lar
as pect of this change is that func tion ar gu ments are now

eval u ated in an in de ter mi nate or der (i.e. no in ter leav ing),
which was pre vi ously merely un spec i fied. Note that the

 eval u a tion or der for over loaded op er a tors de pends on how 
they are in voked: when in voked us ing op er a tor syn tax, the 
or der is the same as for the built-in op er a tor, but when in -
voked us ing func tion call syn tax, the or der is the same as

for ordinary function calls (i.e. indeterminate).

New core lan guage fea tures with lo cal ap pli ca bil -
ity

N4267
A u8 char ac ter

lit eral

A char ac ter lit eral pre fix u8 cre ates a char ac ter that is a valid 

Unicode code point that takes one code unit of UTF-8, i.e. an

ASCII value: u8'x'

P0245R1
Hex a dec i mal

float ing point

 lit er als

Float ing point lit er als with hex a dec i mal base and dec i mal
ex po nent: 0xC.68p+2, 0x1.P-126. C has sup ported this 

syn tax since C99, and printf sup ports it via %a.

N4295,

P0036R0
Fold ex pres sions

A con ve nient syn tax for ap ply ing a bi nary op er a tor
 iteratively to the el e ments of a pa ram e ter pack:

 tem plate <typename ...Args> auto f(Args ...args) { re turn
(0 + ... + args); }

P0127R2
tem plate

<auto>
A non-type tem plate pa ram e ter may now be de clared 

with place holder type auto. Ex am ples:

 tem plate <auto X> struct con stant 
{ static constexpr auto value = X; };

Del e gate<&MyClass::some_func tion>

P0091R3,

P0433R2,

P0512R0,

P0620R0

Class tem plate

ar gu ment 

de duc tion

The tem plate ar gu ments of a class tem plate may now be
de duced from a con struc tor. For ex am ple, pair p(1, 'x'); de -

fines p as pair<int, char> (this is not an HTML er ror, the tem -

plate ar gu ments were omit ted de lib er ately). The im plicit de duc -

tion is com ple mented by a sys tem of ex plicit de duc tion guides

which al low au thors to customise how the de duc tion hap pens,

or for bid it.

P0292R2 Constexpr if

In a tem plate spe cial iza tion, the arms of the new  if constexpr
(con di tion) state ment are only instantiated if the con di tion 

(which must be a con stant ex pres sion) has the ap pro pri ate

 value.
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P0305R1
Se lec tion 

state ments with

 initializer

The se lec tion state ments if and switch gain a new, op tional

initializer part: 

if (auto it = m.find(key); 
it != m.end()) re turn it->sec ond; 

P0170R1
Constexpr

 lambdas

Lambda ex pres sions may now be con stant 
ex pres sions:

auto add = [](int a, int b) constexpr { re turn a + b; }; int
arr[add(1, 2)];

P0018R3
Lambda cap ture

of *this

Be fore: 
[self = *this]{ self.f(); } 

Now: 
[*this]{ f(); }

P0386R2 Inline vari ables
In a header file: inline int n = 10; All def i ni tions re fer to the

same en tity. Im plied for static constexpr class data mem bers.

P0217R3,
P0615R0

Struc tured 

bind ings
auto [it, ins] = m.try_emplace(key, a1, a2, a3);

De com poses ar rays, all-mem bers-pub lic classes, and
user-de fined types that fol low a get  pro to col like pair and

tuple.

P0061R1 __has_in clude
A pre pro cessor op er a tor to check whether an in clu sion is pos si -

ble.

P0188R1
At trib ute

[[fallthrough]]

A new set of stand ard ised at trib utes. The at trib utes for mally

 have no re quired se man tics, but im ple men ta tions are 

en cour aged to emit or sup press the ap pro pri ate di ag nos tics

(warn ings).

P0189R1
At trib ute

[[nodiscard]]

P0212R1
At trib ute

[[maybe_un

used]]

P0137R1 laun der

A lan guage sup port tool (an “op ti mi sa tion bar rier”) to al low li -

brar ies to re use stor age and ac cess that stor age through an old

pointer, which was pre vi ously not al lowed. (This is an ex pert

tool for im ple ment ers and not ex pected to show up in “nor mal”

code.)
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P0298R3 A byte type

A new type byte is de fined in <cstddef> (not in <stddef.h>,

and only in namespace std!) which has the lay out of un signed

char, shares the aliasing al low ances of the ex ist ing char types,

and has bitwise op er a tions de fined.

New li brary fea tures

P0226R1
Math e mat i cal

spe cial func tions

The con tents of the for mer in ter na tional stan dard ISO/IEC
29124:2010 (math e mat i cal spe cial func tions) are now part
of C++. The func tions were added only to <cmath>, not to

<math.h>, and are only avail able in namespace std.

P0218R0,
P0219R1,
P0317R1,
P0392R0,
P0430R2,
P0492R2

Filesystem

The con tents of the Filesystems Tech ni cal 
Spec i fi ca tion are now part of C++. The filesystems li brary

al lows por ta ble in ter ac tion with di rec to ries and 
di rec tory-like struc tures (list ing di rec tory con tents, mov ing 

files, etc.). It is largely mod elled on POSIX, but flex i ble
enough to be implementable for a wide variety of systems.

P0024R2,

 P0336R1,

 P0394R4

, P0452R1,

 P0467R2,

 P0502R0,

 P0518R1,

 P0523R1,

 P0574R1,

 P0623R0

Par al lel ism

The con tents of the Par al lel ism Tech ni cal Spec i fi ca tion are 
now part of C++. This adds new over loads, tak ing an ad -

di tional ex e cu tion pol icy ar gu ment, to many al go rithms, as well 

as en tirely new al go rithms (see be low). Three ex e cu tion pol i cies 

are sup ported, which re spec tively pro vide se quen tial, par al lel,

and vectorized ex e cu tion.

P0024R2 New al go rithms

The Par al lel ism Tech ni cal Spec i fi ca tion adds sev eral new
al go rithms to the stan dard li brary. They are mo ti vated by

their po ten tial for ef fi cient par al lel ex e cu tion, but are
avail able in the usual sim ple form as well:

for_each_n, 
re duce, 

trans form_re duce,
ex clu sive_scan,
in clu sive_scan, 

trans form_ex clu sive_scan, 

trans form_in clu sive_scan. 

Note that re duce looks sim i lar to the ex ist ing ac cu mu late, but

does not guar an tee any par tic u lar or der of operations.
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P02202,

P0254R2,

P0403R1

New type:

string_view

and

basic_string_

view

The new string_view class is the pre ferred in ter face vo cab u -

lary type for APIs that need to view a string with out want ing to 

take own er ship or to mod ify it. It is constructible from char

point ers, but all other classes that are string-like should of fer

con ver sions to string_view.

P02202,
P0032R3,

P0504R0

New type:

any

The type any type-erases copyable ob jects. There are 

es sen tially three things you can do with an any: 
1. put a value of type T into it. 

2. Make a copy of it. 

3. Ask it whether it con tains a value of type U and get that

value out, which suc ceeds if and only if U is T.

P0088R3,

P0393R3,

P0032R3,

P0504R0,

P0510R0

New class 

tem plate:

vari ant

A vari ant mod els a dis joint un ion (or dis crim i nated un ion). A

value of vari ant<A, B, C> con tains one of an A, a B, or a C at 

any one time.

P02202,

P0307R2,

P0032R3,

P0504R0

New class 

tem plate:

op tional

An op tional value. A op tional rep re sents ei ther a T value, or no 

value (which is sig ni fied by the tag type nullopt_t). 

In some re spects this can be thought of as equiv a lent to

variant<nullopt_t, T>, but with a pur pose-built in ter face.

N4169 in voke
A fa cil ity to uni formly in voke call able en ti ties. This al lows us -

ers to write li brar ies with the same be hav iour as the stan dard’s

magic IN VOKE rule.

P0077R2,

P0604R0

is_invocable,

is_invocable_r,

in voke_re sult

Traits to rea son about invocability and in vo ca tion re sults.

P0067R5
El e men tary

string 

con ver sions

Func tions to_chars, from_chars that pro duce or parse string

rep re sen ta tions of num bers. These are in tended to form an 

ef fi cient, low-level ba sis for a re place ment for printf and

iostream for mat ted op er a tions. 

They fol low id i om atic C++ al go rithm style.

N3911
Alias tem plate

void_t

tem plate <class...> us ing void_t = void; Sur pris ingly use ful

for metaprogramming, to sim plify use of SFINAE.

N4389
Alias tem plate

bool_con stant

tem plate <bool B> us ing 
bool_con stant = in te gral_con stant<bool, B>

P0013R1
Log i cal 

op er a tion

metafunctions

Variadic metafunctions con junc tion, disjunction, and

ne ga tion for metaprogramming. These traits short-cir cuit in the

 metaprogramming sense: tem plate spe cial iza tions that are not

 re quired to de ter mine the re sult are not instantiated.
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P0185R1
Traits for

SFINAE-

friendly swap

New traits

is_{,nothrow_}swappable, is_{,nothrow_}swappable_with.

LWG 2911
Trait

is_ag gre gate

Whether a type is an ag gre gate. Use ful for ex am ple to 

tell whether a ge neric type should be list- or non-list-in i tial ized.

P0258R2

Trait

has_unique_

ob ject_

rep re sen ta tions

This trait may be used to rea son about whether cer tain

value-based op er a tions like com par i son and hash ing can be re -

placed with rep re sen ta tion-based op er a tions (e.g. memcmp).

P0007R1 as_const
Given an lvalue x, as_const(x) re turns the const-qual i fied ver -

sion. Does not bind to rvalues.

N4280
Non-mem ber

size, data, empty

The ad di tional func tions com ple ment the ex ist ing free func tions 

be gin, end etc. to ac cess con tain ers and ar rays in a uni form 

fash ion. Note that un like be gin/end, the new func tions are not

customisation points for any thing and are only pro vided for

con ve nience.

P0025R0 clamp
clamp(x, low, high) re turns ei ther x if x is within the in ter val

[low, high], or the near est bound oth er wise.

P0295R0 gcd and lcm
Num ber-the o retic func tions to com pute the great est com mon di -

vi sor and least com mon mul ti ple of two in te gers.

N4508
Class

shared_mutex

A reader-writer mutex, which can be locked in ei ther shared or

ex clu sive mode.

P0154R1
In ter fer ence

sizes

Two new im ple men ta tion-de fined con stants
hard ware_{con,de}structive_in ter fer ence_size 

that ef fec tively al low the plat form to doc u ment its cache line

sizes so that us ers can avoid false shar ing (de struc tive 

in ter fer ence) and im prove lo cal ity (con struc tive in ter fer ence).

Two sep a rate con stants are de fined to sup port het er o ge neous ar -

chi tec tures.

P0220R1 Tuple ap ply In vokes a call able with ar gu ments ex tracted from a given tuple.

P0209R2
Con struc tion

from tuples

A new func tion tem plate make_from_tuple that initializes a

value of type T from the el e ments of a given tuple. 

It is like apply ap plied to a con struc tor.

P0005R4

P0358R1

Uni ver sal

negator

not_fn

A call wrap per that ne gates its wrapped call able. This works

with callables of any arity and re places the old not1 and not2
wrap pers.
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P0220R1
Mem ory 

re sources

A new set of com po nents com prised of a mem ory re source

base class for dy nam i cally selectable mem ory pro vid ers, 

as well as three con crete im ple men ta tions

syn chro nized_pool_re source,
unsynchronized_pool_re source,

monotonic_buffer_re source.
See next item for use cases.

P0220R1,

P0337R0

A poly mor phic

 al lo ca tor

An al lo ca tor that uses a mem ory re source, which can be
changed at runtime and is not part of the al lo ca tor type.

Also con tains con ve nience type aliases like
std::pmr::vec tor

= std::vec tor<T, poly mor phic_al lo ca tor>.

P0220R1,

P0253R1

Searcher 

func tors

Substring searcher func tors im ple ment ing the
Boyer-Moore and Boyer-Moore-Horspool al go rithms, and

a search al go rithm us ing those func tors.

Mod i fi ca tions to ex ist ing fea tures

N3928
Sin gle-ar gu ment

 static_as sert
The static_as sert dec la ra tion no lon ger re quires a sec ond ar gu -

ment: static_as sert(N > 0);

N4230
Nested

namespace 

dec la ra tions

namespace foo::bar { /* ... */ }

N4051

Al low

typename in 

tem plate 

tem plate 

pa ram e ters

tem plate <tem plate <typename> typename Tmpl>
struct X; 

Pre vi ously, tem plate tem plate pa ram e ters were re quired to use

the key word class.

P0184R0

Range-based

for takes 

sep a rate 

be gin/end types

The re write rule for
for (decl : expr)  now says

auto __be gin = be gin-expr; auto __end = end-expr;, 
as op posed to auto __be gin = be gin-expr, __end = end-expr; 

be fore. This pre pares the range-based for state ment for the new

Ranges (work in prog ress).

P0195R2
Pack ex pan sion

in us ing-

dec la ra tions

tem plate <typename ...Args> struct X : Args... 
{ us ing Args::f...; };

P0138R2
Con struc tion for

val ues of fixed

enums

A vari able of a fixed enu mer a tion E can now be de fined

with E e { 5 }; and no lon ger re quires the the more cum ber -

some E e { E(5) };.
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N4259
uncaught_

ex cep tions()

The func tion uncaught_ex cep tion is dep re cated, the new
func tion uncaught_ex cep tions re turns a count rather than 
a boolean. The pre vi ous fea ture was ef fec tively un us able;

N4152 ex plains the de tails.

N4266

At trib utes 

in namespaces

and 

enu mer a tors

Namespaces and enu mer a tors can now be an no tated with
at trib utes. This al lows, for ex am ple, to 
dep re cate namespaces or enu mer a tors.

P0028R4

At trib ute

namespaces

with out 

rep e ti tion

This sim pli fies the use of at trib ute namespace qual i fi ca -
tions when a namespace is used re peat edly.

N4279

Im proved 

in ser tion 

for 

unique-key

maps

m.try_emplace(key, arg1, arg2, arg3) does noth ing if key

al ready ex ists in the map, and oth er wise in serts a new el e ment

con structed from the ar gu ments. This in ter face guar an tees that

even if the ar gu ments are bound to rvalue ref er ences, they are

not moved from if the in ser tion does not take place.

P0084R2
Re turn type 

of emplace

Se quence con tain ers whose emplace{,_front,_back} 

mem ber func tion tem plates used to re turn void now re turn a

ref er ence to the newly in serted el e ment. (As so cia tive con tain ers 

are not af fected, since their in ser tion func tions have al ways re -

turned iterators to the rel e vant el e ment.)

P0083R3
P0508R0

Splic ing maps

 and sets

A new mech a nism, node han dles, has been added to the con -

tainer li brary that al lows trans plant ing el e ments be tween dif fer -

ent map/set ob jects with out touch ing the con tained ob ject.

More over, this tech nique en ables mu ta ble ac cess to key val ues

of ex tracted nodes.

P0272R1
Non-const

 string::data

There is now a non-const over load of ba sic_string::data 

that re turns a mu ta ble pointer. More over, C++17 al lows writ ing 

to the null ter mi na tor, pro vided that the value zero is writ ten. 

This makes the string classes a bit more con ve nient to use with

C-style in ter faces.

P0156R0,

P0156R2

A variadic 

ver sion 

of lock_guard

called

scoped_lock

A new, variadic class tem plate

scoped_lock<Args...> that  locks mul ti ple lockable ob jects at

once (us ing the same al go rithm as lock) and re leases them in

the de struc tor. Ini tially it was sug gested to sim ply change the

def i ni tion of lock_guard to be come variadic, but this was dis -

cov ered to be a break ing change, and so in stead we now have a 

new class tem plate scoped_lock that is strictly su pe rior to the

old lock_guard and should be used in stead.
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Doc u ment Sum mary Ex am ples, notes

P0006R0
Vari able 

tem plates 

for traits

For ev ery stan dard type trait foo with a sin gle, static mem ber 

con stant foo<Args...>::value, there is now a vari able tem plate

foo_v<Args...>.

P0152R1
atomic::

is_al -
ways_lock_free

A new static mem ber con stant

is_al ways_lock_free 

that doc u ments whether the op er a tions of a given atomic type

are al ways lock-free. The ex ist ing non-static mem ber func tion

is_lock_free may give dif fer ent an swers for dif fer ent val ues of

the atomic type.

P0220R1,
P0414R2

shared_ptr for

ar rays

The class tem plate shared_ptr now sup ports C-style ar rays by 

pass ing T[] or T[N] as the tem plate ar gu ment, and the con struc -

tor from a raw pointer will in stall an ap pro pri ate ar ray deleter.

P0163R0
shared_ptr::

weak_type

The class shared_ptr now has a mem ber type 

weak_type which is weak_ptr. This al lows ge neric code

to name the cor re spond ing weak pointer type with out hav ing to

destructure the shared pointer type.

P0030R1
Three-

di men sional 

hy pot e nuse

The three-di men sional hy pot e nuse hypot(x, y, z) is added

as an ad di tional set of over loads to <cmath> 

(but not to <math.h> and only to namespace std).

P0040R3
Fur ther

 uninitialized al -

go rithms

Ad di tional al go rithms to cre ate ob jects in 
uninitialized mem ory and to de stroy ob jects. 

Sep a rate ver sions for de fault- and value-ini tial iza tion are
included.

N4510
In com plete 

type sup port for

al lo ca tors

This change re laxes the re quire ments on al lo ca tors to have 
com plete value types, and al lows, for ex am ple, re cur sive

struc tures like:
struct X { std::vec tor data; };

P0092R1
P0505R0

Changes to

 <chrono>
Adds floor, ceil ing, di vi sion and round ing for time points;

makes most mem ber func tions constexpr.

P0426R1
Constexpr for

 char_traits

All spe cial iza tions re quired for char_traits now have constexpr

mem ber func tions length, com pare, find and as sign, al low ing

string views to be more widely used in con stant ex pres sions.

N4387
Im prov ing

pair and tuple

This change makes the con struc tors of pair and tuple as ex plicit 

as the cor re spond ing el e ment type con struc tors.

P0435R1,
P0548R1

Changes to

com mon_type

Be cause it’s not a new stan dard if we did n’t make changes to

com mon_type...

Miscelllaneous
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Doc u ment Sum mary Ex am ples, notes

P0063R3
C++ re fers to

C11

The C++ stan dard now re fers nor ma tively to C11
(ISO/IEC 9899:2011) as The C Stan dard. Not only does

ISO re quire that ref er ences to other in ter na tional stan dards
re fer to the lat est pub lished ver sion, and not to a his toric

ver sion, but this also gives us ac cess to aligned_alloc,
which is use ful for the im prove ments to our dy namic

mem ory man age ment.

P0180R2
Re served

 namespaces

All top-level namespaces of the form stdX, where X is a
se quence of dig its, are re served.

P0175R1
C li brary syn op -

ses

A purely ed i to rial change: all head ers of the C li brary part
of the stan dard li brary are now pre sented as com plete

syn op ses in the C++ stan dard doc u ment, rather than as just
lists of names. This makes the changes in se man tics from

C eas ier to ap pre ci ate (e.g. ad di tional over loads, over loads 
on language linkage).

N4262
Term 

for ward ing 

ref er ence”

These changes have no nor ma tive im pact, but they es tab -
lish of fi cial ter mi nol ogy for con cepts that have so far only 

emerged from the lan guage rules. Hav ing pre cise and

well-known terms sim pli fies talk ing about C++ and sim pli fies

the spec i fi ca tion.

P0134R0
Term 

“de fault mem ber 

initializer”

P0391R0
Term “templated 

en tity”

N4284
Term 

“con tig u ous

 iterator”

P0346R1

Change

ran dom

num ber 

gen er a tor to 

ran dom bit 

gen er a tor”

Sim i larly, this change has no nor ma tive im pact, but clar i -
fies the de sign and in tended use of this as pect of the

<ran dom> fa cil i ties.
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47 The Boost library
The fol low ing material is taken from the Wikipedia en try.

https://en.wikipedia.org/wiki/Boost_(C%2B%2B_li brar ies)

· Boost is a set of li brar ies for the C++ pro gram ming lan guage that pro vide sup -

port for tasks and struc tures such as lin ear al ge bra, pseudorandom num ber gen er -

a tion, multithreading, im age pro cess ing, reg u lar ex pres sions, and unit test ing. It
con tains over eighty in di vid ual li brar ies.

· Most of the Boost li brar ies are li censed un der the Boost Soft ware Li cense, de -

signed to al low Boost to be used with both free and pro pri etary soft ware pro -

jects. Many of Boost's found ers are on the C++ stan dards com mit tee, and sev eral 

Boost li brar ies have been ac cepted for in cor po ra tion into both the C++ Tech ni cal 

Re port 1 and the C++11 stan dard.[1]

· There is a cate gor ised list of the con tents of the li brar ies later in this chap ter.

· De sign

· The li brar ies are aimed at a wide range of C++ us ers and

ap pli ca tion do mains. They range from gen eral-pur pose li -

brar ies like the smart pointer li brary, to op er at ing sys tem

ab strac tions like Boost FileSystem, to li brar ies pri mar ily

aimed at other li brary de vel op ers and ad vanced C++ us ers, 

like the tem plate metaprogramming (MPL) and do -

main-spe cific lan guage (DSL) cre ation (Proto).

· In or der to en sure ef fi ciency and flex i bil ity, Boost makes

ex ten sive use of tem plates. Boost has been a source of ex -

ten sive work and re search into ge neric pro gram ming and

metaprogramming in C++.[ci ta tion needed]

· Most Boost li brar ies are header based, con sist ing of inline

func tions and tem plates, and as such do not need to be

built in ad vance of their use. Some Boost li brar ies co ex ist

as in de pend ent li brar ies.[2][3]

· As so ci ated peo ple

· The orig i nal found ers of Boost still ac tive in the com mu -

nity in clude Beman Dawes and Da vid Abrahams. Au thor
of sev eral books on C++, Nicolai Josuttis con trib uted the

Boost ar ray li brary in 2001. There are mail ing lists de -

voted to Boost li brary use and li brary de vel op ment, ac tive

as of 2015.[4]

· Li cense

· Boost is li censed un der its own free, open-source li cense,

known as the Boost Soft ware Li cense. It is a per mis sive li -

cense in the style of the BSD li cense and the MIT li cense.

The li cense has been OSI-ap proved since Feb ru ary

2008[5][6] and is con sid ered a free soft ware li cense, com -
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pat i ble with the GNU Gen eral Pub lic Li cense, by the Free

Soft ware Foun da tion.[7]

· Ref er ences

· 1 "Li brary Tech ni cal Re port". JTC1/SC22/WG21 - The

C++ Stan dards Com mit tee. 2 July 2003. Re trieved 1 Feb -

ru ary 2012.

· 2 "Asio web site".

· 3 "Spirit web-site".

· 4 "Boost Mail ing Lists (A.K.A. Dis cus sion Groups)". Re -

trieved 30 Oc to ber 2015.

· 5 "Boost mail ing list ar chive".

· 6 "Boost Soft ware Li cense 1.0 (BSL-1.0) | Open Source

Ini tia tive".

· 7 "Var i ous Li censes and Com ments about Them - GNU

Pro ject - Free Soft ware Foun da tion (FSF)"..

47.1 The Boost site

Visit

http://www.boost.org/

to get de tailed in for ma tion about how to down load and use the Boost li brar ies. The fol low -
ing in for ma tion has been taken from the Boost site.

· Boost pro vides free peer-re viewed por ta ble C++ source li brar ies.

· We em pha size li brar ies that work well with the C++ Stan dard Li brary. Boost li -

brar ies are in tended to be widely use ful, and us able across a broad spec trum of

ap pli ca tions. The Boost li cense en cour ages both com mer cial and non-com mer -

cial use.

· We aim to es tab lish "ex ist ing prac tice" and pro vide ref er ence im ple men ta tions so 

that Boost li brar ies are suit able for even tual stan dard iza tion. Ten Boost li brar ies

are in cluded in the C++ Stan dards Com mit tee's Li brary Tech ni cal Re port (TR1)

and in the new C++11 Stan dard. C++11 also in cludes sev eral more Boost li brar -

ies in ad di tion to those from TR1. More Boost li brar ies are pro posed for stan -
dard iza tion in C++17.

· Since 2006 an in ti mate week long an nual con fer ence re lated to Boost called C++ 

Now has been held in As pen, Col o rado each May. Boost has been a par tic i pant

in the an nual Google Sum mer of Code since 2007.

· Get ting Started

· Boost works on al most any mod ern op er at ing sys tem, in -

clud ing UNIX and Win dows vari ants. Fol low the Get ting

Started Guide to down load and in stall Boost. Pop u lar

Linux and Unix dis tri bu tions such as Fe dora, Debian, and

NetBSD in clude pre-built Boost pack ages. Boost may also
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al ready be avail able on your or ga ni za tion's in ter nal web

server.

· Back ground

· Read on with the in tro duc tory ma te rial to help you un der -

stand what Boost is about and to help in ed u cat ing your

or ga ni za tion about Boost.

· Com mu nity

· Boost wel comes and thrives on par tic i pa tion from a va ri -

ety of in di vid u als and or ga ni za tions. Many av e nues for

par tic i pa tion are avail able in the Boost Com mu nity.

· Down loads

· The cur rent re lease on July 27 was Ver sion 1.61.0

· http://www.boost.org/us ers/his tory/ver sion_1_61_0.html

· Doc u men ta tion

· http://www.boost.org/doc/libs/1_61_0/

· Boost com pil ers

· Boost's pri mary test com pil ers are: 

· Linux: 

GCC: 4.4.7, 4.5.3, 4.6.3, 4.7.3, 4.8.4, 4.8.5, 4.9.3, 5.3.0 

GCC, C++11: 4.4.7 

GCC, C++14: 5.2.1, 5.3.1 

Intel: 16.0 

· Win dows: 

GCC, C++03, mingw: 3.4.5 

GCC, C++11, mingw: 4.6.4, 4.7.3, 4.8.1 

GCC, C++14, mingw: 4.9.3, 5.1, 5.2 

Vi sual C++: 7.1, 8.0, 9.0, 10.0, 11.0, 12.0, 14.0 

We first look at some of the op tions to us ing boost on Win dows:

· with the Microsoft C++ com piler;

· with the Intel C++ com piler

and boost un der Linux:

· us ing the gnu C++ com piler run ning ubuntu un der WSL;

· us ing the gnu C++ com piler run ning ubuntu un der Hy per-V;

· us ing the Intel C++ com piler run ning ubuntu un der Hy per-V

· us ing the gnu C++ com piler us ing openSuSe 15.x na tive in stall;

· us ing the Intel C++ com piler us ing openSuSe 15.x na tive install
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47.2 In stal la tion notes

I've worked with the fol low ing ver sions

· 1_65_1

· 1_66_0

· 1_67_0

· 1_71_0

· 1_73_0

· 1_74_0

· 1_76_0

· 1_77_0

whilst try ing boost out.

The li brar ies are avail able as tar and zip files. The in stal la tion will take a while due to the
large num ber of files in the li brar ies. There are 52,578 in the Win dows 1_76_0 re lease.

The fol low ing ta ble sum ma rises in for ma tion about the in stalls.

Op er at ing

system

Op tion Ver sion(s) Com piler Com piler
ver sion

Notes

Win dows Vi sual Stu dio Microsoft cl 19.30.30705 1

Windows Intel oneAPI icl 2021.4.0 2

Linux wsl ubuntu 18.04 g++ 7.5.0 3

Linux wsl openSuSe tum ble weed g++ 11.2.1 4

Linux Hy per-V ubuntu 18.04 g++ 7.5.0 5

Linux Hy per-V ubuntu 21_04 g++ 10.2.0 6

Linux Hyper-V Centos 7 g++ 4.8.5 7

Linux Na tive install openSuSe 15.x g++ 7.5.0 8

47.2.1 Note 1 - Win dows Microsoft

The cur rent in stall is to the fol low ing di rec tory.

c:\lo cal\boost_1_77_0

The in stal la tion is used by the Microsoft and Intel com pil ers.

47.2.2 Note 2 - Win dows Intel

The cur rent in stall is to the fol low ing di rec tory.

c:\lo cal\boost_1_77_0

The in stal la tion is used by the Microsoft and Intel com pil ers.

47.2.3 Note 3 - wsl ubuntu 18_04

I did the following
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sudo apt in stall libboost-all-dev

The in clude di rec tory is

/usr/in clude/boost

when com pil ing pro grams.

Run 

sudo apt in stall ap ti tude 
ap ti tude search boost

to see what has been in stalled.

47.2.4 Note 4 - wsl - openSuSe Tum ble weed

Us ing the Win dows Sub sys tem for Linux I can use the Win dows in stalled ver sion of Boost.

47.2.5 Note 5 - Hy per-V ubuntu 18_04

I did the fol low ing

sudo apt in stall libboost-all-dev

The in clude di rec tory is

/usr/in clude/boost

when com pil ing pro grams.

Run

sudo apt in stall ap ti tude 
ap ti tude search boost

to see what has been in stalled.

47.2.6 Note 6 - Hy per-V ubuntu 21_04

The in clude di rec tory is

/usr/in clude/boost/boost_1_76_0

when com pil ing pro grams.

47.2.7 Note 7 - Hy per-V Centos 7

I did a down load and in stall to

/opt/boost/in clude

All three ex am ples in this chap ter ran. Here is the out put.

[ian@localhost ex am ples]$ ./ch4701.out
 Boost ex am ple - test ing out the im ple men ta tion
 Type in some num bers 
 non nu meric to ter mi nate
1
3 2
6 3
9 q
[ian@localhost ex am ples]$ ./ch4702.out
 Us ing Boost 1.76.0
[ian@localhost ex am ples]$ ./ch4703.out

Pro gram starts :   0.000015
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Ran dom num bers :   1.094222
Boost sort     :   3.491380
To tal time     :   4.585735
[ian@localhost ex am ples]$ 

47.2.8 Note 8 - openSuSe 15.x

The in clude di rec tory is

/usr/include/boost

when com pil ing boost pro grams.

The boost ver sion is 1_66.

47.3 In tro duc tion to the ex am ples

There are 3 ex am ples.

· The first two test out that you have a work ing setup;

· The third ex am ple is in tended to test out the par al lel sort ing func tion al ity pro -

vided by the Boost li brary;

Here is some back ground on mem ory and will be usefull when com pil ing the pro grams as
we will need to pro vide ad di tional com piler switches to run the third.

47.4 Ex am ple 1 - test ing out the installation

The fol low ing ex am ple

#in clude <boost/lambda/lambda.hpp>
#in clude <iostream>
#in clude <iterator>
#in clude <al go rithm>

us ing namespace std;
us ing namespace boost::lambda;

int main()
{
  cout << " Boost ex am ple - test ing out the im ple men ta tion"
<< endl;
  cout << " Type in some num bers " << endl;
  cout << " non nu meric to ter mi nate" << endl;
  typedef istream_iterator<int> in;
  for_each( in(cin) , in() , cout << (_1 * 3 ) << " " ) ;
  re turn(0);
}

can be used to test if the Boost li brary (or part of it) is in stalled. I ran this ex am ple suc cess -
fully on na tive openSuSe, Hy per-V openSuSe and cygwin un der win dows.

This ex am ple does not work by de fault with Vi sual Stu dio. You need to down load and in -
stall Boost. See the ear lier in struc tions.

The pro gram will not run as is un der ubuntun 18_04_0. You need to add Boost as doc u -
mented ear lier.
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47.5 Ex am ple 2 - find ing out which ver sion you are using

Here is the source code.

#in clude <iostream>
#in clude <boost/ver sion.hpp>

us ing namespace std;

int main()
{
  cout << " Us ing Boost "
  << BOOST_VER SION / 100000     << "."     // Ma jor ver sion
  << BOOST_VER SION / 100% 1000  << "."     // Mi nor ver sion
  << BOOST_VER SION % 100                   // Patch level
  << endl;
  re turn(0);
}

47.6 Boost.Sort

Here is a link to the doc u men ta tion for 1.73.0

https://www.boost.org/doc/libs/1_73_0/
libs/sort/doc/html/in dex.html

Here is part of the in tro duc tion.

· The goal of the Boost Sort Li brary is pro vide to the us ers, the most mod ern, fast, 

and mem ory-ef fi cient sort ing al go rithms. 

· This li brary pro vides sta ble and un sta ble sort ing al go rithms, in sin gle threaded

and par al lel ver sions. 

· These al go rithms do not use any other li brary or util ity. The par al lel al go rithms

need a C++11 com pli ant com piler.

Here is some back ground on the se rial algorthms.

· spreadsort is an ex tremely fast hy brid ra dix sort al go rithm, de signed and de vel -

oped by Ste ven Ross.

· pdqsort is a im prove ment of the quick sort al go rithm, de signed and de vel oped by 

Orson Pe ters. 

· spinsort is a sta ble sort that is fast with ran dom or nearly sorted data, de signed

and de vel oped by Fran cisco Tapia. 

· flat_sta ble_sort is a sta ble sort that uses very lit tle ad di tional mem ory (around

1% of the size of the data), pro vid ing 80% - 90% of the speed of spinsort, de -

signed and de vel oped by Fran cisco Tapia.

Here is some backgrounnd on the par al lel al go rithms.

· Sam ple_sort is a im ple men ta tion of the  done by Fran cisco Tapia. 

· Par al lel_sta ble_sort is based on the samplesort al go rithm, but us ing a half of the

mem ory used by sam ple_sort, con ceived and im ple mented by Fran cisco Tapia. 
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· Block_in di rect_sort is a novel high-speed par al lel sort al go rithm with low ad di -

tional mem ory con sump tion, con ceived and im ple mented by Fran cisco Tapia. 

· The block_size is an in ter nal pa ram e ter of the al go rithm, which in or der to

achieve the high est speed, changes ac cord ing to the size of the ob jects to sort ac -

cord ing to the next ta ble. The strings use a block_size of 128.

47.7 Ex am ple 3 - Par al lel sort ing us ing par al lel_sta ble_sort

Here is the source.

#in clude <iostream>
#in clude <al go rithm>
#in clude <ar ray>
#in clude <chrono>
#in clude <mem ory>
#in clude <ran dom>
#in clude <string>
#in clude <boost/sort/sort.hpp>

us ing namespace std;
us ing namespace boost::sort;

class timer
{
pub lic:
  timer() : start_tim ing(hi_res_clock::now()) {}
  void re set()
  {
    start_tim ing = hi_res_clock::now();
  }
  dou ble elapsed() const
  {
    re turn(std::chrono::du ra tion_cast<sec ond_>
      (hi_res_clock::now() - start_tim ing).count());
  }
pri vate:
  typedef std::chrono::high_res o lu tion_clock hi_res_clock;
  typedef std::chrono::du ra tion<dou ble, std::ra tio<1> >
    sec ond_;
  std::chrono::time_point<hi_res_clock> start_tim ing;
};

void print_time(const string & head ing, const dou ble & t)
{
  cout << head ing << " : ";
  cout.setf(ios::right);
  cout.setf(ios::showpoint);
  cout.setf(ios::fixed);
  cout.width(10);
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  cout.pre ci sion(6);
  cout << t << endl;
}

int main()
{

  de fault_ran dom_en gine en gine_01;
  uni form_real_dis tri bu tion<dou ble>
    dis tri bu tion_01(0.0, 1.0);

  string head ing;
  dou ble t;
  timer timer_01;
  timer timer_02;

  head ing = "\nProgram starts";
  t = timer_01.elapsed();
  print_time(head ing, t);

// Size taken to make ar ray 512 MB

  const int scale_fac tor = 1024 * 1024;
  const int max_row = scale_fac tor * 64;

  int r;
  int nr;

  nr=max_row;

//  ar ray<dou ble, max_row> x;

  vec tor<dou ble> x(max_row) ;

  for (r = 0; r < nr; r++)
    x[r] = dis tri bu tion_01(en gine_01);

  head ing = "Ran dom num bers";
  t = timer_01.elapsed();
  print_time(head ing, t);
  timer_01.re set();

  boost::sort::par al lel_sta ble_sort( x.be gin() , x.end() );

  head ing = "Boost sort    ";
  t = timer_01.elapsed();
  print_time(head ing, t);
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  head ing = "To tal time    ";
  t = timer_02.elapsed();
  print_time(head ing, t);

  re turn(0);

}

47.8 Sum mary par al lel tim ing for an AMD Ryzen 7 sys tem

The fol low ing ta ble sum ma rises tim ing in for ma tion for ex am ples 

· ch3005, ch3006, ch3007

· ch3105, ch3106, ch3107

· ch3804, ch3805, ch3806

· ch4702

on an AMD Ryzen 7 sys tem with 8 cores and 32 GB of DDR4 ram. The sys tem sup ports
hyperthreading, ef fec tive giv ing 16 cores.

Ex am ple Comments Microsoft Intel gnu

<ar ray> ch3005 Pro gram starts 0.000000 0.000001 0.000009

<ar ray> ch3005 x.fill(1) 0.227025 0.068622 1.239866

<ar ray> ch3005 Ex plicit sum ma tion 0.141989 0.138745 0.106510

<ar ray> ch3005 503,316,480

<ar ray> ch3005 Sum via ac cu mu late 0.099236 0.096530 0.105882

<ar ray> ch3005 503,316,480

<ar ray> ch3005 To tal time 0.476033 0.309089 1.453376

<ar ray> ch3006 Pro gram starts 0.000000 0.000001 0.000006

<ar ray> ch3006 x.fill(1) 0.227168 0.067872 1.224372

<ar ray> ch3006 Sum via ac cu mu late 0.098195 0.095399 0.107843

<ar ray> ch3006 503,316,480

<ar ray> ch3006 Sum via re duce par 0.059526 0.060909 0.141227

<ar ray> ch3006 503,316,480

<ar ray> ch3006 To tal time 0.389912 0.229333 1.475937

<ar ray> ch3007 Pro gram starts 0.000000 0.000001 0.000007

<ar ray> ch3007 x.fill(1) 0.225948 0.067527 1.266511
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Ex am ple Comments Microsoft Intel gnu

<ar ray> ch3007 Sum via ac cu mu late 0.098128 0.096613 0.106690

<ar ray> ch3007 503,316,480

<ar ray> ch3007 Sum via re duce par_unseq 0.059708 0.060986 0.106121

<ar ray> ch3007 503,316,480

<ar ray> ch3007 To tal time 0.390166 0.230022 1.480433

<vec tor> ch3105 Pro gram starts 0.000000 0.000000 0.000007

<vec tor> ch3105 vec tor<int> x(n,1) 0.336454 0.405121 1.223739

<vec tor> ch3105 Ex plicit sum ma tion 0.094182 0.060575 0.108733

<vec tor> ch3105 503,316,480

<vec tor> ch3105 Sum via ac cu mu late 0.095326 0.113986 0.108779

<vec tor> ch3105 503,316,480

<vec tor> ch3105 To tal time 0.533092 0.584246 1.443217

<vec tor> ch3106 Pro gram starts 0.000000 0.000000 0.000006

<vec tor> ch3106 vec tor<int> x(n,1 0.315380 0.448662 1.266866

<vec tor> ch3106 Sum via ac cu mu late 0.094397 0.095585 0.105910

<vec tor> ch3106 503,316,480

<vec tor> ch3106 Sum via re duce par 0.059001 0.059191 0.134612

<vec tor> ch3106 503,316,480

<vec tor> ch3106 To tal time 0.473916 0.607845 1.508665

<vec tor> ch3107 Pro gram starts 0.000000 0.000000 0.000007

<vec tor> ch3107 vec tor<int> x(n,1) 0.329438 0.409728 1.242676

<vec tor> ch3107 Sum via ac cu mu late 0.094221 0.094732 0.107092

<vec tor> ch3107 503,316,480

<vec tor> ch3107 Sum via re duce par_unseq 0.059046 0.059956 0.111418

<vec tor> ch3107 503,316,480

<vec tor> ch3107 To tal time 0.488458 0.568666 1.462317

par al lel ch3804 Pro gram starts 0.000001 0.000007 0.000007
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Ex am ple Comments Microsoft Intel gnu

par al lel ch3804 133,169,152

par al lel ch3804 Ran dom num bers 2.924526 0.940801 1.429677

par al lel ch3804 Par al lel sort - <ar ray> 2.200302 2.520819 12.816004

par al lel ch3804 To tal time 5.131175 3.467098 14.246920

par al lel ch3805 Pro gram starts 0.000000 0.000000 0.000007

par al lel ch3805 133,169,152

par al lel ch3805 Ran dom num bers 3.039776 0.750017 1.522941

par al lel ch3805 Par al lel sort - vec tor 2.178695 2.521228 11.673758

par al lel ch3805 To tal time 5.222786 3.275803 13.198104

par al lel ch3806 Pro gram starts 0.000000 0.000000 0.000008

par al lel ch3806 Ran dom num bers 3.026231 0.731275 1.569564

par al lel ch3806 Boost sort 2.280195 2.324530 2.735255

par al lel ch3806 To tal time 5.309227 3.058503 4.305881

boost ch4702 Boost ver sion    1.77.0 1.77.0 1.77.0

boost ch4703 Pro gram starts 0.000000 0.000001 0.000008

boost ch4703 Ran dom num bers 1.524773 0.268911 0.759725

boost ch4703 Boost sort 1.082723 1.142235 1.321891

boost ch4703 To tal time 2.609273 1.514315 2.082488

Over all to tal time 21.024038 13.844920 42.657338

The Microsoft and Intel runs are un der Win dows and the g++ run uses openSuSe Tum ble -
weed un der WSL.

Ex am ples ch3806 and ch4703 had the fol low ing lines added when com pil ing with the Intel
com piler

#de fine and &&
#de fine not !
#de fine or  ||

as the com piler does not sup port these al ter nate syn tax forms.

Note the tim ing fig ures for

· ex plicit sum ma tion
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· ac cu mu late

· re duce par

· re duce par_unseq

for both the <ar ray> and <vec tor> ver sions.

Note also the tim ing for

· par al lel sort

· boost sort

for both the <ar ray> and <vec tor> ver sions.

Microsoft and Intel are pro vid ing good timing fig ures for the par al lel algorithms.

47.9 Sum mary

The in ten tion has just been to give one a taste of the Boost li brary. Com po nents are be com -
ing part of stan dard C++.
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47.11Prob lems

1. Com pile and run the ex am ples with your com piler. 

Not all ex am ples will run with all com pil ers, ver sions of com pil ers and op er at ing sys tems.

2. A ran dom ver sion of the words file is avail able on the Rhymney Con sult ing site. Down -
load the file mod ify ex am ple 3 or 4 and ob tain tim ing fig ures for an ar ray or vec tor of
strings.

3. Mod ify ex am ple 5 to work with an ar ray of strings. Ob tain tim ing fig ures.
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48 Memory routines
In this chap ter we have a look at two pro grams that pro vide in for ma tion about mem ory us -
age un der Win dows and Linux. The idea for these pro grams came from find ing a way in
For tran to de ter mine how much mem ory was avail able for al lo ca tion at run time.

We will look at the Win dows ex am ple first.

48.1 Win dows mem ory in for ma tion

On a Win dows plat form Microsoft pro vide the fol low ing struct.

typedef struct _MEMORYSTATUSEX 
{
  DWORD     dwLength;
  DWORD     dwMemoryLoad;
  DWORDLONG ullTotalPhys;
  DWORDLONG ullAvailPhys;
  DWORDLONG ullTotalPageFile;
  DWORDLONG ullAvailPageFile;
  DWORDLONG ullTotalVirtual;
  DWORDLONG ullAvailVirtual;
  DWORDLONG ullAvailExtendedVirtual;
}
MEMORYSTATUSEX, *LPMEMORYSTATUSEX;

Here is a link to their doc u men ta tion.

https://learn.microsoft.com/en-us/
win dows/win32/api/sysinfoapi/ns-sysinfoapi-memorystatusex

48.1.1 Ex am ple 1 - us ing <win dows.h>

Here is the sam ple pro gram.

#in clude <iostream>
#in clude <win dows.h>

us ing namespace std;

int main()
{

  MEMORYSTATUSEX statex;

  statex.dwLength = sizeof (statex);

  GlobalMemoryStatusEx (&statex);

  cout.im bue(std::lo cale(""));

  cout << " Mem ory load          " ; 
  cout.width(20) ; 
  cout <<  statex.dwMemoryLoad              << endl ;

Memory routines 595

© Ian D Chivers Chap ter 48



  cout << " To tal ram            " ;
  cout.width(20) ; 
  cout <<  statex.ullTotalPhys            << endl ;
  cout << " Free  ram            " ; 
  cout.width(20) ; 
  cout <<  statex.ullAvailPhys            << endl ;
  cout << " To tal page file      " ; 
  cout.width(20) ; 
  cout <<  statex.ullTotalPageFile        << endl ;
  cout << " Avail page file      " ;
  cout.width(20) ; 
  cout <<  statex.ullAvailPageFile        << endl ;
  cout << " To tal vir tual        " ;
  cout.width(20) ; 
  cout <<  statex.ullTotalVirtual         << endl ;
  cout << " Avail vir tual        " ;
  cout.width(20) ; 
  cout <<  statex.ullAvailVirtual         << endl ;
  cout << " AvailExtendedVirtual " ;
  cout.width(20) ; 
  cout <<  statex.ullAvailExtendedVirtual << endl ;

  re turn(0);
}

Here is some out put from the Microsoft com piler.

D:\cxx>ch4801_microsoft.exe
 Mem ory load                            12
 To tal ram                  68,412,305,408
 Free  ram                  59,833,749,504
 To tal page file            78,612,852,736
 Avail page file            68,555,354,112
 To tal vir tual         140,737,488,224,256
 Avail vir tual         140,733,144,625,152
 AvailExtendedVirtual                    0

Here is some out put from the Intel com piler on the same sys tem.

D:\cxx>ch4801_intel.exe
 Mem ory load                            12
 To tal ram                  68,412,305,408
 Free  ram                  59,836,911,616
 To tal page file            78,612,852,736
 Avail page file            68,555,857,920
 To tal vir tual         140,737,488,224,256
 Avail vir tual         140,733,144,485,888
 AvailExtendedVirtual                    0

Try this out with your com piler.
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48.2 Linux mem ory in for ma tion

On a Linux plat form we have ac cess to <sys/sysinfo.h>

Here is a web link.

https://man7.org/linux/man-pages/man2/sysinfo.2.html

sysinfo() re turns cer tain sta tis tics on mem ory and swap us age, as well as the load av er age.

Un til Linux 2.3.16, sysinfo() re turned in for ma tion in the fol low ing struc ture:

struct sysinfo {
  long uptime; /* Sec onds since boot */
  un signed long loads[3]; /* 1, 5, and 15 min ute load av er -
ages */
  un signed long totalram; /* To tal us able main mem ory size
*/
  un signed long freeram; /* Avail able mem ory size */
  un signed long sharedram; /* Amount of shared mem ory */
  un signed long bufferram; /* Mem ory used by buff ers */
  un signed long totalswap; /* To tal swap space size */
  un signed long freeswap; /* Swap space still avail able */
  un signed short procs; /* Num ber of cur rent pro cesses */
  char _f[22]; /* Pads struc ture to 64 bytes */
};

Since Linux 2.3.23 (i386) and Linux 2.3.48 (all ar chi tec tures) the struc ture is:

struct sysinfo {
  long uptime; /* Sec onds since boot */
  un signed long loads[3]; /* 1, 5, and 15 min ute load av er -
ages */
  un signed long totalram; /* To tal us able main mem ory size
*/
  un signed long freeram; /* Avail able mem ory size */
  un signed long sharedram; /* Amount of shared mem ory */
  un signed long bufferram; /* Mem ory used by buff ers */
  un signed long totalswap; /* To tal swap space size */
  un signed long freeswap; /* Swap space still avail able */
  un signed short procs; /* Num ber of cur rent pro cesses */
  un signed long totalhigh; /* To tal high mem ory size */
  un signed long freehigh; /* Avail able high mem ory size */
  un signed int mem_unit; /* Mem ory unit size in bytes */
  char _f[20-2*sizeof(long)-sizeof(int)];
  /* Pad ding to 64 bytes */
};

48.2.1 Ex am ple 2 - us ing <sysinfo.h>

Here is the source file.

#in clude <iostream>
#in clude <sys/sysinfo.h>

us ing namespace std;
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un signed long to tal_ram()
{
  struct sysinfo si;
  sysinfo (&si);
    re turn( si.totalram ) ;
}

un signed long free_ram()
{
  struct sysinfo si;
  sysinfo (&si);
    re turn( si.freeram ) ;
}

un signed long shared_ram()
{
  struct sysinfo si;
  sysinfo (&si);
    re turn( si.sharedram ) ;
}

un signed long buffer_ram()
{
  struct sysinfo si;
  sysinfo (&si);
    re turn( si.bufferram ) ;
}

un signed long to tal_swap()
{
  struct sysinfo si;
  sysinfo (&si);
    re turn( si.totalswap ) ;
}

un signed long free_swap()
{
  struct sysinfo si;
  sysinfo (&si);
    re turn( si.freeswap ) ;
}

un signed long to tal_high()
{
  struct sysinfo si;
  sysinfo (&si);
    re turn( si.totalhigh ) ;
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}

un signed long free_high()
{
  struct sysinfo si;
  sysinfo (&si);
    re turn( si.freehigh ) ;
}

int main()
{
  cout.im bue(std::lo cale(""));
  cout << " to tal_ram   " ; 
  cout.width(18) ; 
  cout << to tal_ram() << endl ;
  cout << " free_ram    " ; 
  cout.width(18) ; 
  cout << free_ram() << endl ;
  cout << " shared_ram  " ; 
  cout.width(18) ; 
  cout << shared_ram() << endl ;
  cout << " buffer_ram  " ; 
  cout.width(18) ; 
  cout << buffer_ram() << endl ;
  cout << " to tal_swap  " ; 
  cout.width(18) ; 
  cout << to tal_swap() << endl ;
  cout << " free_swap   " ; 
  cout.width(18) ; 
  cout << free_swap() << endl ;
  cout << " to tal_high  " ; 
  cout.width(18) ; 
  cout << to tal_high() << endl ;
  cout << " free_high   " ; 
  cout.width(18) ; 
  cout << free_high() << endl ;

  re turn(0);
}

Here is some sam ple out put us ing the Intel com piler.

ian@dell-5820:/mnt/d/cxx> icpc ch4802.cxx
icpc: re mark #10441: The Intel(R) C++ Com piler Clas sic (ICC) 
is dep re cated and will be re moved from prod uct re lease in
the sec ond half of 2023. The Intel(R) oneAPI DPC++/C++ Com -
piler (ICX) is the rec om mended com piler mov ing for ward.
Please tran si tion to use this com piler. Use '-diag-dis -
able=10441' to dis able this mes sage.
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ian@dell-5820:/mnt/d/cxx> ./a.out
 to tal_ram       68,412,305,408
 free_ram        59,781,222,400
 shared_ram                   0
 buffer_ram                   0
 to tal_swap     127,830,847,488
 free_swap      127,825,420,288
 to tal_high         142,548,992
 free_high              278,528

Here is some out put us ing the nvidia com piler.

ian@dell-5820:/mnt/d/cxx$ nvc++ ch4802.cxx
ian@dell-5820:/mnt/d/cxx$ ./a.out
 to tal_ram          68412305408
 free_ram           59857186816
 shared_ram                   0
 buffer_ram                   0
 to tal_swap        127830847488
 free_swap         127825420288
 to tal_high           142548992
 free_high               278528

48.3 Prob lems

Try these ex am ples out on your sys tem.
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49 C++ and C Keywords
Word                           C++                 C                     Sim ple mean ing

asm                              C++                                         as sem bly lan guage

auto                             C++                 C                     lo cal vari able

bool                             C++                                         In trin sic data type

break                           C++                 C                     Con trol struc tures

case                             C++                 C                     Con trol struc tures

catch                            C++                                         Con trol struc tures

char                             C++                 C                     In trin sic data type

class                            C++                                         de clare a class

const                            C++                 C                     de clare const vari ables or const func -

tions

const_cast                   C++                                         cast from const vari ables

con tinue                      C++                 C                     Con trol struc tures

de fault                         C++                 C                     Con trol struc tures

de lete                           C++                                         Mem ory

do                                C++                 C                     Con trol struc tures

dou ble                         C++                 C                     In trin sic data type

dy namic_cast              C++                                         per form run-time cast ing

else                              C++                 C                     Con trol struc tures

enum                           C++                 C                     cre ate enu mer a tion types

ex plicit                        C++                                         only use con struc tors when they

                                                                                    match ex actly

ex port                          C++                                         al low tem plate def i ni tions to be

                                                                                    sep a rated from their dec la ra tion

extern                          C++                 C                     com piler link age in for ma tion

false                             C++                                         Boolean value

float                             C++                 C                     In trin sic data type

for                               C++                 C                     Con trol struc tures

friend                          C++                                         Al low non mem ber func tions have

                                                                                    ac cess to pri vate data

goto                             C++                 C                     Con trol struc tures

if                                  C++                 C                     Con trol struc tures

inline                           C++                                         Sug gest in lin ing of func tions

int                                C++                 C                     In trin sic data type

long                             C++                 C                     In trin sic data type

mu ta ble                       C++                                         Over ride a const vari able
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namespace                   C++                                         Par ti tion the global namespace by

                                                                                    de fin ing a scope

new                             C++                                         Mem ory

Word                           C++                 C                     Sim ple mean ing

op er a tor                       C++                                         Cre ate over loaded op er a tor func tions

pri vate                         C++                                         de clare pri vate mem bers of a class

pro tected                     C++                                         de clare pro tected mem bers of a class

pub lic                          C++                                         de clare pub lic mem bers of a class

reg is ter                        C++                 C                     re quest that a vari able be kept in a    

                                                                                    reg is ter

re in ter pret_cast           C++                                         change the type

re turn                          C++                 C                     Con trol struc tures

short                            C++                 C                     In trin sic data type

signed                          C++                 C                     In trin sic data type

sizeof                           C++                 C                     size of data passed to it

static                            C++                 C                     stor age class 

static_cast                   C++                                         per form a non-poly mor phic cast

struct                           C++                 C                     de fine a struc ture

switch                          C++                 C                     Con trol struc tures

tem plate                      C++                                         cre ate ge neric func tions

this                              C++                                         pointer to the cur rent ob ject

throw                           C++                                         Con trol struc tures

true                              C++                                         Boolean value

typedef                        C++                 C                     cre ate a new type name from an

                                                                                    ex ist ing name

typeid                          C++                                         re turn a ref er ence to a type_info ob ject

un ion                           C++                 C                     vari ables share mem ory

un signed                      C++                 C                     In trin sic data type

us ing                           C++                             

void                             C++                 C                     func tions with no data dype

vol a tile                        C++                 C                     data may be sub ject to change

wchar_t                                                                       

while                           C++                 C                     Con trol struc tures
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50 C++ Stan dard Headers
Those head ers that re fer to the Stan dard Tem plate Li brary are marked as (STL).

<al go rithm> (STL) for de fin ing nu mer ous tem plates that im ple ment use ful al go rithms

<bitset> for de fin ing a tem plate class that ad min is ters sets of bits

<cassert> for en forc ing as ser tions when func tions ex e cute

<cctype> for clas si fy ing char ac ters

<cerrno> for test ing er ror codes re ported by li brary func tions

<cfloat> for test ing float ing-point type prop er ties

<ciso646> for pro gram ming in ISO 646 vari ant char ac ter sets

<climits> for test ing in te ger type prop er ties

<clocale> for adapt ing to dif fer ent cul tural con ven tions

<cmath> for com put ing com mon math e mat i cal func tions

<com plex> for de fin ing a tem plate class that sup ports com plex arith me tic

<csetjmp> for ex e cut ing nonlocal goto state ments

<csignal> for con trol ling var i ous ex cep tional con di tions

<cstdarg> for ac cess ing a vary ing num ber of ar gu ments

<cstddef> for de fin ing sev eral use ful types and mac ros

<cstdio> for per form ing in put and out put

<cstdlib> for per form ing a va ri ety of op er a tions

<cstring> for ma nip u lat ing sev eral kinds of strings

<ctime> for con vert ing be tween var i ous time and date for mats

<cwchar> for ma nip u lat ing wide streams and sev eral kinds of strings

<cwctype> for clas si fy ing wide char ac ters

<deque> (STL) for de fin ing a tem plate class that im ple ments a deque con tainer

<ex cep tion> for de fin ing sev eral func tions that con trol ex cep tion han dling

<fstream> for de fin ing sev eral iostreams tem plate classes that ma nip u late ex ter nal files

<func tional> (STL) for de fin ing sev eral tem plates that help con struct pred i cates for the

tem plates de fined in <al go rithm> and <nu meric>

<iomanip> for de clar ing sev eral iostreams ma nip u la tors that take an ar gu ment

<ios> for de fin ing the tem plate class that serves as the base for many iostreams

classes

<iosfwd> for de clar ing sev eral iostreams tem plate classes be fore they are nec es sar ily

de fined

<iostream> for de clar ing the iostreams ob jects that ma nip u late the stan dard streams

<istream> for de fin ing the tem plate class that per forms ex trac tions

<iterator> (STL) for de fin ing sev eral tem plates that help de fine and ma nip u late iterators

<lim its> for test ing nu meric type prop er ties

<list> (STL) for de fin ing a tem plate class that im ple ments a list con tainer

<lo cale> for de fin ing sev eral classes and tem plates that con trol lo cale-spe cific be hav -

ior, as in the iostreams classes
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<map> (STL) for de fin ing tem plate classes that im ple ment as so cia tive con tain ers

<mem ory> (STL) for de fin ing sev eral tem plates that al lo cate and free stor age for var i ous 

con tainer classes

<nu meric> (STL) for de fin ing sev eral tem plates that im ple ment use ful nu meric func tions

<ostream> for de fin ing the tem plate class that per forms in ser tions

<queue> (STL) for de fin ing a tem plate class that im ple ments a queue con tainer

<set> (STL) for de fin ing tem plate classes that im ple ment as so cia tive con tain ers

with unique el e ments

<sstream> for de fin ing sev eral iostreams tem plate classes that ma nip u late string con -

tain ers

<stack> (STL) for de fin ing a tem plate class that im ple ments a stack con tainer

<stdexcept> for de fin ing sev eral classes use ful for re port ing ex cep tions

<streambuf> for de fin ing tem plate classes that buffer iostreams op er a tions

<string> for de fin ing a tem plate class that im ple ments a string con tainer

<strstream> for de fin ing sev eral iostreams classes that ma nip u late in-mem ory char ac ter

se quences

<util ity> (STL) for de fin ing sev eral tem plates of gen eral util ity

<valarray> for de fin ing sev eral classes and tem plate classes that sup port value-ori ented

ar rays

<vec tor> (STL) for de fin ing a tem plate class that im ple ments a vec tor con tainer

The Stan dard C++ li brary also in cludes the 18 head ers from the Stan dard C li brary, some -
times with small al ter ations.

<assert.h> for en forc ing as ser tions when func tions ex e cute

<ctype.h> for clas si fy ing char ac ters

<errno.h> for test ing er ror codes re ported by li brary func tions

<float.h> for test ing float ing-point type prop er ties

<iso646.h> for pro gram ming in ISO 646 vari ant char ac ter sets

<lim its.h> for test ing in te ger type prop er ties

<lo cale.h> for adapt ing to dif fer ent cul tural con ven tions

<math.h> for com put ing com mon math e mat i cal func tions

<setjmp.h> for ex e cut ing nonlocal goto state ments

<sig nal.h> for con trol ling var i ous ex cep tional con di tions

<stdarg.h> for ac cess ing a vary ing num ber of ar gu ments

<stddef.h> for de fin ing sev eral use ful types and mac ros

<stdio.h> for per form ing in put and out put

<stdlib.h> for per form ing a va ri ety of op er a tions

<string.h> for ma nip u lat ing sev eral kinds of strings

<time.h> for con vert ing be tween var i ous time and date for mats

<wchar.h> for ma nip u lat ing wide streams and sev eral kinds of strings

<wctype.h> for clas si fy ing wide char ac ters
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51 Josuttis and the C++ standard
library

51.1 The C++ Stan dard Li brary

The first edi tion was pub lished in 2000. The sec ond edi tion is a ma jor up date. Here is a
brief cov er age taken from the web site.

· The C++ standard library provides a set of common classes and interfaces that

greatly extend the core C++ language. The library, however, is not

self-explanatory. To make full use of its components - and to benefit from their

power - you need a resource that does far more than list the classes and their

functions. 

· The C++ Stan dard Li brary - A Tu to rial and Ref er ence, 2nd Edi tion de scribes

this li brary as now in cor po rated into the new ANSI/ISO C++ lan guage stan dard

(C++11). The book pro vides com pre hen sive doc u men ta tion of each li brary com -

po nent, in clud ing an in tro duc tion to its pur pose and de sign; clearly writ ten ex -

pla na tions of com plex con cepts; the prac ti cal pro gram ming de tails needed for ef -

fec tive use; traps and pit falls; the ex act sig na ture and def i ni tion of the most im -

por tant classes and functions; and numerous examples of working code. 

· The book fo cuses on the Stan dard Tem plate Li brary (STL), ex am in ing con tain -

ers, iterators, func tion ob jects, and STL al go rithms. You will also find de tailed

cov er age of strings, concurrency, ran dom num bers and dis tri bu tions, spe cial con -

tain ers, nu mer i cal classes, in ter na tion al iza tion, and the IOStreams li brary. An in -

sight ful in tro duc tion to fun da men tal con cepts and an over view of the li brary will 
help bring new com ers quickly up to speed. A com pre hen sive in dex will sup port

the C++ programmer in his/her day-to-day life. 

· Ex tend ing the over all con tent by about 50%, the book now also cov ers all the

new C++11 li brary com po nents, in clud ing 

· Concurrency 

· Frac tional arith me tic 

· Clocks and Tim ers 

· Ran dom num bers and dis tri bu tions 

· New smart point ers 

· Reg u lar ex pres sions 

· New STL con tain ers, such as ar rays, for ward lists, and un -

or dered con tain ers 

· New STL al go rithms 

· Tuples 

· Type traits and type util i ties

· The book also ex am ines the new C++11 pro gram ming style and its ef fect on the

stan dard li brary, in clud ing lambdas, range-based for loops, move se man tics, and

variadic tem plates. 
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· But you can still use the book to pro gram ac cord ing to the old C++ stan dards

C++98/C++03. The dif fer ences be tween C++98/C++03 and C++11 are care fully

marked and ex plained (about 650 times phrases such as "since C++11" are

used), so that the pro gram mer knows ex actly, how por ta ble a fea ture used is.

51.2 Josuttis list of ex am ples

51.2.1 03 New lan guage fea tures:

lang/lambda1.cpp

51.2.2 04 Gen eral Con cepts:

util/ex cep tion.hpp

51.2.3 05 Util i ties:

util/pair1.cpp

util/tuple1.cpp

util/printtuple.hpp

util/tuple2.cpp

util/sharedptr1.cpp

util/sharedptr2.cpp

util/sharedptr3.cpp

util/weakptr1.cpp

util/weakptr2.cpp

util/enableshared1.cpp

util/uniqueptr1.cpp

util/limits1.cpp

util/minmax1.cpp

util/ratio1.cpp

util/clock.hpp

util/clock1.cpp

util/chrono1.cpp

util/chrono2.cpp

util/timepoint.hpp

util/timepoint1.cpp

51.2.4 06 STL In tro duc tion:

stl/vector1.cpp

stl/deque1.cpp

stl/array1.cpp

stl/list1.cpp

stl/list2.cpp

stl/forwardlist1.cpp

stl/multiset1.cpp

stl/multimap1.cpp
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stl/unordmultiset1.cpp

stl/unordmap1.cpp

stl/assoarray1.cpp

stl/list1old.cpp

stl/algo1.cpp

stl/set1.cpp

stl/unordmultiset2.cpp

stl/algo1.cpp

stl/algo1old.cpp

stl/find1.cpp

stl/copybug.cpp

stl/copy1.cpp

stl/copy2.cpp

stl/ioiter1.cpp

stl/reviter1.cpp

stl/print.hpp

stl/remove1.cpp

stl/remove2.cpp

stl/remove3.cpp

stl/remove4.cpp

stl/foreach1.cpp

stl/transform1.cpp

stl/prime1.cpp

stl/sort1.cpp

stl/lambda1.cpp

stl/sort2.cpp

stl/foreach2.cpp

stl/add1.cpp

stl/fo1.cpp

stl/bind1.cpp

stl/iterbug.cpp

51.2.5 07 STL Con tain ers:

cont/array1.cpp

cont/vector1.cpp

cont/deque1.cpp

cont/list1.cpp

cont/forwardlistfind1.cpp

cont/findbefore.hpp

cont/forwardlistfind1.cpp

cont/forwardlistsplice1.cpp
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cont/forwardlist1.cpp

cont/setrange1.cpp

cont/set1.cpp

cont/multiset1.cpp

cont/setcmp1.cpp

cont/newkey.hpp

cont/map1.cpp

cont/map2.cpp

cont/multimap1.cpp

cont/mapfind1.cpp

cont/mapcmp1.cpp

cont/hashval.hpp

cont/unordset1.cpp

cont/unordmultiset1.cpp

cont/hashfunc1.cpp

cont/hashfunc2.cpp

cont/buck ets.hpp

cont/unordinspect1.cpp

cont/unordmultimap1.cpp

cont/cstylearray1.cpp

cont/cstylearray1old.cpp

cont/refsem1.cpp

cont/refwrap1.cpp

cont/sortset.cpp

cont/sortvec.cpp

cont/print.hpp

51.2.6 09 STL Iterators:

iter/itercategory1.cpp

iter/advance1.cpp

iter/distance1.cpp

iter/iterswap1.cpp

iter/reviter1.cpp

iter/reviter2.cpp

iter/reviter3.cpp

iter/reviter4.cpp

iter/backinserter1.cpp

iter/frontinserter1.cpp

iter/inserter1.cpp

iter/ostreamiter1.cpp

iter/istreamiter1.cpp
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iter/advance2.cpp

iter/assoiter.hpp

iter/assoiter1.cpp

iter/print.hpp

51.2.7 10 STL Func tion Ob jects and Us ing Lambdas:

fo/sort1.cpp

fo/sequence1.cpp

fo/sequence2.cpp

fo/foreach3.cpp

fo/removeif1.cpp

fo/bind1.cpp

fo/compose3.cpp

fo/bind2.cpp

fo/fopow.hpp

fo/fopow1.cpp

fo/lambda2.cpp

fo/lambda3.cpp

fo/lambda4.cpp

fo/lambda5.cpp

fo/lambda6.cpp

fo/print.hpp

51.2.8 11 STL Al go rithms:

algo/algostuff.hpp

algo/foreach1.cpp

algo/foreach2.cpp

algo/foreach3.cpp

algo/count1.cpp

algo/minmax1.cpp

algo/find1.cpp

algo/find2.cpp

algo/searchn1.cpp

algo/search1.cpp

algo/search2.cpp

algo/findend1.cpp

algo/findof1.cpp

algo/adjacentfind1.cpp

algo/equal1.cpp

algo/ispermutation1.cpp

algo/mismatch1.cpp
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algo/lexicocmp1.cpp

algo/issorted1.cpp

algo/ispartitioned1.cpp

algo/isheap1.cpp

algo/allanynone1.cpp

algo/copy1.cpp

algo/copy2.cpp

algo/copy3.cpp

algo/move1.cpp

algo/transform1.cpp

algo/transform2.cpp

algo/swapranges1.cpp

algo/fill1.cpp

algo/generate1.cpp

algo/iota1.cpp

algo/replace1.cpp

algo/replace2.cpp

algo/remove1.cpp

algo/remove2.cpp

algo/unique1.cpp

algo/unique2.cpp

algo/unique3.cpp

algo/reverse1.cpp

algo/rotate1.cpp

algo/rotate2.cpp

algo/permutation1.cpp

algo/shuffle1.cpp

algo/randomshuffle1.cpp

algo/partition1.cpp

algo/partitioncopy1.cpp

algo/sort1.cpp

algo/sort2.cpp

algo/partialsort1.cpp

algo/partialsort2.cpp

algo/nthelement1.cpp

algo/heap1.cpp

algo/binarysearch1.cpp

algo/includes1.cpp

algo/bounds1.cpp

algo/equalrange1.cpp
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algo/merge1.cpp

algo/sorted1.cpp

algo/inplacemerge1.cpp

algo/accumulate1.cpp

algo/innerproduct1.cpp

algo/partialsum1.cpp

algo/adjacentdiff1.cpp

algo/relabs1.cpp

51.2.9 12 Other Con tain ers:

contadapt/stack1.cpp

contadapt/Stack.hpp

contadapt/stack2.cpp

contadapt/queue1.cpp

contadapt/Queue.hpp

contadapt/queue2.cpp

contadapt/priorityqueue1.cpp

contadapt/bitset1.cpp

contadapt/bitset2.cpp

51.2.10 13 Strings:

string/string1.cpp

string/string2.cpp

string/stringnumconv1.cpp

string/stringiter1.cpp

string/stringiter2.cpp

string/string3.cpp

string/icstring.hpp

string/icstring1.cpp

51.2.11 14 Reg u lar Ex pres sions:

regex/regex1.cpp

regex/regex2.cpp

regex/regex3.cpp

regex/regexiter1.cpp

regex/regextokeniter1.cpp

regex/regex4.cpp

regex/regexexception.hpp

regex/regex5.cpp

51.2.12 15 I/O Streams:

io/io1.cpp

io/timemanipulator1.cpp
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io/sum1.cpp

io/sum2.cpp

io/charcat1.cpp

io/ignore1.hpp

io/ignore1.cpp

io/ignore2.hpp

io/ignore2.cpp

io/fstream1.cpp

io/fstream2.cpp

io/cat1.cpp

io/cat2.cpp

io/sstream1.cpp

io/sstream2.cpp

io/frac1out.hpp

io/frac2out.hpp

io/frac1in.hpp

io/frac2in.hpp

io/streambuffer1.cpp

io/streambuffer2.cpp

io/streamredirect1.cpp

io/streamreadwrite1.cpp

io/charcat2.cpp

io/countlines1.cpp

io/outbuf1.hpp

io/outbuf1.cpp

io/outbuf1i18n.hpp

io/outbuf1i18n.cpp

io/outbuf2.hpp

io/outbuf2.cpp

io/outbuf3.hpp

io/outbuf3.cpp

io/inbuf1.hpp

io/inbuf1.cpp

io/copy1.cpp

io/copy2.cpp

51.2.13 16 In ter na tion al iza tion (I18N):

i18n/loc1.cpp

i18n/loc2.cpp

i18n/germanbool.cpp

i18n/numput.cpp
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i18n/numget.cpp

i18n/moneypunct.cpp

i18n/moneymanipulator.cpp

i18n/timeput.cpp

i18n/timeget.cpp

i18n/wstring2string.hpp

i18n/wstring2string.cpp

i18n/wstring2utf8.hpp

i18n/wstring2utf8.cpp

i18n/wbuffer.cpp

51.2.14 17 Numerics:

num/random1.cpp

num/random2.cpp

num/dist1.cpp

num/complex1.cpp

num/complex2.cpp

51.2.15 18 Concurrency:

concurrency/async1.cpp

concurrency/async2.cpp

concurrency/async3.cpp

concurrency/sharedfuture1.cpp

concurrency/thread1.cpp

concurrency/promise1.cpp

concurrency/mutex1.cpp

concurrency/condvar1.cpp

concurrency/condvar2.cpp

concurrency/atomics1.cpp

51.2.16 19 Al lo ca tors:

alloc/myalloc11.hpp

alloc/myalloc11.cpp

51.2.17 99 Sup ple men tary Chap ter:

contadapt/bitset1.cpp

contadapt/bitset2.cpp

num/valarray1.cpp

num/valarray2.cpp

num/slice1.cpp

num/gslice1.cpp

num/maskarray1.cpp

num/indirectarray1.cpp
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alloc/myalloc03.hpp

alloc/myalloc03.cpp

51.3 Sum mary of STL Al go rithms

Nonmodifying Al go rithms

Name Ac tion

for_each() Per forms an op er a tion for each el e ment

count() Re turns the num ber of el e ments

count_if() Re turns the num ber of el e ments that match a cri te rion

min_el e ment() Re turns the el e ment with the small est value

max_el e ment() Re turns the el e ment with the larg est value

find() Searches for the first el e ment with the passed value

find_if() Searches for the first el e ment that matches a cri te rion

search_n() Searches for the first n con sec u tive el e ments with cer tain prop er ties

search() Searches for the first oc cur rence of a subrange

find_end() Searches for the last oc cur rence of a subrange

find_first_of() Searches the first of sev eral pos si ble el e ments

ad ja cent_find() Searches for two ad ja cent el e ments that are equal (by some cri te rion)

equal() Re turns whether two ranges are equal

mis match() Re turns the first el e ments of two se quences that dif fer

lex i co graph i cal_com pare() Re turns whether a range is lex i co graph i cally less than

an other range.

Nonmodifying Al go rithms

for_each() Per forms an op er a tion for each el e ment

copy() Cop ies a range start ing with the first el e ment

copy_back ward() Cop ies a range start ing with the last el e ment

trans form() Mod i fies (and cop ies) el e ments; com bines el e ments of two ranges

merge() Merges two ranges

swap_ranges() Swaps el e ments of two ranges

fill() Re places each el e ment with a given value

fill_n() Re places n el e ments with a given value

gen er ate() Re places each el e ment with the re sult of an op er a tion

gen er ate_n() Re places n el e ments with the re sult of an op er a tion

re place() Re places el e ments that have a spe cial value with an other value

re place_if() Re places el e ments that match a cri te rion with an other value

re place_copy() Re places el e ments that have a spe cial value while copy ing the whole

range

re place_copy_if() Re places el e ments that match a cri te rion while copy ing the whole

range
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Re mov ing Al go rithms

re move() Re moves el e ments with a given value

re move_if() Re moves el e ments that match a given cri te rion

re move_copy() Cop ies el e ments that do not match a given value

re move_copy_if() Cop ies el e ments that do not match a given cri te rion

unique() Re moves ad ja cent du pli cates (el e ments that are equal to their pre de -

ces sor)

unique_copy() Cop ies el e ments while re mov ing ad ja cent du pli cates

Mu tat ing Al go rithms

re verse() Re verses the or der of the el e ments

re verse_copy() Cop ies the el e ments while re vers ing their or der

ro tate() Ro tates the or der of the el e ments

ro tate_copy() Cop ies the el e ments while ro tat ing their or der

next_per mu ta tion() Per mutes the or der of the el e ments

prev_per mu ta tion() Per mutes the or der of the el e ments

ran dom_shuf fle() Brings the el e ments into a ran dom or der

par ti tion() Changes the or der of the el e ments so that el e ments that match a cri te -

rion are at the front

sta ble_par ti tion() Same as par ti tion(), but pre serves the rel a tive or der of match ing and

nonmatching el e ments

Sort ing Al go rithms

sort() Sorts all el e ments

sta ble_sort() Sorts while pre serv ing or der of equal el e ments

par tial_sort() Sorts un til the first n el e ments are cor rect

par tial_sort_copy() Cop ies el e ments in sorted or der

nth_el e ment() Sorts ac cord ing to the nth po si tion

par ti tion() Changes the or der of the el e ments so that el e ments that match a cri te -

rion are at the front

sta ble_par ti tion() Same as par ti tion(), but pre serves the rel a tive or der of match ing and

nonmatching el e ments

make_heap() Con verts a range into a heap

push_heap() Adds an el e ment to a heap

pop_heap() Re moves an el e ment from a heap

sort_heap() Sorts the heap (it is no lon ger a heap af ter the call)

Al go rithms for Sorted Ranges

bi nary_search() Re turns whether the range con tains an el e ment

in cludes() Re turns whether each el e ment of a range is also an el e ment of an -

other range

lower_bound() Finds the first el e ment greater than or equal to a given value
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up per_bound() Finds the first el e ment greater than a given value

equal_range() Re turns the range of el e ments equal to a given value

merge() Merges the el e ments of two ranges

set_un ion() Pro cesses the sorted un ion of two ranges

set_in ter sec tion() Pro cesses the sorted in ter sec tion of two ranges

set_dif fer ence() Pro cesses a sorted range that con tains all el e ments of a range that are

not part of an other

set_sym met ric_dif fer ence() Pro cesses a sorted range that con tains all el e -

ments that are in ex actly one of two ranges

inplace_merge() Merges two con sec u tive sorted ranges

Nu meric Al go rithms

ac cu mu late() Com bines all el e ment val ues (pro cesses sum, prod uct, and so forth)

in ner_prod uct() Com bines all el e ments of two ranges

ad ja cent_dif fer ence() Com bines each el e ment with its pre de ces sor; con verts ab so lute val ues 

to rel a tive val ues

par tial_sum() Com bines each el e ment with all of its pre de ces sors; con verts rel a tive

val ues to ab so lute val ues

Com par i son of Search ing String Op er a tions and Al go rithms

Search for                                                       STL                             String
                                                                        Al go rithm                   Function

First oc cur rence of one el e ment                     find()                           find()

Last oc cur rence of one el e ment                     find()                           rfind
                                                                        with re verse
                                                                        iterators

First oc cur rence of a subrange                       search()                       find()

Last oc cur rence of a subrange                       find_end()                   rfind()

First oc cur rence of sev eral el e ments             find_first_of()             find_first_of()

Last oc cur rence of sev eral el e ments              find_first_of()             find_last_of()
                                                                        with
                                                                        re verse iterators

First oc cur rence of n con sec u tive el e ments   search_n()                   (None)
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