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ZapocCty a zkousky

Nov Domadci ukol #1 0..15 bodu
Nov .. Dec Vybér tématu zapoctového Povinné
programu
Dec .. Jan Domaci ukol #2 0..25 bodu
Jan .. Feb (Apr) Prakticka zkouska v laboratofri 0..60 bodl
(dle dohody se  Nepovinna ustni zkouska -10.. 410
zkousejicim) bodu
nejpozdéji May Odevzdani zapoctového programu Povinné

V kazdé skupiné jiny

Dohodou s cvicicim

V kazdé skupiné jiny

Spolecné, terminy v
SISu

Na zadost studenta

Schvaluje cvicici

» Zapocet =50 bodl + zapoctovy program
= Neni nutny pro pripusténi ke zkousce

» Znamka = domdci ukoly + prakticka zkouska (+ ustni zkouska)

= 3=60bodu
= 2=75Dbodu
= 1=90bodu
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Bodovani

Domaci ukol #1 0..15 bodu -5 bod( za kazdy zapocaty tyden zpozdéni
Domaci ukol #2 0..25 bodu -10 bod( za kazdy zapocaty tyden zpozdéni

50 bod( za plné funkcni reseni,

Prakticka zkouska  0..60 bodu +/- 10 bodu za kvalitu zdrojovych text(

Nepovinna ustni . Podminkou pro pripusténi k ustni ¢asti je ziskani alespon
W _10-.+1O bOdu ) v 7 v 7 7 s
zkouska 50 bodu z predchozich ¢asti hodnoceni.

» Zapocet =50 bodl + zapoctovy program
= Neni nutny pro pripusténi ke zkousce
» Znamka = domdci ukoly + prakticka zkouska (+ ustni zkouska)

= 3=60bodu
= 2=75Dbodu
= 1=90bodu
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Zv1astni pripady

» Podminky mohou byt v oddvodnénych pripadech individualné upraveny:
dohodou se cvicicim béhem fijna

= Erasmus students may need dates and deadlines sooner

» Pokud jste predmét nedokoncili jiz loni (nebo dfive)
= ZapiSte se ihned do skupiny pro repetenty (NPRG041x05 — Zavoral)
= Pravidla byla vysvétlena na prvnim (a jediném) cviceni

» Pokud predmét nedokoncite letos

= Vase body mohou byt prevedeny do nového roku — presna pravidla zde:
http://www.ksi.mff.cuni.cz/lectures/NPRG041/cviceni/zavoral/repetenti.html

= Uspé3¥né odevzdani zapoctového programu bude uznano, v netispééném tématu
mUZete, ale nemusite pokracovat
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Technical considerations

» Homework assignments
= Assigned by the teacher of your lab group
= Submit into recodex.mff.cuni.cz
= Points assigned by your lab teacher (not by recodex) — visible in SIS

» Practical exam
= Terms shared by all groups, controlled by randomly assigned teachers
= Recodex may or may not be used

= Points assigned by the assigned teacher — visible in SIS

» Programming project
= Theme agreed between you and your lab teacher (Nov..Dec)
= Push into gitlab.mff.cuni.cz and inform your lab teacher

= Repeat until your lab teacher is satisfied
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Technical considerations

» [today] login into gitlab.mff.cuni.cz
= Use your SIS credentials (if failed, verify that you can log into ldap1.cuni.cz)
= This will create your identity in gitlab
» [next week] your lab teacher will create a repository for you
= You will use it for submitting your programming project
= You may use it during the development or just push the final version there
» [during October] make sure you can clone the repository
= Locate the repo at the gitlab web, then copy the “clone” URL to your git client

= The URL will look like
https://gitlab.mff.cuni.cz/teaching/nprge41/2019-20/bednarek/vesely.git

= You may need to register your public key at the gitlab web

» [soon] Learn the basics of git (www.git-scm.com)

= Gitis the de-facto standard of software industry
Built into Microsoft Visual Studio 2019

= |t will help you in any programming project (use github.com or your home server)

= Your lab teacher may use gitlab to share sample code etc.
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https://gitlab.mff.cuni.cz/teaching/nprg041/2019-20/bednarek/vesely.git

local computer server
working copy (files) hidden in the .git folder
| ignored l untracked | tracked l | stage I | local repo I | remote repo l
< clone
A
s e EEEEE =@ 2 T o TTTTTEE |
< merge fetch |

< .gitignore add

h\
______ add____ ,\' push >
Visual Studio

NPRGO041 Programming in C++ - 2019/2020 David Bednarek






History of C++

m==l) inspired almost superset
== superset => significant change

The C++ programming Ianguage

(Stroustrup 1985)
ANSIC |
(ANSI X3J11 1989) %
Windows NT
/ 1993

C++98
C99 (ISO/IEC 14882 1008)] templates
2K (ISO/IEC 9899 1999)
2000 ........
c++o3 ‘ }C++20:

|(ISO/ IEC 14882 2003) (2020)

C++17
(2017)
C++14
(2014)

K&R C

(Kernigan & Ritchie 1978)

classes

Object-Oriented Programing
(Cox 1986)

(ISO/IEC 19768 2007)

(ISO/IEC 14882 2011)

C++TR1 ‘

Cli
(ISO/IEC 9899 2011)

parallelism







= http://stackoverflow.com/questions/388242/the-definitive-c-book-guide-and-list

= Be sure that you have the C++11 versions of the books

» Introduction to programming

= Stanley B. Lippman, Josée Lajoie, Barbara E. Moo: C++ Primer (5th Edition)
» Addison-Wesley 2012 (976 pages)

= Bjarne Stroustrup: Programming: Principles and Practice Using C++ (2nd Edition)
» Addison-Wesley 2014 (1312 pages)

» Introduction to C++

= Bjarne Stroustrup: A Tour of C++ (2nd Edition)
» Addison-Wesley 2018 (256 pages)

» Reference

= Bjarne Stroustrup: The C++ Programming Language - 4th Edition
= Addison-Wesley 2013

= Nicolai M. Josuttis: The C++ Standard Library: A Tutorial and Reference (2nd Edition)
= Addison-Wesley 2012



http://stackoverflow.com/questions/388242/the-definitive-c-book-guide-and-list

= http://stackoverflow.com/questions/388242/the-definitive-c-book-guide-and-list

= Be sure that you have the C++11 versions of the books

» Best practices
= Scott Meyers: Effective Modern C++
= O'Reilly 2014 (334 pages)
» Advanced [not in this course]

C++ Templates: The Complete Guide (2nd Edition)
» Addison-Wesley 2017 (832 pages)
= Anthony Williams: C++ Concurrency in Action: Practical Multithreading
Manning Publications 2012 (528 pages)

. = David Vandevoorde, Nicolai M. Josuttis, Douglas Gregor:
=

» On-line materials

= Bjarne Stroustrup, Herb Sutter: C++ Core Guidelines
= github.com/isocpp/CppCoreGuidelines

= Nate Kohl et al.: C++ reference [C++98, C++03, C++11, C++14, C++17, C++20]

= cppreference.com



http://stackoverflow.com/questions/388242/the-definitive-c-book-guide-and-list
https://github.com/isocpp/CppCoreGuidelines
~$nprg041-20181.en.pptx
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Java Setup - Progress
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» 3 billion devices run a bytecode interpreter (or JIT compiler), a run-
time library, an operating system (if any), and device drivers...
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Java Setup - Progress

(J.
= Java

AL

Status:  Installing Java

3 Billion

Devices Run Java

I:’{-
=’)ava’  #1 Development Platform m

» 3 billion devices run a bytecode interpreter (or JIT compiler), a run-
time library, an operating system (if any), and device drivers...

...implemented mostly in C or C++

NPRGO041 Programming in C++ - 2019/2020 David Bednarek



C++

» C/C++ can live alone

= No need for an interpreter or JIT compiler at run-time

Run-time support library contains only the parts really required

Restricted environments may run with less-than-standard support
» Dynamic allocation and/or exceptions may be stripped off
= Code may work with no run-time support at all

Compilers allow injection of system/other instructions within C/C++ code

= Inline assembler or intrinsic functions

Code may be mixed with/imported to other languages

» There is no other major language capable of this

= All current major OS kernels are implemented in C
= Cwas designed for this role as part of the second implementation of Unix
= C++ would be safer but it did not exist

= Almost all run-time libraries of other languages are implemented in C/C++
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C++

» C/C++is fast

Only FORTRAN can currently match C/C++

C++ is exactly as fast as C
But programming practices in C++ often trade speed for safety

» Why?

The effort spent by FORTRAN/C/C++ compiler teams on optimization
40 years of development

Strongly typed language with minimum high-level features
No garbage-collection, reflexion, introspection, ...

The language does not enforce any particular programming paradigm
C++ is not necessarily object-oriented

The programmer controls the placement and lifetime of objects

If necessary, the code may be almost as low-level as assembly language

» High-Performance Computing (HPC) is done in FORTRAN and C/C++

» python/R/matlab may also work in HPC well...

...but only if most work is done inside library functions (implemented in C)

NPRGO041 Programming in C++ - 2019/2020 David Bednarek



Major features specific for C++
(compared to other modern languages)
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Major distinguishing features of C++ (for beginners)

» Archaic text-based system for publishing module interfaces
» Will be (gradually) replaced by true modules in C++20

» No 100%-reliable protections
» Programmer’s mistakes may always result in crashes
» Hard crashes cannot be caught as exceptions

» Preference for value types
» Similar to old languages (Pascal), unlike any modern language

» Objects are often manipulated by copying/moving instead of sharing
references to them

» No implicit requirement for dynamic allocation

» No garbage collector
» Smart pointers provide automatic clean-up since C++11
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Major distinguishing features of C++ (for beginners)

» C makes it easy to shoot yourself in the foot;
C++ makes it harder, but when you do it blows your whole leg off.

» Bjarne Stroustrup, creator of C++

NPRGO041 Programming in C++ - 2019/2020 David Bednarek



Major distinguishing features of C++ (for advanced programmers)

» User-defined operators

» Pack sophisticated technologies into symbolic interfaces
» Cand the standard library of C++ define widely-used conventions

» No compiler backdoors in the standard library

» You may create your own library if you don’t like the standard

» Extremely strong generic-programming mechanisms
» Turing-complete compile-time computing environment for meta-programming
» No run-time component — zero runtime cost of being generic

» C++is now more complex than any other general programming
language ever created
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Values vs. references
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Value vs. reference types

x x[ o
Beast damage_yourself()

Beast
y F—— v[«
Beast
= How does this work in your preferred language?
X = create_beast(100);
print(x.health); // 100
y = X; // does it create a copy or shares a reference?

y.damage_yourself(50);

print(x.health); // 100 if copy, 50 if shared
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Immutable types

x

assighment

append()

Sreturns S returns

: Hello =

= Note: The distinction is irrelevant for immutable types
= In many languages (not in C++), strings are immutable

X = “Hell”;
y = X; // is it a copy, deep copy, or shared reference?
// y.append(“0”); we cannot tell because we cannot modify y in place
y = y.append(“o0”); // we only have this interface, returning a new object
= Boxed primitive types (e.g. Integer in java) are usually immutable reference types
= High-level languages always work with objects — numbers are immutable objects there
z=2z+1 // creates a new object (of type int) in python
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Value vs. reference types

» How does this work in various languages?
X = create_beast(100);

print(x.health); // 100

y = X; // does it create a copy or shared reference?
y.damage_yourself(50);

print(x.health); // 100 if copy, 50 if shared

» Modern languages are reference-based
= At least when working with classes and objects
= Modifying y will also modify x
= Garbage collector takes care of recycling the memory
» Archaic languages sometimes give the programmer a choice

= If x,y are “structures”, assignment copies their contents
= Records in Pascal, structs in C#, structs/classes in C++

= If x,y are pointers, assignment produces two pointers to the same object
=  Which pointer is now responsible for deallocating the object?
= Usually, different syntax is required when accessing members via pointers:

x”.health (* Pascal *)
(*x).health or x->health /* C/C++ */
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Value vs. pointer types in C++

» Variable is the object

Beast X, y;

» What are the values now?

= Defined by the default constructor
Beast::Beast()

X = create_beast(100);
print(x.health); // 100

» Assignment copies x over the
previous value of y

y = X5
y.damage_yourself(50);
print(x.health); // 100

» Who will kill the Beasts?
= The compiler takes care

» Variable is a pointer
» Raw (C) pointers
Beast * x, * y;
= Undefined values now!

» C++11 smart pointers
std: :shared_ptr< Beast> x, y;

» Different syntax of member access!
X = create_beast(100);

print(x->health); // 100
» Assignment creates a shared
reference
y = X5
y->damage_yourself(50);
print(x->health); // 50

» Who will kill the Beast?

= Raw (C) pointers:
delete x; // or y, but not both!

= shared_ptr takes care by counting
references (run-time cost!)
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Value vs. reference types in C++

» Variable is an object

» The object may contain a pointer to another object
BeastWrapper x, y;

X = create_beast(100);

print(x.health); // 100

» Assignment does what the author of the class wanted
= defined by BeastWrapper::operator=
y = X; /] 2?2
y.damage_yourself(50);
print(x.health); // ???

» C/C++ programmers expect assignment by copy
» If a class assigns by sharing references, it shall signalize it
= Name it like “BeastPointer”
= Use ->for member access (define BeastPointer::operator->)
= Just like std::shared_ptr
» However, if the object is immutable or does copy-on-write, it behaves like a value
= The reference-sharing may remain hidden because it cannot be (easily) detected
» Who will kill the Beast?
= The destructor BeastWrapper::~BeastWrapper
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Passing by value/reference
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Arguments of a function

» Read-only arguments

» Pass by value
= For numbers, pointers and small structures/classes (smart pointers, complex)

int f( int x) { return x + 1; }

» Pass by const-reference
= For anything large or unknown, including containers and strings (!)

std::string g( const std::string & x) { return x + “.txt”; }

» Arguments to be modified (including output arguments)

» Pass by (modifiable) lvalue-reference

= The actual argument must be an lvalue
void h( int & x) { x = x * 3 + 1; }

void i( std::string & x) { if ( ! x.ends_with(*“.txt”) ) x += “.txt”; }

» Arguments to be recycled (advanced trick for low-level libraries)

» Pass by rvalue-reference

= The actual argument must be an rvalue (constant/temporary/std::move(...))
std::string j( std::string & & x) { x += “.txt”; return x; }
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Reference



Druhy odkazu v C++

» Reference
T&, const T &, T &&

= Vestavéno v C++
= Pfliinicializaci nasmérovany na objekt, nelze je presmérovat
= PYi poutziti syntakticky identické s hodnotami (r.a)
» (Syrové) ukazatele
T *, const T *

= Vestavéno v C/C++

= VyzZaduje specialni operatory pro pristup k hodnoté (*p, p->a)

= Ukazatelova aritmetika pro pristup k sousednim hodnotam v polich

= Rucni dealokace — pouzivani ve vyznamu vlastnika je dnes nevhodné

» Chytré ukazatele
std::shared_ptr< T>, std::unique_ptr< T>

= Sablony tfid ve standardni knihovné C++

= Operatory pro pristup shodné se syrovymi ukazateli (*p, p->a)

= Reprezentuji vlastnictvi — zruseni posledniho odkazu vyvolava dealokaci
» Iteratory

K::iterator, K::const_iterator

= Tridy spojené s kazdym druhem kontejneru (K) ve standardni knihovné C++
= Vraceny metodami kontejner( jako odkazy na prvky kontejnert

= Operatory pro pfistup shodné se syrovymi ukazateli (*p, p->a)

= Ukazatelova aritmetika pro pristup k sousednim hodnotam v kontejneru



Reference v C++

» Reference lze pouzit pouze v nékterych kontextech
= Formalni parametry funkci (témér vidy bezpecné a uzite¢né)
» Obdoba preddvani odkazem v jinych jazycich (ale slozitéjsi)
= Navratové hodnoty funkci (nebezpecné ale nékdy nutné)
= Lokdlni proménné (uzite¢né zvlasté jako auto &&)

= Statické proménné, datové polozky tfid (omezené moznosti, vhodnéjsi je ukazatel T *
nebo std::reference_wrapper<T>)

» Reference vidy musi byt inicializovana a nelze ji presmérovat jinam
= VSechna pouziti reference se chovaji jako objekt, na ktery odkazuje

» Reference jsou tfi druhl
= Modifiable L-value reference

T &
= Skutecny parametr (inicializacni vyraz) musi byt L-value, tj. opakovatelné pristupny objekt
= Const (L-value) reference
const T &
= Skutec¢nym argumentem mize byt libovolny objekt typu T
= R-value reference
T &&

= Skutecny parametr (inicializacni vyraz) musi byt R-value, tj. do¢asny objekt nebo vyraz uzavieny v
std::move()



Reference v sablonach funkci a auto

» Univerzalni (forwarding) reference

= Jako argument Sablony funkce

template< typename T>
void f( T && p)

= Jako proménna s typem auto
auto && x = /*...*/;

= Skute¢nym argumentem mizZe byt R-value i L-value

Pozor, v pozadi je sklddadni referenci
U a;

auto && x = a; // decltype(x) == U &
f( a); // T==1U2&



Predavani parametru v C++11

» Pravidla pro typy formalnich argumentt

>

v

v

v

4

v

Pokud funkce potrebuje ménit objekt skutecného argumentu

= pouzijte modifikovatelnou referenci: T &

jinak, pokud je kopirovani typu T velmi levné

= (isla, syrové ukazatele, malé struktury obsahujici pouze tyto typy (napf. std::complex)
= predavejte hodnotou: T

jinak, pokud typ T nepodporuje kopirovani (napfr. unique_ptr)

= predavejte jako R-value reference: T &&

[pro pokrodilé] jinak, pokud funkce nékam uklada kopii parametru

= pokud opravdu zalezi na rychlosti predavani
implementujte dvé verze funkce, sconst T& a T &&

= zjednodusené
preddvejte hodnotou: T
pouZzijte std::move() pri ukladani
jinak
= pouzijte konstantni referenci: const T &

Tato pravidla neplati pro navratové hodnoty a jiné situace



Predavani navratovych hodnot v C++11

» Pravidla pro typy navratovych hodnot

» Pokud funkce zpristupniuje objekt v néjaké datové strukture (napr. operator(])

= a pokud chcete dovolit modifikaci tohoto objektu
pouzijte modifikovatelnou referenci: T &

= jinak
= pouZijte konstatni referenci: const T & g%

= Vraceny objekt MUSI PREZIT alespori chvili PO NAVRATU Z FUNKCE
» Ve vSech ostatnich pfripadech
= predavejte hodnotou: T

= Nepouzivejte std::move v prikaze return, pokud v ném je lokalni proménna

= Prekladace maji pravo (a nékdy povinnost) provést tzv. copy/move-elision

ztotoznéni vraceného objektu s pomocnou proménnou pfipravenou pro navratovou hodnotu v
misté volani funkce

optimalizace s pozorovatelnym efektem na chovani programul!

» POKUD FUNKCE POCITA ¢i konstruuje vracenou hodnotu, NEMUZE VRACET ODKAZ

= spoctena/zkonstruovand hodnota je uloZzena pouze v lokalnich objektech, a ty v okamziku
navratu z funkce zaniknou




Returning by reference

» Functions which enable access to existing objects may return by reference

= The object must survive the return from the function

template< typename T> class vector {

public:
= back() returns the last element which will remain on the stack
= it may allow modification of the element
T & back();

const T & back() const;

= this pop_back() removes the last element from the stack and returns its value
= it must return by value - slow (and exception-unsafe, before C++11)
T pop_back(); // NO SUCH FUNCTION IN std::vector

« therefore, in standard library, the pop_back() function returns nothing
void pop_back();

// ...
}s



Typické hlavicky funkci

= Umoznéni pristupu k elementu datové struktury

T & get_element( std::vector< T> & v, std::size_t i)

{ return v[ i]; }

= Pokud ma celd datova struktura zakazany zapis, musi byt odepren i pro kazdy element

const T & get element( const std::vector< T> & v, std::size t i)

{ return v[ i]; }

= Vraceni nove zkonstruované hodnoty
= S lokdlni proménnou (C++17: povinné copy-elision Setfi kopirovani)

std::string concat( const std::string & a, const std::string & b)

{ auto tmp = a; tmp.append( b); return tmp; }

= S anonymnim objektem (povinné move-elision Setfi kopirovani)

Complex concat( const Complex & a, const Complex & b)
{ return Complex{ a.re + b.re, a.im + b.im}; }

// nebo: return { a.re + b.re, a.im + b.im};



Funkce vracejici hodnotou

= Vraceni struktur hodnotou

std::string concat( const std::string & a, const std::string & b)
{ auto tmp = a; tmp.append( b); return tmp; }

void f()

{ std::string x = concat( y, z); use(x); }

void g()

{ std::string x; x = concat( y, z); use(x); }

= Preklad s copy-elision (od C++17 v této situaci povinné)
= Proménna tmp zanikd, misto ni prekladac pouziva proménnou ve volajici funkci
= Ekvivalent v hypotetickém jazyce “C s metodami”:
void concat( std::string * r, const std::string * a, const std::string * b)

{ r->copy_ctor(a); r->append(b); }

void f()

{ std::string x; concat( &x,&y,&z); use(x); x.dtor(); }

void g()

{ std::string x,t; x.ctor(); concat(&t,&y,&z); x.move_asgn(&t); t.dtor(); use(x); x.dtor();}

= X.move_asgn(&t) je rychly move-assignment



Funkce vracejici hodnotou (v inicializaci)

" copy_ctor
F—EF—
Yy

= C-like equivalent
void concat( std::string * r, const std::string * a, const std::string * b)
{ r->copy_ctor(a); r->append(b); }
void f()

{ std::string x; concat( &x,&y,&z); use(x); x.dtor(); }



Funkce vracejici hodnotou (v prirazeni)

.~ copy_ctor

a[e] y»E Hel

= C-like equivalent

void concat( std::string * r, const std::string * a, const std::string * b)
{ r->copy_ctor(a); r->append(b); }

void g()

{ std::string x,t; x.ctor(); concat(&t,&y,&z); x.move_asgn(&t); t.dtor(); use(x); x.dtor();}



Funkce vracejici odkazem

» Kvili const objektlm jsou zapotrebi dvé funkce
= RUzné hlavicky, vétsinou (syntakticky) shodn3d téla

= Jako globalni funkce:
T & get _element( std::vector< T> & v, std::size t i)

{ return v[ i]; }
const T & get _element( const std::vector< T> & v, std::size t i)

{ return v[ i]; }

= Jako metody:

class my_hidden_vector {
public:
T & get _element( std::size t i)
{ return v_[ i]; }
const T & get element(std::size t i) const
{ return v_[ i]; }
private:

std::vector< T> v_;

s



Vstupni parametry predavané odkazem

» Pro vstupni parametry predavané odkazem je nutné pouzit const

» Globalni funkce:

std::string concat( const std::string & a, const std::string & b)
{ auto tmp = a; tmp.append( b); return tmp; }
= Metody:
class my string {
public:

my_string concat(const my string & b) const;

}s

= Bez const neni mozné pouzit R-value jako skute¢ny argument
std::string concat2(std::string & a, std::string & b); // WRONG

u = concat2( concat2( x, y), z); // ERROR






std::vector< char> x { 'a', 'b', 'c' };

std::vector< char> y = Xx;

» Kopirovani kontejnert a podobnych objekt(
» Vyzaduje alokaci a kopirovani pfipojenych dynamicky alokovanych dat
» Je pomalé a mlze vyvolavat vyjimky
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\Vi[e)V/=

std::vector< char> x { 'a', 'b', 'c' };

std::vector< char> y = std::move(x);

» Po presunu je zdroj prazdny
» Vyznam zavisi na implementaci konkrétniho typu

» Presun obvykle nepotrebuje alokovat

» Je rychly a nevyvolava vyjimky
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» Presun (move) je vyvolan namisto kopirovani (copy), pokud

» zdrojovy vyraz je explicitné oznacen pomoci std::move(), nebo
» zdrojovy vyraz je r-value
= docasny objekt, ktery nemize byt pouzit opakované
navratové hodnoty funkci vracejicich hodnotou
explicitné vytvorené docasné objekty (T(...), T{...})
= vysledky pfetypovani, konstanty apod.

NPRGO041 Programming in C++ - 2019/2020 David Bednarek



\Vi[e)V/=

» Semantika copy i move operaci zavisi na implementaci typu
» reSise Ctverici specialnich metod
= copy-constructor — pro inicializaci objektu kopii hodnoty jiného
T( const T &);
= move-constructor — pro inicializaci objektu presunem hodnoty z jiného
T( T &&R);
= copy-assignment — pro kopirovani nové hodnoty namisto staré
T & operator=( const T &);

= move-assignment — pro presun nové hodnoty namisto staré
T & operator=( T &&);

» pokud je programator neimplementuje, prekladac je obvykle doplni sam
= pokud plati urcité komplikované podminky zajistujici zpétnou kompatibilitu
= v opacném pripadé nebudou prislusné operace na typu T podporovany
= prekladacem generované implementace aplikuji odpovidajici specialni metody na vsechny
slozky (a predky)

» ptidodrzovani doporucenych postupll pro programovani v C++11 toto chovani obvykle vyhovuje
» pro elementarni typy (Cisla, T *) je move implementovano jako copy
= tim mUze byt narusSena konzistence Ciselnych a kontejnerovych prvku
» move na kontejneru aplikuje move na jednotlivé prvky
= zdrojovy kontejner zUstane prazdny (vyjma std::array)
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The Rule of Five

» Consider what happens when your class is going to die...

» ...can all the data members clean-up themselves?
» Numbers need no clean-up
» Smart pointers will automatically clean up their memory blocks if necessary

» Raw (T*) pointers will just disappear, they can not do any clean-up automatically
= |f they are just observers, it is O.K. - they are not responsible for cleaning

= |f they represent ownership, you will need to call delete in a destructor
class T { public:

~T() { delete p_; } // destructor required

U*p_; // owner of a memory block
}s
» If you need to write the destructor, you also need to write the four

copy/move functions
» Orto disable them

» Implementing the Five functions is demanding and error-prone
» Avoid using U* pointers where ownership is required
» Use only types that can take care of themselves
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The Rule of Five — possible scenarios

» All elements support copy and move in the required fashion
» None of the Five methods required

» All elements support copy and move but copying has no sense

» Living objects in simulations/games etc.

» Disable copy methods by “= disable”

» If move methods remain useful, they should be made accessible by “= default”
» Elements support move in the required fashion, but copying is

required

» Copying elements does not work or behaves differently than required

= E.g., elements are unique/shared_ptr but the class requires deep copy semantics
» Implement copy methods, enable move methods by “= default”

» Elements do not support copy/move in the required way
» Implement all the copy and move methods and the destructor

» Abstract classes must have virtual destructor

» Required for proper clean-up when objects are deallocated
virtual ~C() {}
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Dynamicky alokovana data
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Dynamicka alokace

» Uzivejte chytré ukazatele misto syrovych (T *)

#include <memory>

= Vyluéné vlastnictvi objektu (ukazatel nelze kopirovat)
» Zanedbatelné béhové naklady (stejné efektivni jako T *)

void f() {

std: :unique_ptr< T> p = std::make_unique< T>(); // alokace T

std::unique_ptr< T> q = std::move( p); // presun do q, p vynulovan
}

= Sdilené vlastnictvi objektu
= Netrividlni béhové ndklady (reference counting)

void f() {

std::shared_ptr< T> p = std::make_shared< T>(); // alokace T

std: :shared_ptr< 7> q = p; // p a q sdili objekt

» Objekt je dealokovan v okamziku zaniku posledniho vlastnika
= Destruktor (nebo operator=) chytrého ukazatele vyvolava dealokaci
= Reference counting nedokaze zrusit cyklické struktury
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auto

» Prekladac dokaze odvodit typ promeénné z jeji inicializace
= std::unique_ptr< T>
void f() {

auto p std: :make_unique< T>();

auto g = std::move( p); // pointer moved to q, p becomes nullptr

= std::shared_ptr< T>
void f() {

auto p = std::make_shared< T>(); // invokes new

auto q = p; // pointer copied to q

» Pozor na pribuzné typy s automatickymi konverzemi

= k.size() vraci std::size_t ktery mUze byt vétsi nez int (typ konstanty 0)
void f( std::vector< T> & k) {

for (auto i = @; i < k.size(); ++ i)

/* o k[ i] . */
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Pouzivani ukazatelt v modernim C++

» Vlastnik objektu
» std::unique_ptr< T>, std::shared_ptr< T>
» Pouzivat pouze tehdy, pokud objekty museji byt alokovany individualné
= Mozné duvody: Dédi¢nost, nepravidelna Zivotnost, grafova datova struktura, singleton
= Pro skladovani vice objekt( stejného typu je vyhodnéjsi std::vector< T>
» std::weak ptr< T>
= Rozbiti cyklickych odkazl pfi pouzivani std::shared_ptr< T>, pouzivan vyjimecné
» Pozorovatel (observer) s pravem modifikace
» T*
= V. modernim C++ syrovy ukazatel nema reprezentovat vlastnictvi
» KuloZeni odkazu v jiném objektu, ktery potrebuje modifikovat objekt typu T
= Pozor na Zivotnost: Pozorovatel musi prestat pozorovat pred zanikem vlastnika
= Pokud nelze zabranit pred¢asnému zaniku vlastnika, je nutné sdilené vlastnictvi
» Read-only observer
» constT*
» Kulozeni odkazu v jiném objektu, ktery potfebuje Cist objekt typu T

» Vedle ukazatel( existuji i reference (T &, const T &, T &&)
» Konvence: Reference slouzi pro docasny pristup béhem volani funkce apod.
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Owners and observers

= Priklad — unikatni vlastnictvi
auto owner = std::make_unique< T>(); // std::unique_ptr< T>

= Observer
auto modifying_observer = owner.get(); // T *

auto modifying_observer2 = &*owner; // same effect as .get()

= Read-only observer
const T * read_only_observer = owner.get(); // implicit conversion of T * to const T *

auto read_only observer2 = (const T *)owner.get(); // explicit conversion

const T * read_only observer3 = modifying observer; // implicit conversion

= Ukazatele s vlastnickou semantikou vzdy ukazuji na cely dynamicky alokovany blok
= Pozorovatelé sméji ukazovat na jakykoliv prvek dat
- Casti objekt
auto part_observer = & owner->member;

= Staticka data
static T static_data[ 2];

T * observer_of_static = & static_data[ 9]; // may be redirected to & static_data[ 1]

» LokdlIni data (pozor na Zivotnost)
void g( T * p);

void f() { T local_data; g( & local_data); }
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Ukazatelé/reference - konvence



Ukazatele vs. reference

» C++ definuje nékolik druht odkazu
» Chytré ukazatele
» Syrové ukazatele
» Reference

» Technicky vSechny formy umoznuji témer vsechno
» Prinejmensim za pouziti nedoporucovanych trikd
» Poutziti referenci je syntakticky odliSné od ukazatel(

» Pouziti urcité formy odkazu signalizuje umysl programatora
» Konvence (a pravidla jazyka) omezuji moznosti pouziti predaného odkazu
» Konvence omezuji nejasnosti tykajici se extrémnéjsich situaci:
= Co kdyZ nékdo zrusi objekt, se kterym pracuji?

= Co kdyZ nékdo necekané modifikuje objekt?



Predavani ukazatell a referenci — konvence pro C++11

Co smi prijemce? Jak dlouho? Co mezitim sméji
ostatni?

std::unique ptr<T> Zmeénitobsah, zrusit Libovolné Nic (obvykle)
objekt

std::shared ptr<T> Zmeénit obsah Libovolné Cist/ménit obsah

T * Zmeénit obsah A? do dohodnutého  Cist/ménit obsah
okamziku

const T * Cist obsah A? do dohodnutého  Cist/ménit obsah
okamziku

T & Zménit obsah Po dobu béhu Nic (obvykle)
funkce/pfrikazu

T && Ukrast obsah Nic

const T & Cist obsah Po dobu béhu Nic (obvykle)

funkce/pfrikazu



Ukladani hodnot vedle sebe
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Pole a n-tice

_ Homogenni (pole) Polymorfni (n-tice)

Pevna
velikost

Promeénliva
velikost

// s kontejnerovym rozhranim
static const std::size_t n = 3;
std::array< T, n> a;

a[ 0] = /*...*/;
a[ 1]1.¥0);
// syrové pole (nedoporuceno)

static const std::size t n = 3;
T a[ n];

a[ @] = /*...*/;

al 1].f();

std::size t n = /*...*/;
std::vector< T> a(n);

al[ 0] = /*...*/;
a[ 1].f();

// struktura/trida
struct S { T1 x; T2 y; T3 z; };
S a;

a.x = /*...*%/;
a.y.f();

// pro generické programovani
std::tuple< T1, T2, T3> a;

std::get< ©>( a) = /*...*/;
std::get< 1>( a).f();

std::vector< std::unique_ptr< Tbase>> a;
a.push_back( std::make unique< T1>());
a.push_back( std::make unique< T2>());
a.push_back( std::make unique< T3>());

a[ 1]->f();
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Pole a n-tice v paméti

std::array< T, 3> struct { T1 x; T2 y; T3 z;}
nebo
std::tuple< T1, T2, T3>

T KR

std::vector< T> std::vector< std::unique_ptr<Tbase>>
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Smart pointers and containers

number
of storage ownership move copy
elements
array<T,N> fixed N o _
inside (unique) by elements by elements
optional<T>
unique_ptr<T> 0/1 individually unique N.A.
shared_ptr<T> allocated shared sharing
unique_ptr<T[]> unique N.A.
shared_ptr<T[]> conk;cllgslz)us shared sharing
vector<T> transfer 9f
ownership
any several
deque<T> contiguous :
blocks unique by elements
other containers individually
allocated
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Smart pointers and containers

number .
. insert/erase | random
of storage allocation (en masse)
elements access
elements

array<T,N> fixed, N _— (when constructed) N.A. [i]

inside
optional<T> .emplace(...)
unique_ptr<T> 0/1 individually | = make_unique<T>(...) N.A.
shared_ptr<T> allocated = make_shared<T>(...) .reset()
unique_ptr<T[]> = make_unique<T[]>(n)
shared_ptr<T[]> contiguous | _ make_shared<T[]>(n)

block
vector<T> [i]

any several may move

deque<T> contiguous vecto(r)<rT>(n) elements

blocks .

.resize(n)
. individually elements
other containers no
allocated never move
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Predavani a sdileni vlastnictvi - priklady
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Predavani vyhradniho vilastnictvi

channel ch;

void send_hello()

{
auto p = std::make_unique< packet>();
p->set_contents( "Hello, world!");
ch.send( std::move( p));
// p is nullptr now

void dump_channel()

{
while ( ! ch.empty() )

{
auto m = ch.receive();
std::cout << m->get_contents();

// the packet is deallocated here

class packet { /*...*/ };

class channel

{
public:

void send( std::unique_ptr< packet> &&);

bool empty() const;

std: :unique_ptr< packet> receive();

private:
/¥...%/
}s
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Predavani vyhradniho vilastnictvi

channel ch; class packet { /*...*/ };

void send_hello() class channel

{ {
auto p = std::make_unique< packet>(); public:
p->set_contents( "Hello, world!"); void send( std::unique_ptr< packet> && q)
ch.send( std::move( p)); {

// p is nullptr now g_.push_back( std::move( q));

. std: :unique_ptr< packet> receive()
void dump_channel()

{
{
auto r = std::move( q_.front());
while ( ! ch.empty() )
// remove the nullptr from the queue
{ q_.pop_front();
auto m = ch.receive();
return r;
std::cout << m->get_contents(); }
// the packet is deallocated here private:
} std: :deque< std::unique_ptr< packet>> q_;
} }s
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Sdilené vlastnictvi

class sender {
public:
sender( std::shared_ptr< channel> ch)
: ch_( std::move( ch)) {}
void send hello()
{ /*...*/ ch_->send( /*...*/); }
private:

std::shared_ptr< channel> ch_;

}s

class recipient {
public:
recipient( std::shared_ptr< channel> ch)
: ch_( std::move( ch)) {}
void dump_channel()
{ /*...*/ = ch_->receive(); /*...*/ }
private:

std::shared_ptr< channel> ch_;

class channel { /*...*/ };

std: :unique_ptr< sender> s;

std::unique_ptr< recipient> r;

void init()

{
auto ch = std::make_shared< channel>();
s = std::make_unique< sender>( ch);
r = std::make_unique< recipient>(
std::move( ch));
}

void kill sender()
{ s.reset(); }
void kill recipient()

{ r.reset(); }

= server a recipient mohou byt zruSeny v
libovolném poradi

« Posledni zrusi channel
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Pristup bez predani vlastnictvi

class sender {
public:
sender( channel * ch)
: ch_( ch) {}
void send_hello()
{ /*...%¥/ ch_->send( /*...*/); }
private:

channel * ch_;

}s

class recipient {
public:
recipient( channel * ch)
: ch_( ch) {}
void dump_channel()
{ /*...*/ = ch_->receive(); /*...*/ }
private:

channel * ch_;

class channel { /*...*/ };

std: :unique_ptr< channel> ch;

std: :unique_ptr< sender> s;

std: :unique_ptr< recipient> r;

void init()

ch = std::make_unique< channel>();

s = std::make_unique< sender>( ch.get());

r

std: :make_unique< recipient( ch.get());

void shutdown()
{ s.reset();
r.reset();

ch.reset();

= server a recipient museji byt zruseny pred
zrusenim channel

= Tuto podminku prekladac nedokaze ovéfit
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Drzeni ukazatell na lokalni objekty

class sender {
public:
sender( channel * ch)
: ch_( ch) {}
void send_hello()
{ /*...%¥/ ch_->send( /*...*/); }
private:

channel * ch_;

}s

class recipient {
public:
recipient( channel * ch)
: ch_( ch) {}
void dump_channel()
{ /*...*/ = ch_->receive(); /*...*/ }
private:

channel * ch_;

void do_it( sender &, receiver &);
void do_it_all()
{

channel ch;
sender s( & ch);

recipient r( & ch);

do_it( s, r);

= Nutnost pouzit "&" v parametrech
konstruktoru upozornuje na dlouhy
zivot odkazu

« "&" - konverze reference na ukazatel

"*#" _ konverze ukazatele na
referenci

= Lokalni proménné jsou vzdy ruseny
v opacném poradi nez jejich
konstrukce
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Trida obsahuijici referenci

class sender {
public:
sender( channel & ch)
: ch_( ch) {}
void send hello()
{ /*...*/ ch_.send( /*...*/); }
private:

channel & ch_;

}s

class recipient {
public:
recipient( channel & ch)
: ch_( ch) {}
void dump_channel()
{ /*...*/ = ch_.receive(); /*...*/ }
private:

channel & ch_;

void do_it( sender &, receiver &);
void do_it_all()
{

channel ch;
sender s( ch);

recipient r( ch);

do_it( s, r);

= sardrzi reference na ch po dobu
jejich Zivota
= Bez varovani zvlastni syntaxi!

= Jsou-li reference drzeny lokalnimi
objekty, vSe je v poradku

= V jinych pripadech je takova
konstrukce nebezpecna
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: Predavani odkazu na lokalni objekt mimo jeho Zivotnost

class sender {
public:
sender( channel & ch)
: ch_( ch) {}
void send hello()
{ /*...*/ ch_.send( /*...*/); }
private:

channel & ch_;

}s

class recipient {
public:
recipient( channel & ch)
: ch_( ch) {}
void dump_channel()
{ /*...*/ = ch_.receive(); /*...*/ }
private:

channel & ch_;

std: :unique_ptr< sender> s;

std: :unique_ptr< recipient> r;

void init()
{
channel ch;

s = std::make_unique< sender>( ch));

r

std: :make_unique< recipient>( ch));

= ch bude zrusenodrivenezsar

= sarbudou pristupovat ke zruSenému
objektu

= Nepredvidatelné katastrofalni nasledky
= Neni zde zadné syntaktické varovani

= Proto je v podobnych pripadech
vhodnéjsi pouzivat v parametrech
konstruktoru ukazatele nez reference
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: Dealokace pouzivaného objektu

class sender { std: :unique_ptr< channel> ch;

public:

sender( channel & ch)
void do_it()

: ch_( ch) {}
void send hello() {
{ /*...%/ ch_.send( /*...*/); } ch = std::make_unique< channel>();
private: sender s( * ch);
channel & ch_; recipient r( * ch);

bs do_it( s, r);

o ch = std::make_unique< channel>();
class recipient {

public: do_it( s, r);
recipient( channel & ch) }
: ch_( ch) {}

void dump_channel()

{ /*...*/ = ch_.receive(); /*...*/ }

= chje zruSeno drivenezsar

= Drive Ci pozdéji fatalni nasledky

rivate: viv .. ,
P = Nastesti Je tento styI programovani

channel & ch_; VZéCh?
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S

Standard Template Library



»Kontejnery

= Prefabrikaty zakladnich datovych struktur

Sablony parametrizované typem uklddaného objektu

Vsechny kontejnery pracuji s kopiemi vkladanych hodnot
= Typ hodnot musi mit alespon copy-constructor a destruktor

« Neékteré druhy kontejner( ¢i operaci s nimi vyZaduji i operator= nebo konstruktor bez
parametru

Hodnoty se pridavaji a odebiraji metodami odpovidajicimi druhu kontejneru

K hodnotam je mozno pfistupovat pomoci iteratoru, ktery reprezentuje inteligentni
ukazatel dovnitr kontejneru

= Prostrednictvim iteratoru je mozno ménit ulozené hodnoty



STL — Priklad

#include <deque>

typedef std::deque< int> my_deque;

my_deque the_deque;

the_deque.push_back( 1);

the_deque.push_back( 2);

the_deque.push_back( 3);

int x

the_deque.front(); // 1

the_deque.pop_front();

my_deque::iterator ib

my_deque: :iterator ie

the_deque.begin();

the_deque.end();

for ( my_deque::iterator it = ib; it != ie; ++it)
{
*it = *it + 3;
}
int y = the_deque.back(); // 6

the_deque.pop_back()

int z

the_deque.back(); // 5



» Sekvencni kontejnery
» Nové objekty se vkladaji na uréena mista

= array< T, N> - pole se staticky danou velikosti

vector< T> - pole prvku s pridavanim zprava
» stack< T> - zasobnik

= priority_queue< T> - prioritni fronta

basic_string< T> - vektor s termindtorem
« string = basic_string< char> - fetézec (ASCII)
= wstring = basic_string< wchar_t> - fetézec (Unicode)

deque< T> - fronta s pridavanim a odebiranim z obou stran
= queue< T> - fronta (maskovana deque)

forward_list< T> - jednosmérné vazany seznam

list< T> - obousmérné vazany seznam



STL - Kontejnery

» Asociativni kontejnery

» Usporadané (samovyvazujici se stromy)

set<T> - mnoZina
multiset<T> - mnozZina s opakovanim
map<K,T> - asociativni pole, tj. parcialni zobrazeni K-> T

multimap<K,T> - relace s rychlym vyhledavanim podle klice K

» Hashované

unordered_set<T> - mnozZina
unordered_multiset<T> - mnoZina s opakovanim
unordered_map<K,T> - asociativni pole, tj. parcialni zobrazeni K-> T

unordered_multimap<K,T> - relace s rychlym vyhledavanim podle klice K

pair<A,B> - pomocna Sablona usporadané dvojice
s polozkami first, second



STL - Kontejnery

» Usporadané kontejnery vyzaduji usporadani na klicich
= Vystadi si s operaci <
= V nejjednodussim pripadé to funguje samo
std::map< std::string, int> mapa;

= Pokud typ usporadani nema, lze jej definovat obecné
bool operator<( const Klic & a, const Klic & b) { return ...; }

std: :map< Klic, int> mapa;

= Pokud obecna definice usporadani nevyhovuje, Ize definovat usporadani funktorem pouze
pro dany typ kontejneru

struct Usporadani {
bool operator()( const Klic & a, const Klic & b) const { return ...; }
}s5

std: :map< Klic, int, Usporadani> mapa;

= Pokud rlizné instance kontejneru maji mit rlizné usporadani, Ize do funktoru doplnit
datové polozky

struct Usporadani { Usporadani( bool a); /*...*/ bool ascending; };

std::map< Klic, int, Usporadani> mapa( Usporadani( true));



STL - Kontejnery

» Usporadani na kli¢ich — hashujici kontejnery
= Kontejner vyzaduje funktory pro hashovani a pro porovnani
template< typename K>

class hash { public:
std::size_t operator()( const K & a) const { /*...*/ }
}s5
template< typename K>
class equal_to { public:
bool operator()( const K & a, const K & b) const { return a == b; }

}s

= Sablona kontejneru ma dva dal$i parametry
template< typename K, typename T,

typename H = std::hash< K>, typename E = std::equal_to< K> >

class unordered_map;

= Konstruktor kontejneru dostdva hodnoty funktor(

explicit unordered_map( std::size_t initial_bucket_count = /*...*/,

const H& h = L(), const E & e = E());



STL — Iteratory

» Each container defines two member types: iterator and const_iterator

using my_container = std::map< my_key, my_value>;
using my_iterator = my_container::iterator;

using my_const_iterator = my_container::const_iterator;

» Iterators act like pointers to objects inside the container
= objects are accessed using operators *, ->

= const_iterator does not allow modification of the objects

» An iterator may point
= to an object inside the container

= to an imaginary position behind the last object: end()



STL — Iteratory

» Metody kontejneru, vracejici iteratory
= Odkaz na zacatek kontejneru - prvni platny prvek

iterator begin()

const_iterator begin() const

= Odkaz za konec kontejneru - za posledni platny prvek

iterator end()

const_iterator end() const

= iterator a const_iterator jsou typy definované uvnitr kontejneru, zvané iteratory
= pristupné konstrukcemi jako vector< int>::iterator
= vlastnosti iterator( jsou mirné zavislé na druhu kontejneru
= |terator kontejneru obsahujiciho typ T je tfida s operatory definovanymi tak, aby se
chovala podobné jako "T *" "(ukazatel na typ T) resp. "const T *"
= Vytvari se tak iluze, Ze kontejner je pole



STL — Iteratory

void example( my_container & cl, const my_container & c2)

{
»  Kazdy kontejner definuje metody pro pfistup na oba konce; od C++11 tézZ jako globalni funkce
= begin(), cbegin() — prvni prvek (rovno end() pro prazdny kontejner)
= end(), cend() — imaginarni pozice za poslednim prvkem
auto il = begin( c1); // nebo cl.begin(); my_container::iterator
auto i2 = cbegin( c1); // nebo cl.cbegin(); my_container::const_iterator
auto i3 = cbegin( c2); // nebo c2.cbegin(), begin( c2), c2.begin(); my_container::const_iterator

»  Asociativni kontejnery umoznuji vyhledavani
= find( k) — prvni prvek rovny (ani mensi, ani vétsi) k, end() pokud takovy neni
= lower_bound( k) — prvni objekt, ktery neni mensi nez k, end() pokud takovy neni
= upper_bound( k) — prvni objekt vétsi nez k , end() pokud takovy neni
my_key k = /*...%/;
auto i4 = c1.find( k); // my_container::iterator

auto i5 = c2.find( k); // my_container::const_iterator

» Iteratory Ize posouvat na sousedni prvky v kontejneru, pfipadné end()
= VSechny druhy iteratoru dovoluji posun doprava a porovnani na rovnost
for ( auto i6 = cl.begin(); i6 != cl.end(); ++ i6 ) { /*...*/ }

= Obousmérné iteratory (vSechny std kontejnery vyjma forward_list) dovoluji posun doleva

-- i1

= lteratory s nahodnym pristupem (vector, string, deque) dovoluji pfic¢teni/odecteni Cisla, rozdil a porovnani
auto delta = i4 - cl.begin(); // pocet prvki nalevo od i4; my_container::difference_type === std::ptrdiff_t
auto i7 = cl.end() - delta; // prvek v dané vzdalenosti zprava; my_container::iterator

if (i4 < i7)

i4[ delta].f(); // nebo (*(i4 + delta)).f(), (i4 + delta)->f()



STL — Iteratory

» Pozor:

= Posouvani iteratoru pred begin() nebo za end() je zakazano
for (auto it = cl.end(); it >= cl.begin(); -- it) // ERROR: underruns begin()

= Porovndvani iteratorl mificich do jinych (instanci) kontejnert je zakdzano
if ( cl.begin() < c2.begin() )// ILLEGAL

= Vkladani/odebirani objektl v kontejneru vector/basic_string/deque invaliduje vSechny
iteratory mitici do tohoto kontejneru

= Vyjma specidlnich pripadll popsanych v detailni dokumentaci

» Jediny validni iterator je ten vraceny z volani insert/erase

= Totéz plati pro ukazatele a reference na data uvnitf kontejneru
std::vector< std::string> c( 10, "dummy");

auto it = c.begin() + 5; // the sixth dummy
std::cout << * it;

auto it2 = c.insert( std::begin(), "first");
std::cout << * it; // CRASH

it2 += 6; // the sixth dummy
c.push_back( "last");

std::cout << * it2; // CRASH

= Obdobné pravidlo plati pro iteratory v unordered_set/map



STL — Insertion/deletion

= Containers may be filled immediately upon construction
= using n copies of the same object
std::vector< std::string> ci1( 10, "dummy");

= or by copying from another container
std::vector< std::string> c2( cl.begin() + 2, cl.end() - 2);
» Expanding containers - insertion
= insert - copy or move an object into container
= emplace - construct a new object (with given parameters) inside container
» Sequential containers
= position specified explicitly by an iterator
= new object(s) will be inserted before this position

cl.insert( cl.begin(), "front");
cl.insert( cl.begin() + 5, "middle");

cl.insert( cl.end(), "back"); // same as cl.push_back( "back");



STL — insertion/deletion

» insert by copy
» slow if copy is expensive

std: :vector< std::vector< int>> c3;

» not applicable if copy is prohibited

std::vector< std::unique_ptr< T>> c4;

» insert by move
» explicitly using std::move

auto p = std::make_unique< T>(/*..*/);

c4.push_back( std::move( p));

» implicitly when argument is rvalue (temporal object)
c3.insert( begin( c3), std::vector< int>( 100, 0));
» emplace

» constructs a new element from given arguments
c3.emplace( begin( c3), 100, 9);



STL — insertion/deletion

» Shrinking containers - erase/pop
» single object

my_iterator it = /*...*/;

cl.erase( it);

c2.erase( c2.end() - 1); // same as c2.pop_back();
» range of objects

my_iterator itl = /*...*/, it2 = /*...*/;

cl.erase( itl, it2);

c2.erase( c2.begin(), c2.end()); // same as c2.clear();
» by key (associative containers only)

my_key k = /*...%/;

c3.erase( k);



Range-for loop

for ( type variable : range )

statement;

= range is anything that has begin() and end()
= most often used with universal reference:

for ( auto && variable :

statement;

= may be used to modify the contents of the container by modifying the variable

container )

» is by definition equivalent to

{
auto & R = range;
auto B = begin(R);
auto E = end(R);

for (; B != E; ++ B)
{ type variable = * B;

statement;

// or R.begin() if it exists
// or R.end() if it exists



Algoritmy



Algoritmy

» Sada generickych funkci pro praci s kontejnery

» cca 90 funkci od trivialnich po sort, make _heap, set_intersection, ...

#include <algorithm>

» Kontejnery se zpfistupnuji nepfimo - pomoci iteratoru
= Obvykle pomoci dvojice iteratoru - polouzavreny interval
= Lze pracovat s vyrezem kontejneru
= Je mozné pouzit cokoliv, co se chova jako iterator pozadované kategorie
» Neékteré algoritmy kontejner pouze Ctou
= Typicky vraceji iterator
= Napr. hledani v setridénych sekvencénich kontejnerech
» VeétsSina algoritml modifikuje objekty v kontejneru
= Kopirovani, presun (pomoci std::move), vymeéna (pomoci std::swap)
= Aplikace uzivatelem definované akce (funktor)
» lterdtory neumoziuji pridavani/odebiradni objektl v kontejneru
= Pro "nové" prvky musi byt predem pfipraveno misto

= Odebrani nepotiebnych prvk( musi provést uzivatel dodatecné



Algoritmy

» Iterdtory neumoznuiji pridavani/odebirani objektd v kontejneru
= Pro "nové" prvky musi byt predem pripraveno misto

my_container c2( cl.size(), 0);
std::copy( cl.begin(), cl.end(), c2.begin());

= Tento pfiklad Ize zapsat bez algoritm{ jako
my_container c2( cl.begin(), cl.end());

= Odebrani nepotrebnych prvk( musi provést uzivatel dodatecné

auto my predicate = /*...*/; // some condition

my container c2( cl.size(), 9); // max size
my iterator it2 = std::copy if( cl.begin(), cl.end(), c2.begin(), my predicate);

c2.erase( it2, c2.end()); // shrink to really required size

my_iterator itl = std::remove_if( cl.begin(), cl.end(), my_predicate);

cl.erase( itl, cl.end()); // really remove unnecessary elements



STL — Algoritmy

» Falesné iteratory
= Algoritmy dovedou pracovat s ¢imkoliv, co napodobuje iterator

= Pozadavky algoritmu na iteratory definovany pomoci kategorii
= Input, Output, Forward, Bidirectional, RandomAccess

= Kazdy iterator musi prozradit svou kategorii a dalsi vlastnosti
= std:iterator_traits
= Neékteré algoritmy se prizplsobuji kategorii svych parametr( (std::distance)

= Insertery

my_container c2; // empty
auto my_inserter = std::back_inserter( c2);

std::copy_if( cl.begin(), cl.end(), my_inserter, my_predicate);

= Textovy vstup/vystup

auto my_inserter2 = std::ostream_iterator< int>( std::cout, " ");

std::copy( cl.begin(), cl.end(), my_inserter2);



C++20 - ranges

» [C++20] — dvojice iteratort bude nahrazena jednim range

» range je cokoliv, co ma begin() a end()

= Kontejner je range — tento druh range je vlastnikem dat!

kopirovani takového range znamena kopirovani dat

= view range vznikaji jako odkazy na data — nevlastni data
= view range lze kopirovat v konstantnim case
all_view(k) reprezentuje odkaz na vSechny prvky kontejneru
iota_view(10,20) reprezentuje fiktivni kontejner s obsahem [10,11,...,19]

» range adaptor umoznuje upravit range filtrovanim nebo transformaci hodnot
= filter_view(range, pred) vraci range reprezentujici pouze prvky spliujici predikat
= adaptéry je mozné aplikovat i syntaxi prevzatou z unixovych rour:
range | filter_view(pred)
» Stavajici algoritmy dostanou dalsi interface pouzivajici range
» Range automaticky funguje v [C++11] range-based for

» Uplind implementace ani definitivni znéni normy zatim (listopad 2019) neexistuji

= ranges jsou knihovna vyuzivajici concepts; ty jsou velkym rozsirenim jazyka [C++20]
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STL — Funktory

» Priklad - funkce for_each

template<class InputIterator, class Function>

Function for_each( InputIterator first, InputIterator last, Function f)

{

for (; first != last; ++first)
f( * first);

return f;

= fje cokoliv, co Ize zavolat syntaxi f(x)
= globalni funkce (ukazatel na funkci), nebo
= funktor, tj. tfida obsahujici operator()

= Funkce f (pripadné metoda operator()) je zavolana na kazdy prvek v zadaném
intervalu

» prvek se predava jako * iterator, coz muize byt odkazem
« funkce f tedy mGze modifikovat prvky seznamu



STL — Algoritmy

» Jednoduché pouziti funkce for_each

void my_function( double & x)

{
X += 1;
}
void increment( std::list< double> & c)
{
std::for_each( c.begin(), c.end(), my_function);
}

» [C++11] Lambda

= Vlyraz generujici funktor (s unikatnim anonymnim typem)

void increment( std::list< double> & c)

{
for_each( c.begin(), c.end(), []( double & x){ x += 1;});



STL — Algoritmy

» Predavani parametrd vyZzaduje funktor

class my_functor {

public:
double v;
void operator()( double & x) const { x += v; }
my_functor( double p) : v( p) {}

}s5

void add( std::list< double> & c, double value)

{

std::for_each( c.begin(), c.end(), my_functor( value));

» Lambda s pristupem k lokalni proménné
void add( std::1list< double> & c, double value)

{

std::for_each( c.begin(), c.end(), [value]( double & x){ x += value;});



STL — Algoritmy

» Funktory modifikujici svij obsah

class my_functor {
public:
double s;
void operator()( const double & x) { s += x; }

my_functor() : s( 0.9) {}

}s5

double sum( const std::list< double> & c)

{
my_functor f = std::for_each( c.begin(), c.end(), my_functor());
return f.s;

}

» Lambda s referenci na lokalni proménnou
double sum( const std::list< double> & c)

{ double s = 0.0;
for_each( c.begin(), c.end(), [& s]( const double & x){ s += x;1});

return s;






Lambda vyrazy

» Lambda vyraz

[ capture |( params ) mutable -> rettype { body }
= Deklaruje tfidu ve tvaru
class ftor {
public:
ftor( TList ... plist) : vlist( plist) ... { }
rettype operator()( params ) const { body }
private:

TList ... vlist;
}s

= vlist je uren proménnymi pouzitymi v body
= TList je urCen jejich typy a upraven podle capture
= operator() je const pokud neni uvedeno mutable
= Lambda vyraz je nahrazen vytvorenim objektu
ftor( vlist ...)




Lambda vyrazy — navratovy typ a typ funkce

» Navratovy typ operatoru
Explicitné definovany navratovy typ
[1() -> int { /*.*/ }
Automaticky urcen pro télo lambda funkce ve tvaru

[10) { return V; }

= Jinak void

» Genericka lambda C++14

= Parametry typu “auto”, “auto &”, “const auto &”, “auto &&”

Nebo dokonce “auto ...“ apod. reprezentujici libovolny pocet argumentl (variadic template)

= Vysledny operator je pak Sablona funkce



Lambda vyrazy — capture

» Capture

= ZpUsob zpristupnéni vnéjsich entit C++1 1

= lokdlni proménné
= this
= Urcuje typy datovych polozek a konstruktoru funktoru

= Explicitni capture
= Programator vyjmenuje vsechny vnéjsi entity v capture
[a,&b,c,this](){ return a+c+b[c]+m; }
= Entity oznacené & predany odkazem, ostatni hodnotou
= this umoznuje pfistup k polozkam objektu (stejné jako v metodé obsahujici lambda vyraz)
= Capture s vyrazem deklaruje novou proménnou viditelnou v téle lambda vyrazu
[x=a+c,&y=b[c],z=m](){ return x+y+z; }
= Implicitni capture (nedoporucuje se)
» Prekladac sdm urci vnéjsi entity, capture uréuje zplsob predani
[=]
[=,8&b,&y=b[c]]
= predani hodnotou, vyjmenované vyjimky odkazem
[&]
[&,a,c]

= predani odkazem, vyjmenované vyjimky hodnotou
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Class

class X {
/*...%/
}s

» Trida v C++ je velmi silna univerzalni konstrukce
= Jiné jazyky vétSinou mivaji nékolik slabsich (class+interface)
» Vyzaduje opatrnost a dodrzovani konvenci
» Tri stupné pouziti konstrukce class
» Ne-instanciovana trida = balik deklaraci (pro generické programovani)
» Trida s datovymi polozkami a metodami (nejcastejsi pouziti v C++)
» Trida s dédicnosti a virtualnimi funkcemi (objektové programovani)
» class = struct
» struct: prvky implicitné verejné
= konvence: neinstanciované tridy a jednoduché tridy s daty
» class: prvky implicitné privatni

= konvence: slozité tridy s daty a tridy s dedicnosti



Tri stupné pouziti class

class X {
public:
using t = int;

static constexpr int ¢
=1_;

static int f( int p)
{ return p + 1; }
}s

class Y {
public:
Y() : m_( @) {}
int get_m() const
{ return m_; }
void set_m( int m)
{m_=m }
private:
int m_;

}s

class U {
public:
virtual ~U() noexcept {}
void g() { f_(); }
private:

virtual void f_() = 0;
}s

class V : public U {
public:
V() : m_( @) {}
private:
int m_;
virtual void f_() override
{ ++m_; }

}s
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Typy, konstanty a statické polozky ve tridach

class X {

public:
class N { /*...*/ };
typedef unsigned long t;
using t2 = unsigned long;
static constexpr t c = 1;
static t f( t p)
{ return p + v_; }

private:

static t v_;

}s

// declaration of X::v_

X::t X::v_ = X:i:c; // definition of X::v_

void f2()
{

X::t a=1;

a = X::f( a);
}

» Typoveé a statické polozky...

4

v VvV VvV Vv

> ...

nested class definitions
typedef definitions
static member constants
static member functions
static member variables

nejsou vazany na zadnou

instanci tridy (objekt)

» Ekvivalentni globdalnim typim
a promennym, ale

>

Pouzivany s kvalifikovanymi jmény
(prefix X::)

Zapouzdreni chrani proti kolizim

= Ale namespace to dokaze lépe
Néekteré prvky mohou byt privatni
Trida mUze byt parametrem
Sablony
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Uninstantiated classes vs. namespaces

» Class definitions are intended for objects
= Static members must be explicitly marked

» Class members may be
public/protected/private

class X {
public:

class N { /*...*/ };

typedef unsigned long t;

static const t ¢ = 1;

static t f( t p)

{ return p + v; }

static t v;

}s

// declaration of X::v

» Class must be defined in one piece

= Definitions of class members may be placed
outside

X::t X::v = X:i:c; // definition of X::v

void f2()
{

X::t a=1;

a = X::f( a);
}

» A class may become a template argument
typedef some_generic_class< X> specific_class;

» Namespace members are always static
= No objects can be made from namespaces

= Functions/variables are not automatically
inline/extern
namespace X {

class N { /*...*/ };
typedef unsigned long t;
const t c = 1;
extern t v;

b

// declaration of X::v

» Namespace may be reopened

= Namespace may be split into several header
files
namespace X {
inline t f( t p)
{ return p + v; }

tv=oc; // definition of X::v
};
» Namespace members can be made directly
visible
= "using namespace"
void f2()
{
using namespace X;
ta=1;
a=f(a);
}
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Namespaces and name lookup

namespace X {

class N { /*...*/ };

typedef unsigned

const t ¢ = 1;

extern t v;

inline t f( N p)
};

long t;

// declaration of X::v

{ return p.m + v; }

» Namespace members can be made directly visible

= "using",

using namespace"

» Functions in namespaces are visible by argument-dependent lookup

void f2()

{
X::N a;
auto b = f( a);
using X::t;

tb=2;

// ADL: calls X::f because the class type of a is a member of X

using namespace X;

b = c;
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Class with data members

class Y {
public:
Y(O)
: m_( 0)
{}
int get_m() const
{ return m_; }
void set_m( int m)
{m_=m; }
private:
int m_;

}s

» Class (i.e. type) may be
instantiated (into objects)

» Using a variable of class type
Y vl;

= Thisis NOT a reference!

» Dynamically allocated
= Held by a (raw/smart) pointer

Y*¥ r = new Y;

std: :unique_ptr< Y> p =
std: :make_unique< Y>();

std: :shared_ptr< Y> q =
std: :make_shared< Y>();

» Element of a larger type
typedef std::array< Y, 5> A;
class C1 { public: Y v; };
class C2 : public Y {};

= Embedded into the larger type
= NO explicit instantiation by new!
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Class with data members

class Y {
public:
Y(O)
: m_( 0)
{}
int get_m() const
{ return m_; }
void set_m( int m)
{m_=m; }
private:
int m_;

}s

» Class (i.e. type) may be
instantiated (into objects)
Y vl;
std: :unique_ptr<Y> p = std::make_unique<Y>();
» Non-static data members constitute
the object

» Non-static member functions are
invoked on the object

» Object must be specified when
referring to non-static members

vi.get_m()
p->set_m(9)

= References from outside may be
prohibited by "private"/"protected"
vi.m_ // error

= Only "const" methods may be called
on const objects

const Y * pp = p.get(); // secondary pointer

pp->set_m(0) // error
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class Base { /* ... */ };

class Derived : public Base { /* ... */ }

» Trida Derived je odvozena z tfidy Base
= Obsahuje vSechny datové polozky i metody tfidy Base
= MdazZe k nim doplnit dalsi
= Neni vhodné novymi zakryvat staré, vyjma virtudlnich
= M{UzZe zménit chovani metod, které jsou v Base deklarovany jako virtudlni

class Base {
virtual ~Base() noexcept {}

virtual void f() { /* ... */ }
}s

class Derived final : public Base {
virtual void f() override { /* ... */ }
}s5

« final — zakaz dalSich potomk{
= override — test existence této virtualni metody v nékterém predku



Virtualni funkce

class Base {
virtual ~Base() noexcept {}
virtual void f() { /* ... */ }
};
class Derived : public Base {

virtual void f() override { /* ... */ }

}s
= Mechanismus virtualnich funkci se uplatni
pouze v pritomnosti ukazatelt nebo referenci
std: :unique_ptr<Base> p = std::make_unique< Derived>(); // zde je skryta konverze ukazatell

p->f(); // vola Derived::f

= Vjiné situaci neni virtualnost funkci uzitecna
Derived d;

d.f(); // vola Derived::f i kdyby nebyla virtudlni

Base b = d; // konverze zplsobuje slicing = kopie ¢asti objektu
b.f(); // vola Base::f ikdyz je virtudlni

= Slicing je specifikum jazyka C++



Nazvoslovi

»Abstraktni trida

= Definice v C++: Tfida obsahujici alespon jednu Cisté virtualni funkci
= Nasledkem toho nesmi byt samostatné instanciovana

class Base {
//...
virtual void f() = 0;
}s
= Bézna definice: Trida, ktera sama nebude instanciovana

= Predstavuje rozhrani, které maiji z ni odvozené tridy (potomci) implementovat

»Konkrétni trida
= Trida, uréena k samostatné instanciaci

= Implementuje rozhrani, predepsané abstraktni tfidou, ze které je odvozena



Dédicnost a destruktor

class Base {

public:
virtual ~Base() noexcept {}
/!l ...

};5

class Derived : public Base {
public:

/]l ...
}s5

{

Base * p = new Derived;

// ...
delete p;

std: :unique_ptr<Base> p =
std: :make_unique< Derived>();

/...

// destruktor unique_ptr vola delete

= Pokud je objekt destruovan
operatorem delete aplikovanym na
ukazatel na predka, musi byt
destruktor v tomto predku
deklarovan jako virtualni

» Odvozené pravidlo:
= Kazdd abstraktni tfida ma mit
virtualni destruktor
= Je tozadarmo
= MauazZe se to hodit



» Mechanismus dédic¢nosti v C++ je velmi silny
= Byva pouzivan i pro nevhodné ucely
» ldealni pouziti dédicnosti je pouze toto
= |SA hierarchie (typicky pro objekty s vlastni identitou)
- Zivotich-Obratlovec-Savec-Pes-Jezev¢ik
= Objekt-Viditelny-Editovatelny-Polygon-Ctverec
= Vztah interface-implementace
= Readable-InputFile

= Writable-OutputFile
» (Readable+Writable)-IOFile



» ISA hierarchie

= C++: Jednoducha nevirtualni verejna dédicnost
class Derived : public Base

= Abstraktni tridy nékdy obsahuji datové polozky

» Vztah interface-implementace
= C++: Nasobna virtualni verejna dédic¢nost
class Derived : virtual public Basel,
virtual public Base2

= Abstraktni tridy obvykle neobsahuji datové polozky
= Interface nebyvaji vyuzivany k destrukci objektu

= Oba pristupy se ¢asto kombinuiji
class Derived : public Base,

virtual public Interfacel,

virtual public Interface2



» Idealni pouziti dédi¢nosti je pouze toto
= |ISA hierarchie (typicky pro objekty s vlastni identitou)
= Vztah interface-implementace
» Jina pouziti dédicnosti obvykle signalizuji chybu v navrhu
= Vyjimky samozrejmé existuiji (traits...)
= Specidlné, dédi¢nost neni spravnym nastrojem pro reusabilitu kodu
= D0vod nevhodnosti: automatické konverze
void f(container & k) { /* ... */ }

class improved_container : public container { /* some improvement */ };
improved_container ik;
f(ik); // wrong: f will bypass the improvement (unless everything is virtual)

= Spravné reseni je datova polozka

class improved_container {
/* proxy methods and some improvement */

private: constainer m_;

}s



Nespravneé uziti dédicnosti

» Nespravné uziti dédicnosti €. 1

class Real { public: double Re; };

class Complex : public Real { public: double Im; };

= Porusuje pravidlo "kazdy potomek ma vSechny vlastnosti predka"
= napf. pro vlastnost "ma nulovou imaginarni slozku"
= Ddsledek - slicing:

double abs( const Real & p) { return p.Re > @ ? p.Re : - p.Re; }
Complex Xx;
double a = abs( x); // tento kod LZE prelozit, a to je Spatné

= DUvod: Referenci na potomka lze pfriradit do reference na predka
» Complex => Complex & => Real & => const Real &



Nespravneé uziti dédicnosti

» Nespravné uziti dédi¢nosti €. 2

class Complex { public: double Re, Im; };

class Real : public Complex { public: Real( double r); };

= Vypada jako korektni specializace:
"kazdé realné Cislo ma vSechny vlastnosti komplexniho Cisla"

= Chyba: Objekty v C++ nejsou hodnoty v matematice

= Trida Complex ma vlastnost "lze do mne priradit Complex"
= Tuto vlastnost tfida Real logicky nema mit, s touto dédi¢nosti ji mit bude

void set_to _i( Complex & p) { p.Re = @; p.Im = 1; }

Real x;
set_to _i( x); // tento koéd LZE prelozit, a to je Spatné

= Duvod: Referenci na potomka lze prifadit do reference na predka
= Real => Real & => Complex &



Specialniimetody: trid



Konstruktory a destruktory

» Konstruktor tridy T je metoda se jménem T
= Typ navratové hodnoty se neurcuje
= Konstruktorl muze byt vice, liSi se parametry
= Nesmi byt virtuadlni
= Konstruktor je volan vzdy, kdyzZ vznika objekt typu T
= Parametry se zadavaji pri vzniku objektu
» Neékteré z konstruktord maji specialni vyznam

« Neékteré z konstruktorl mliZze generovat sdm kompilator

= Konstruktor nelze vyvolat pfimo, pouze pomoci placement-new

new(p) T(/*...*/); '

» Destruktor tfidy je metoda se jménem ~T
= Nesmi mit parametry ani navratovou hodnotu
=  MdzZe byt virtudlni
= Destruktor je volan vzdy, kdyz zanika objekt typu T
» Destruktor muze generovat sam kompildtor
= Destruktor Ize vyvolat primo pouze specialni syntaxi '
p->T::~T();



Specialni metody trid

» Konstruktor bez parametrt (default constructor)
T(O);

= Pouzivan u proménnych bez inicializace
= Kompilator se jej pokusi vygenerovat, je-li to tfeba a pokud tfida nema viibec zddny
konstruktor:
= Polozky, které nejsou tridami, nejsou generovanym konstruktorem inicializovany
= Generovany konstruktor vola konstruktor bez parametr(i na vSechny predky a polozky
= To nemusi jit napr. pro neexistenci takového konstruktoru
» Destruktor

~T() noexcept;
= PouzZivan pri zaniku objektu
= Kompildtor se jej pokusi vygenerovat, je-li to treba a tfida jej nema

= Pokud je objekt destruovan operatorem delete aplikovanym na ukazatel na predka,
musi byt destruktor v tomto predku deklarovan jako virtualni

virtual ~T() noexcept;



» Prekladacem definované chovani (default)
= Copy constructor
T( const T & x) = default;
= aplikuje copy constructor na slozky
= Move constructor
T( T & x) noexcept = default;
= aplikuje move constructor na slozky
= Copy assignment operator
T & operator=( const T & x) = default;
= aplikuje copy assignment operator na slozky
= Move assignment operator
T & operator=( T & & x) noexcept = default;

= aplikuje move assignment operator na slozky

= default umoznuje vynutit defaultni chovani



» Podminky automatického defaultu

» Copy constructor/assignment operator
= pokud neni explicitné deklarovan move constructor ani assignment operator

= budouci normy pravdépodobné zakazou automaticky default i v pfipadé pritomnosti
druhé copy metody nebo destruktoru

» Move constructor/assignment operator

= pokud neni deklarovana zadna ze 4 copy/move metod ani destruktor



Konverze



Specialni metody trid

» Konverzni konstruktory
class T {

T( U x);
}s5
= Zobecnéni kopirovaciho konstruktoru
= Definuje uzivatelskou konverzitypu U na T
= Je-li tento specialni efekt nezadouci, Ize jej zrusit:
explicit T( U v);

» Konverzni operatory
class T {

operator U() const;
};
= Definuje uzivatelskou konverzi typu T na U
= Vracityp U hodnotou (tedy s pouZzitim kopirovaciho konstruktoru U, pokud je U trida)

» Kompilator vidy pouzZije nejvyse jednu uzivatelskou konverzi
= V kombinaci s vestavénymi konverzemi



Pretypovani

» Ruzné varianty syntaxe
» C-style cast
(T)e
= Prevzatoz C
» Function-style cast
T(e)
= Ekvivalentni (T)e
= T musi byt syntakticky identifikator nebo klicové slovo oznacujici typ

» Type conversion operators
= Pro odliseni ucelu (sily a nebezpecnosti) pretypovani:
const_cast<T>(e)

static_cast<T>(e)

reinterpret_cast<T>(e)

= Novinka - pretypovani s béhovou kontrolou:

dynamic_cast<T>(e)



Pretypovani

const_cast<T>(e)

» Potlaceni konstantnosti
» constU&=>U&
= constU *=>U*

» Obvykle Ize nahradit specifikatorem mutable
= PF¥iklad: Cita¢ odkaz(i na logicky konstantni objekt

class Data {

public:
void register_pointer() const
{ references++; }

private:
/*¥ ... data ... */

mutable int references;

}s



Pretypovani

static_cast<T>(e)

»Umoznuje
» VSechny implicitni konverze

Bezztratové i ztratové aritmetické konverze (int <=> double apod.)
Konverze pridavajici modifikatory const a volatile

Konverze ukazatele na void *

Konverze odkazu na odvozenou tfidu na odkaz na predka:

» Derived & => Base &

» Derived * => Base *

Aplikace copy-constructoru; v kombinaci s implicitni konverzi téz:
» Derived => Base (slicing: okopirovani ¢asti objektu)
Aplikace libovolného konstruktoru T::T s jednim parametrem

= Uzivatelska konverze libovolného typu na tridu T
Aplikace konverzniho operatoru: operator T()

» Uzivatelska konverze néjaké tridy na libovolny typ T



Pretypovani

static_cast<T>(e)

»Umoznuje

4
4

Vsechny implicitni konverze

Konverze na void - zahozeni hodnoty vyrazu

= PouzZiva se v makrech a podminénych vyrazech

Konverze odkazu na predka na odkaz na odvozenou tridu
= Base & => Derived &
= Base * => Derived *

= Pokud objekt, na néjz konvertovany odkaz ukazuje, neni typu Derived Ci z néj
odvozeny, je vysledek nedefinovany

» K chybé obvykle dojde pozdéji!
Konverze celého cCisla na vycCtovy typ

= Pokud hodnota cCisla neodpovida zadné vyctové konstanté, vysledek je nedefinovany

Konverze void * na libovolny ukazatel



Pretypovani

reinterpret_cast<T>(e)

» Umoznuje
Konverze ukazatele na dostatecné velké celé Cislo
Konverze celého Cisla na ukazatel

>

4

» Konverze mezi riznymi ukazateli na funkce
4

Konverze odkazu na odkaz na libovolny jiny typ
U*=>V*
U&=>U&
= Neuvazuje pribuzenské vztahy trid, neopravuje hodnoty ukazatelt

» VetsSina pouziti je zavisla na platformé
= Priklad: Pristup k realné proménné po bajtech

= Typické pouziti: Cteni a zapis binarnich soubord
void put_double( std::ostream & o, const double & d)

{ o.write( reinterpret_cast< char *>( & d), sizeof( double)); }

Obsah souboru je neprenositelny



Pretypovani

dynamic_cast<T>(e)

»Umoznuje

» Konverze odkazu na odvozenou tridu na odkaz na predka:
= Derived & => Base &
« Derived * => Base *

= Implicitni konverze, chova se stejné jako static_cast

» Konverze odkazu na predka na odkaz na odvozenou tridu
» Base & => Derived &
= Base * => Derived *

= Podminka: Base musi obsahovat alespon jednu virtualni funkci

= Pokud konvertovany odkaz neodkazuje na objekt typu Derived nebo z néj odvozeny,
je chovani definovano takto:

« Konverze ukazatell vraci nulovy ukazatel
» Konverze referenci vyvolava vyjimku std::bad_cast

= Umoznuje pretypovaniiv pripadé virtualni dédicnosti



Pretypovani

dynamic_cast<T>(e)

» Nejcastéjsi pouziti
= Konverze odkazu na predka na odkaz na odvozenou tridu

class Base { public:
virtual ~Base() noexcept; /* alespon jedna virtudlni funkce */
}s5
class X : public Base { /* ... */
};
class Y : public Base { /* ... */

}s

Base ¥ p = /* ... */;

X * xp = dynamic_cast< X *>( p);
if (xp) {/* ... */}

Y * yp = dynamic_cast< Y *>( p);
if Cyp) {/* ... %}



Sablony



Sablony tfid - definice

» Sablona je genericka tfida parametrizovana libovolnym poétem formalnich
parametrd téchto druh:

celé Cislo — uvnitr Sablony se chova jako konstanta, pouzitelna jako meze poli

ukazatel libovolného typu

libovolny typ — deklarovano zapisem class T nebo typename T, identifikator
formalniho parametru se chova jako identifikator typu, pouzitelny uvnitf Sablony v
libovolné deklaraci

Sablona tridy s definovanymi formalnimi parametry

seznam typ0 ("variadic template")

» Prefix definice Sablony

template< formdlni-parametry>

= |ze pouzit pred nékolika formami deklaraci; oblasti platnosti formalnich parametr( je

cela prefixovana deklarace



Templates

» Template
= a generic piece of code
= parameterized by types and integer constants

» Class templates
= Global classes

= Classes nested in other classes, including class templates
template< typename T, std::size_t N>

class array { /*...*/ };

» Function templates
= Global functions

= Member functions, including constructors
template< typename T>

inline Tmax( T x, Ty) { /*...*/ }
» Type templates [C++11]
template< typename T>

using array3 = std::array< T, 3>;



Templates

» Template instantiation
= Using the template with particular type and constant parameters

= Class and type templates: parameters specified explicitly

std::array< int, 10> x;

= Function templates: parameters specified explicitly or implicitly
= Implicitly - derived by compiler from the types of value arguments

int a, b, c;

a = max( b, c); // calls max< int>
= Explicitly
a = max< double>( b, 3,14);

= Mixed: Some (initial) arguments explicitly, the rest implicitly

array< int, 5> v;

x = get< 3>( v); // calls get< 3, array< int, 5>>



Templates

» Multiple templates with the same name

» Class and type templates:
= one "master" template

template< typename T> class vector {/*...*/};

= any number of specializations which override the master template
= partial specialization
template< typename T, std::size_t n> class unique_ptr< T [n]> {/*...*/};

= explicit specialization

template<> class vector< bool> {/*...*/};

» Function templates:
= any number of templates with the same name

= shared with non-templated functions



Writing templates

» Compiler needs hints from the programmer

» Dependent names have unknown meaning/contents
template< typename T> class X

{

= type names must be explicitly designated

using U = typename T::B;

typename U::D p; // U is also a dependent name
using Q = typename Y<T>::C;

void f() { T::D(); } // T::D is not a type

= explicit template instantiations must be explicitly designated
bool g() { return @ < T::template h<int>(); }

= members inherited from dependent classes must be explicitly designated
template< typename T> class X : public T

{
const int K = T::B + 1; // B is not directly visible although inherited

void f() { return this->a; }



Sablony funkci

= Pod stejnym identifikatorem mUze byt deklarovano nékolik riiznych sablon funkce a navic
nékolik obyCejnych funkci.
= Obycejné funkce maji prednost pred generickymi

template< class T> Tmax( T a, T b)

{ return a < b ? b : a; };

char * max( char * a, char * b)

{ return strcmp( a, b) <@ ? b : a; };

template< int n, class T> T max( Array< n, T> a)

{/% ... ¥/}

= Priklad ze standardnich knihoven:
template< class T> void swap( T & a, T & b)

{ T tmp(a); a = b; b = tmp; };

» K tomu rada chytrejsich implementaci swap pro nékteré tridy



Sablony — pokro¢ilé konstrukce jazyka

»Parcialni specializace

Deklarovanou Sablonu Ize pro urcité kombinace parametrt predefinovat jinak, nez urcuje
jeji zakladni definice

template< int n> class Array< n, bool>
{/* specializace pro pole typu bool */ };

Krajnim pripadem parcidlni specializace je explicitni specializace
»Explicitni specializace

template<> class Array< 32, bool> {/* ... */ };
U Sablon funkci nahrazena obycejnou funkci

»Explicitni instanciace
Prekladac je mozné donutit ke kompletni instanciaci Sablony

template class Array< 128, char>;



Variadic templates




Sablony s proménlivym poétem parametrd

»Hlavicka Sablony

=s proménlivym poctem typovych argumentu

template< typename ... TList>
classC{/*..*/};

spojmenovany parametr zastupujici seznam typu
=|ze i kombinovat s pevnymi parametry

template< typename T1, int c2, typename ... TList>
classD{/* .. */};

=plati i pro hlavicky parcialnich specializaci

template< typename T1, typename ... TList>
class C< T1, TList ...> {/* ... */ };




Sablony s proménlivym poétem parametrd

template< typename ... TList>

=pojmenovany parametr - seznam typu
=|ze uvnitr Sablony pouzit v téchto konstrukcich:

=vzdy se suffixem ...

«typové argumenty v pouziti (jiné) Sablony
X< TList...>
Y<int, TList ..., double>

»seznam predkl tridy
class E : public TList ...

-deklarace parametrd funkce/metody/konstruktoru
void f( TList ... plist);
double g( int a, double c, TList ... b);

«tim vznika pojmenovany parametr zastupujici seznam hodnot
ke kazdému seznamu hodnot musi byt seznam typu

-nékolik dalSich okrajovych pripadu
«pocet prvkl seznamu
sizeof...(TList)




Sablony s proménlivym poétem parametrd

template< typename ... TList>
void f( TList ... plist);

=pojmenovany parametr - seznam hodnot

=|ze uvnitr funkce poutzit v téchto konstrukcich:
=vzdy se suffixem ...
=hodnotové argumenty ve volani (jiné) funkce/konstruktoru

g( plist ...)
new T( a, plist ..., 7)
Tv(b, plist ..., 8);

sinicializacni sekce konstruktoru
E( TList ... plist)
: TList( plist) ...

-nékolik dalSich ptripadu




Sablony s proménlivym poétem parametrd

template< typename ... TList>
. . . C++11
void f( TList ... plist);

=pfi pouziti je mozno prvky seznamu obalit
=suffix ... slouzi jako kompilacni for_each

=(kazdy) vyskyt ndzvu seznamu je nahrazen jeho i-tym prvkem
=vysledkem je

=seznam typu v parametrech Sablony nebo deklaraci funkce

X< std::pair<int, TList *> ...>
class E : public U< TList> ...
void f( const TList & ... plist);

=seznam vyrazl ve volani funkce/metody/konstruktoru
g( make pair( 1, & plist) ...);
h( static_cast< TList *>( plist) ...);

i( sizeof( TList) ...); // pozor, sizeof...( TList) je néco jiného

=seznam inicializatord v konstruktoru
=dalSi okrajové pripady



Genericka N-tice

template <class ... Types> class tuple {

public:

tuple( const Types & ...); C++11: <utility>

/* black magic */
}s5

template < size_t I, class T>

class tuple_element {
public:
typedef /* black magic */ type;
}s5
template < size_t I, class ... Types>
typename tuple_element< I, tuple< Types ...> >::type &
get( tuple< Types ...> & t);
= pouziti
typedef tuple< int, double, int> my_tuple;
typedef typename tuple_element< 1, my_tuple>::type alias_to_double;

my_tuple t1( 1, 2.3, 4);
double v = get< 1>( t1);



Programming languages and compilers
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Human-readable and machine-readable code

» Human-readable code (C/C++) » The role of the compiler
=b - c;
: ) = Allocate space for the variables

» Human-readable assembly code a=[rsp+40h], b=[rsp+30h], c=[rsp+38h]

(Intel/AMD x86)

mov eax,dword ptr [b] = Find the declarations of the names
sub eax,dword ptr [c] = Determine their types (32-bit int)
mov dword ptr [a],eax = Check applicability of operators

» Less readable assembly code » In C/C++, the result of compilation
mov eax,dword ptr [rsp+36h] is binary code of the target
sub eax,dword ptr [rsp+38h] hardware
mov dword ptr [rsp+40h],eax = Find corresponding instruction(s)

“sub” — integer subtraction

» Human-readable binary code
“dword ptr” - 32-bit

8B 44 24 30

5B 44 24 38 = Allocate registers for temporaries
“eax” - a 32-bit register

89 44 24 40

= ... and many other details
» “Machine readable” binary code Y
» Produce a stand-alone executable

- = Loadable by the operating system

NPRGO041 Programming in C++ - 2019/2020 David Bednarek



Compilation in modern languages

a.java
module a;
b.java
b.class
module b;
requires a;

» Most modern languages compile source code into binary packages

» These packages are also read by the compiler when referenced

» But not in C/C++ (yet)
» Discussed for years, no conclusion reached yet —in C++20 or later

NPRGO041 Programming in C++ - 2019/2020 David Bednarek



Compilation in modern languages

a.java interface interface
o, A
implementation implementation
module a; P P
b.java

interface interface

b.class

module b; implementation
requires a;

implementation

» Why not in C/C++? There are disadvantages:

» When anything inside a.java changes, new timestamp of a.class induces
recompilation of b.java

= Even if the change is not in the public interface
» How do you handle cyclic references?

NPRGO041 Programming in C++ - 2019/2020 David Bednarek



Compilationin C

a.c implementation
a.o
#include “a.h” implementation
a.h
b.c
> b.o

implementation

implementation

#include “a.h”

» In C, the situation was simple
» Interface = function headers in ,header files”
= Typically small
» Implementation = function bodies in “C files”
= Change of a.c does not require recompilation of b.c

NPRGO041 Programming in C++ - 2019/2020 David Bednarek



Compilation in C++

a.cpp implementation
— - a.o
#include “a.hpp” implementation
a.hpp
b.cpp
> b.o

implementation implementation

#include “a.hpp”

» In modern C++, the separate compilation is no longer advantage
» Interface (classes etc.) is often larger than implementation (function bodies)

» Changes often affect the interface, not the body
» The purely textual behavior of #include is anachronism

NPRGO041 Programming in C++ - 2019/2020 David Bednarek



Compilation of generic code in C++

a.hpp

b.cpp

> b.o

implementation

implementation

#include “a.hpp”

» Implementation of generic functions (templates) must be visible
where called

» Explanation later...

» Generic code often comprises of header files only

NPRGO041 Programming in C++ - 2019/2020 David Bednarek



Compilation in C++

a.cpp | Compiler
' suite

Operating
system

#include “a.hpp”

a.hpp

b.cpp

#include “a.hpp”

libl.a

lib2.so

» Object files (.0, .0bj) contain binary code of target platform
» They are incomplete — not executable yet

» Linker/loader merges them together with library code
» Static/dynamic libraries. Details later...

NPRGO041 Programming in C++ - 2019/2020 David Bednarek



Hello, World!
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Hello, World!

#include <iostream>

int main( int argc, char * * argv)

{

std: :cout
<< "Hello, world!"
<< std::endl;

return O;

» Program entry point

= Heritage of the C language

= No classes or Namespaces
= Global function "main"
main function arguments

= Command-line arguments
= Split to pieces

= Archaic data types
= Pointer to pointer to char
= Logically: array of strings

std - standard library namespace
cout - standard output

= global variable

<< - stream output

= overloaded operator

endl - line delimiter

= global function (trick!)



Hello, World!

More than one module
Module interface described in a
file

.hpp - "header" file

The defining and all the using

modules shall "include" the file
Text-based inclusion

// world.hpp
#ifndef WORLD_ HPP_
#define WORLD_HPP_

void world();

#fendif

// main.cpp
#include "world.hpp"

int main( int argc, char * * argv)
{
world() ;

return 0;

// world.cpp
#include "world.hpp"

#include <iostream>

void world ()

{

std: :cout << "Hello, world!'"

<< std::endl;




Hello, World!

// world.hpp
#ifndef WORLD_ HPP_
#define WORLD_HPP_

#include <vector>
#include <string>

using t arg = std::vector< std::string>;
void world( const t_arg & arg);

#tendif

// main.cpp
#include "world.hpp"

int main( int argc, char * * argv)

{
world( t_arg{ argv + 1, argv + argc});
return 0;

// world.cpp
#include "world.hpp"
#include <iostream>

void world( const t_arg & arg)
{

if ( arg.empty() )

{

std: :cout << "Hello, world!"
<< std::endl;




Compilation and linking

NPRGO041 Programming in C++ - 2019/2020 David Bednarek



Single-module programs - static linking

/I ilostream

#include <fstream>
namespace std {
extern ofstream
cout, cerr;

%

lostream.obj

J

msvcrt.lib

/[ myprog.cpp

#include <iostream>

int main()

{

std::cout <<
"Hello, world\n";

}

Compiler |_> myprog.obj

—

Linker |_>

myprog.exe




Multiple-module programs

Library

Iinc:Iude files

User include
Ifiles .hpp

User modules
.Cpp

Compiler

Linker |_>

bk

'|-|_> Compiled
[
[

Library
modules .0Dbj
III
Library dib
.0Dbj Runnable

.exe




Module interfaces and linking

myprog.cpp
#include "bee.hpp"
int main(int,char*¥*)
{
return B( 7);
}

Compiler |—'

myprog.obj

export main (int,argv**)

import B (int)

bee.hpp

#ifndef bee hpp
#define bee hpp
int B( int q);
#endif

bee.cpp

#include "bee.hpp"
int B( int q)
{

return gq+l;

}

Linker

myprog.exe

0000: 01010000 00001100 11010111
1100: 10010110 00100010 10110001

bee.obj

0000: 10010110 00100010 10110001

export B (int)
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.cpp/.hpp - best practices

» .hpp — "header files"

» Protect against repeated inclusion
#ifndef myfile_hpp_

#define myfile_hpp_
/* .. */
#endif

» Use include directive with double-quotes
#include "myfile.hpp"

= Angle-bracket version is dedicated to standard libraries

#include <iostream>

» Use #include only in the beginning of files (after ifndef+define)
» Make header files independent: it must include everything what it needs

» .cpp - "modules”

» Incorporated to the program using a project/makefile
= Never include using #include
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.cpp/.hpp - best practices

» .hpp —"header files"
» Declaration/definitions of types and classes
» Implementation of small functions
= Qutside classes, functions must be marked "inline"

inline int max( int a, int b) { return a > b ? a : b; }

» Headers of large functions
int big_function( int a, int b);

» Extern declarations of global variables
extern int x;
= Consider using singletons instead of global variables
» Any generic code (class/function templates)
= The compiler cannot use the generic code when hiddenin a .cpp

» .cpp - "modules”
» Implementation of large functions
= Including "main"
» Definitions of global variables and static class data members

= May contain initialization
int x = 729;
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Dependences in code

» All identifiers must be declared prior to first use
» Compilers read the code in one pass
» Exception: Member-function bodies are analyzed at the end of the class

= A member function body may use other members declared later
» Generic code involves similar but more elaborate rules
» Cyclic dependences must be broken using declaration + definition
class one; // declaration
class two {
std: :shared_ptr< one> p_;
}s5

class one : public two // definition

{};

» Declared class is of limited use before definition

= Cannot be used as base class, data-member type, in new, sizeof etc.
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VSechno, co jste kdy chtéli védét o Principech pocitacu

(ale bali jste se zeptat)
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Minimal computer = CPU + RAM

» CPU accesses memory using
commands

4
>

Read/Write
Each command transfers a burst of
data from/to memory
= 512 bits in recent DDR4 chips
Address determines which 512-bit
block is accessed
= 16 GB =256M * 512 bit

28 address bits needed for 16 GB

= Memory sizes are marketed in bytes
although there are no byte-size
elements in the hardware

The address space is not necessarily
contiguous

= Other types of memory (or I/0) may
reside there

In reality, things are far more
complicated
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Inside CPU

» CPU can work with elementary data
types
» Integers of various widths
= today: 8, 16, 32, 64 bits
» Floating-point in different formats
= Intel/AMD: 32, 64, 80 bits

» CPU can read/write the elementary
data types

» only at some positions wrt. the 512-bit
memory blocks

» any elementary read/write requires
reading the complete 512-bit block from
the memory
= ortwo blocks if across border

» any elementary write results in writing
the modified 512-bit block (or two) back
to the memory

» cache may reduce the number of block
reads/writes if data in the same block are
accessed

» in cache, blocks are called lines

32-bit
integer
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Inside CPU - addressing

HW Mem Address

offset

addressi 32-bit

integer

CPU can internally read/write the
elementary data types

» the offset inside block is determined
by some lower bits of the address

Address granularity

= how many bits are skipped when
address is incremented by 1

= 1 bit granularity is impractical

» early computers used the size of
their floating-point data type
= often exotic values like 42 bits

» the first C compiler targeted PDP-7
= 18 bit address granularity

» text processing requires addressing
individual characters

= 8 bit address granularity
= first appeared in 1960’s
= other sizes died out in 1980’s
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Inside CPU — 8-bit address granularity

32-bit
integer

L T T T " T """

» 8 bit address granularity

» no way to directly address bits

= difficult implementation of bit
arrays

= no pointers/references to bits
» most elementary data types span

several bytes — order must be
defined

= Intel/AMD: little-endian — lower bits
at lower addresses

= software can see the order when
accessing memory by bytes

» order of bits inside a byte is
irrelevant

= software cannot see where bits are
stored in the memory
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Inside CPU — alighnment

Block Address

= =
offset in bytes

addressi 32-bit

integer

» CPU can read/write the

elementary data types

» only at some addresses wrt. the
64-byte memory blocks

» aligned addresses: offset is a
multiple of data type size

= CPU contains hardware for quick
access to these positions

» unaligned addresses

= |ntel/AMD: access is possible at any
byte-granular address but slower
(emulated by hardware)

= some platforms cannot access
unaligned data at all (fault)
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Data in memory — arrays and structures

» The memory does NOT store any type
information

0| 8-bit
1| 8-bit
2| 8-bit
3| 8-hbit
4| 8-bit
5| 8-bit
6| 8-bit
7| 8-bit

12| 8-bit
13} 8-bit
14| 8-bit
15| 8-bit

17| 8-bit
19} 8-bit

» Memory is just an array of bits
— addressable at 8-bit boundaries

0116-bit
2|16-bit
4116-bit
616-bit

12 116-bit
14 {16-bit

: instruction which accesses the data
» Only elementary types supported

g » The type is determined from the

32-bit 32-bit
int int

32-bit 32-bit
int int

» The compiler generates instructions

8
12

o - with the required elementary type
» Language rules try to maintain type

64-bit int

64-bit int

safety
= access type is derived from the type of the

variable
= data are read with the same elementary

64-bit FP

64-bit FP

type as they were written
» Low-level languages allow breaching of

0

the type safety
= when overridden using type cast

bit
16-bit

64-bit FP

= when something wrong happens
array overflows

4116-bit

St v

(o0}

space for alignment

) = access into deallocated data
i
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Data in memory — arrays and structures in C++

space for alignment

= elelelel el el el 2l 2l 2l 2l 2l el 2l 2l el =]
JIN =] =l K] R=] o] K] Bo] et K] Re] et K] Ro] e K] Ro] et K] Re] =
0000000000000000%0000000000%0000%0006
T O A NN TN ONNONO ATNNTINOMN®D O
o I e R o B o O IO IO IO I o R |
B[O] B[9]
Te T2 T=2T= == T=T=T=7T=71"
B 2|l |2 |a |2 |2 |2 |2 |2 |2
o ||l |l |l |l |l |l |l |O©
__ — — — — — i i — — i _
O N < ©W W O N < W ©
— — — — —
c[o] C[4]
C 32-bit 32-bit 32-bit 32-bit 32-bit
int int int int int
o < 00 ~ © -
— —
D[O] D[1]
D 64-bit int 64-bit int
--L= e
E[Q] E[1]
E 64-bit FP 64-bit FP
- —
F.U F.Vv F.X F.W F.Y
- 13l 13|13 64-bit FP 32-bit
o |8 |8 int
OTN < 1\w ©

» Arrays
» N elements of the same type

std::int8_t A[20];

std::intl6_t B[10];
std::int32_t C[5];
std::int64_t D[2];

double E[2];

» Structures

» Several elements of different types
= may contain gaps for alignment

struct S {
std::int8_t U;
std::intl6_t V;
double W;
std::intl6_t X;
std::int32_t Y;

}s

S F;
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Signed integer types — names in C/C++

Signed integer types Not guaranteed to Not guaranteed to x86 (32-bit) x64 (64-bit)
exist (on exotic exactly match (on
Number of bits architectures) exotic architectures) MS Visual C++ GNU C++
8 std::int8_t std::int_least8_t signed char
° - = - std::int_fast8_t
16 std::intl6_t std::int_leastl6_t [signed] short [int]
[signed] int
[signed] long [int]
32 std::int32_t std::int_least32_t std::int_fastl6_t
std::int_fast32_t
std: :ptrdiff_t
[signed] long long [int]
std::int_fast64_t
[signed] long [int]
ESZl std::int64_t std::int_least64_t std::int_fastle_t
std::int_fast32_t
std: :ptrdiff_t

» Built-in types are denoted using a sequence of keywords
» [some keywords are optional]
» Library types are denoted using an identifier

» C: #include <stdint.h>
» C++: #Hinclude <cstdint> and use namespace prefix std::
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Signed integer types — names in C/C++

Signed integer types Not guaranteed to Not guaranteed to x86 (32-bit) x64 (64-bit)
exist (on exotic exactly match (on
Number of bits architectures) exotic architectures) MS Visual C++ GNU C++
s s signed char
8 std::int8_t std::int_least8_t std::int fasts_t
16 std::intl6_t std::int_leastl6_t [signed] short [int]
[signed] int
[signed] long [int]
32 std::int32_t std::int_least32_t std::int_fastl6_t
std::int_fast32_t
std: :ptrdiff_t
[signed] long long [int]
std::int_fast64_t
[signed] long [int]
64 std::int64_t std::int_least64_t std::int_fastl6_t
std::int_fast32_t
std: :ptrdiff_t
» char/short/int/long/long long — size depends on architecture and compiler
» std::int{N} t has exactly N bits (not guaranteed to exist)
» std::int_least{N} tisthe smallest type that has at least N bits
» std::int_fast{N} tis the fastest type that has at least N bits
» std::ptrdiff t has enough bits to store indexes to any array that fits in memory
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Unsigned integer types — names in C/C++

Unsigned integer . .
gt e 8 Not guaranteed to Not guaranteed to x86 (32-bit) x64 (64-bit)
y exist (on exotic exactly match (on
Number of bits architectures) exotic architectures) MS Visual C++ GNU C++
8 std::uint8_t std::uint_least8_t unsigned char
o - o - - std::uint_fast8_t
16 std::uintl6_t std::uint_leastl6_t unsigned short [int]
unsigned [int]
unsigned long [int]
32 std::uint32_t std::uint_least32_t std::uint_fastl6_t
std::uint_fast32_t
std::size_t
unsigned long long [int]
std::uint_fast64_t
unsigned long [int]
64 std::uint64_t std::uint_least64 t std::uint_fastl6_t
std::uint_fast32_t
std::size_t

» All integer types have unsigned versions
» Use the unsigned keyword for built-in types

» Use uint instead of int in library names

» Usesize tinstead of ptrdiff t
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Signed vs. unsigned

» Range of n-bit integer types
» signed:-2(m1)  2(n-1).7
» unsigned: 0..2"-1

» Arrays are always indexed as 0 .. S-1

= The unsigned type std::size_t is large enough for all in-memory arrays and containers

» Do we really need signed integer types?
» Is there a real-world situation where numbers are negative but not fractional?
= Floor numbers? But which one is “1”?
» There are few in engineering: Number of steps to rotate a servomotor...
» There is one important case in programming: Difference of two indexes

delta = indexl - index2;

= Although indexes are usually unsigned, the difference may be negative
In C/C++, we may also compute difference of two pointers (or iterators)
char * ptrl = /*...*/; char * ptr2 = /*...*/; delta = ptrl - ptr2;

= Declare the variable delta as std::ptrdiff_t in both cases
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Which integer type?

» If the values are often passed to or returned from a library

» use the same type as the library uses

= Example: File sizes may not fit in std::size_t in a 32-bit program. Use the type returned from the function you use to
measure the file size.

= Example: Intel MKL (Math Kernel Library) can do matrix operations. The sizes of the matrices are passed as type
MKL_INT. If you frequently call MKL functions, use MKL_INT for variables holding matrix sizes. If you use std::size_t (as
recommended in general), compilers may issue warnings on every MKL call.

» if the data have to match a predefined binary format
» e.g.in a binary file or a network packet
= Note: you will likely need a type cast (reinterpret_cast) when reading/writing/sending/receiving the binary data
» use std::[u]int{N} t
= these types do not exist on exotic platforms — but the required file/network library will likely be missing too
» if you need to save space
» and you are sure about the range of data for any foreseeable future
=  “640KB ought to be enough for anybody”
» use std::[u]int_least{N} t
= use the corresponding std::[u]int_fast{N} t for local variables if you perform non-trivial math on them
» if differences are stored in the variable
» use std::ptrdiff_t

» otherwise
» your variables will likely serve as indexes or sizes of arrays/containers
» usestd:size_t
= it will scale down if you compile for a 32-bit platform
= it will automatically scale up if you ever have more than 16 exabytes of memory

» Note: Use of built-in types (int) is recommended only if forced by someone else’s mistake.
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Floating point types

Nmz;;‘l’\;g')ts GNU C++
float 32
double 64
long double 128 (due to alighment)

» Floating-point type names have only keyword forms

» Format of floating-point types is not defined by the C++ standard
» Most implementations use IEEE-754 for float and double
» May support special values
= infinity
= NaN (not-a-number)
» Standard library template std::numeric_limits reports the properties of integer and floating
point types
» Compile-time system (a.k.a. traits) — may return compile-time constants
#include <limits>
static constexpr bool INF = std::numeric_limits<float>::has_infinity;
static constexpr int M = std::numeric_limits<float>::max_exponenti9;

static_assert( INF & M >= 38, "At least IEEE-754 required");

= static_assert triggers compile-time error if the condition is false
the condition must be compile-time constant (constexpr)
static constexpr float INFTY = std::numeric_limits<float>::infinity();
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Enumeration types

» Enumeration declaration declares
» anew type (optional)
» aset of constants (optional)
= by default, value is previous_constant+1 (0 if no previous)
» Unscoped enumeration [enum]
» constants are directly visible
» implicitly convertible to integral types

» Scoped enumeration [enum class]
» constants must be accessed by qualified name enum_type::enum_constant
» no implicit conversions (but may be converted using a type cast)
» Underlying type
= implementation-defined size (large enough to fit all named constants)
enum Foo { a, b, c =10, d, e =1, f, g = f + c }; // unscoped, a =0, b =1, d =11, f = 2, g = 12

= explicitly defined underlying type (enforces unsignedness and small size)
enum class Bar : std::uint_least8 t { max = 255, min = @ }; // scoped, Bar::max, Bar::min

» Extreme cases
= declaring constants
enum { N = 100 };
no-longer in use — constexpr is preferred (allows specifying type)

static constexpr std::size_t N = 100;

= anew elementary type, formally different from the original
enum class another_int : int;
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Boolean

» bool

» false, true
= implicit conversion to integer types produces 0, 1
» implicit conversion from numeric, unscoped enumeration, and pointer types
= produces true if non-zero (non-null)
= this conversion may be enforced using double negation (!! e)
= many library-defined types allow such conversion too

std::ifstream F( "file.txt"); bool success = F;
» produced by relational operators ==, I=, <, <=, >, >=

» consumed by conditional expression (?:), Boolean AND (&&), Boolean OR (| |)

= short-circuit evaluation
while ( p & p->v != x ) p = p->next;
= p->vis not evaluated if p is nullptr
= never use bitwise AND (&), bitwise OR (|) on bool
» consumed by if, while, for

» occupies a byte = 8 bits (except exotic hardware)
= vector<bool> uses 1 bit per element
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Character types — names in C/C++

Encoding supported GNU C++
7-bit ASCII
8-bit code page char
(UTF-8)
ucs-2
harlée t
(UTF-16) cnarte-
UCS-4 = UTF-32 char32_t wchar_t
» All character type names are keywords
» The type does not imply the character encoding used
» Character types support integer arithmetic operations directly
char ch = /* ... */; if ( ch >= '0' & ch <= '9"'" ) { std::int_least8_t value = ch - '@'; /* ... */ }

» Formally distinct but compatible with integer types
» Beware: Implementation-defined signedness
» Beware: Comparison is binary, not alphabetic

» Fixed-length encodings

» one character encoded by one element of the corresponding datatype
= char: 7/8-bit encoding; code page is implementation-defined
= charl6_t: UCS-2 encoding of a subset of Unicode
= char32_t: UTF-32 (equivalent to UCS-4) encoding of Unicode

» Variable-length encodings

» one character encoded by one or more elements of the corresponding datatype
= char: UTF-8 encoding of Unicode
= charl6_t: UTF-16 encoding of Unicode

» the only operations supported by C++ standard are conversions to/from fixed-length encodings
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String types in C/C++

Encoding supported C/C++ C++
7-bit ASCII char[N]
8-bit code page const char* % std::string
(UTF-8) char*
. charl6_t[N]
UUTCFSlzG const charl6_t* std::ul6string
(UTF-16) charilé_t*
char32_t[N]
UCS-4 = UTF-32 const char32_t* % std::u32string
char32_t*
implementation defined e E ]I
. const wchar_t* % std: :wstring
(16/32 bit) wehar £

» String types are not elementary types
» Anillusion created by conventions, the compiler and/or the standard library

» Crepresentation: string is an array of characters
» String length indicated by terminating zero
= char[10] supports up to 9 characters only
» Passed to functions as a pointer to the first element (C/C++ rule for all naked arrays)
= the pointer does not indicate the size of the underlying memory buffer %

» *NEVER* TRY TO ASSIGN/EXTEND/CONCATENATE STRINGS
IN ANY OF THEIR C-REPRESENTATIONS, REALLY *NEVER*
= Those who tried are responsible for a majority of bugs, crashes, exploits, million dollar losses, ...
= Consequence: Never use pure C for anything that works with strings

» Reading C-style strings is safe
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String types in C/C++

Encoding supported C/C++ C++ literals
7-bit ASCII char[N] "Hello, ASCII!"
8-bit code page const char* % std::string "Cau, cp-1250?"
(UTF-8) char* u8"TschiR, UTF-8!"
) charl6_t[N]
UCs-2 const charl6_t* % std::uléstring u"Tschill, UTF-16!"
(UTF-16) %
charlé_t
char32_t[N]
UCS-4 = UTF-32 const char32_t* & std::u32string U"TschiiB, UTF-321"
char32_t*
implementation defined el L]
. const wchar_t* & std: :wstring L"TschuB, was?"
(16/32 bit) wehar £

» C++ representation: string is a standard library container

Similar to std::vector

Works as value type — deep copying

Dynamically allocated - supports assighment/extension/concatenation safely
Terminating zero is not visible, not included in size()

Implicit conversion from C-style strings

c_str(): Explicit conversion to read-only C-style string

» Rather unusable for variable-length encodings

» String constants are represented by read-only character arrays (as in C)
» When passed further as C++ string, dynamic allocation and copying occurs

v Vv Vv VvV Vv Vv
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String types in C/C++

Encoding supported C/C++ C++ C++17 ,readonly string”
7-bit ASCII char[N]
8-bit code page const char* % std::string std::string_view
(UTF-8) char*
) charl6_t[N]
Ucs-2 const charl6_t* % std::uléstring std::ul6bstring view
(UTF-16) «
charlé_t
char32_t[N]
UCS-4 = UTF-32 const char32_t* & std::u32string std::u32string view
char32_t*
. . . wchar_t[N]
|mplementat|or‘1 sl const wchar_t* & std: :wstring std::wstring_view
(16/32 bit) wehar £

» string_view is a reference to the contents of a std::string or a C-string
» Does not participate in ownership
» Does not prevent destruction/modification of the string referred to

» Passing strings into functions

» Before C++17 — pass std::string by reference

void f( const std::string & s);

» After C++17 — pass std::string_view by value

void f( std::string _view s);

= Advantage: Does not involve copying if the actual argument is a C-string (e.g. a literal)
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String types in C/C++

Encoding supported C/C++ C++ C++17 ,readonly string”
7-bit ASCII char[N]
8-bit code page const char* é;% std::string std::string_view
(UTF-8) char*
UCS-2 charl6_t[N]
UTE-16 const charlé_t* std: :ul6string std::uléstring view
(UTF-16) charle_t*
char32_t[N]
UCS-4 = UTF-32 const char32_t* é;% std::u32string std::u32string view
char32_t*
. . . wchar_t[N]
lmplementatlor? defined const wchar_t* % std::wstring std: :wstring_view
(16/32 bit) wehar £

» string_view is a reference to the contents of a std::string or a C-string

» Does not participate in ownership — does not prevent destruction/modification of the string referred to
» Returning strings from functions

» If the function computes the return value — ALWAYS return std::string BY VALUE

std::string f() { return “Hello ” + name; }

» If the function returns a reference to a string stored elsewhere

= to allow modification - return std::string by reference

std::string & f() { return object->name_; }

= for read-only access - return std::string by const reference

const std::string & f() { return object->name_; }

= C++17 - for TEMPORARY read-only access — return std::string_view by value

std::string_view f() { return object->name_; }
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Returning references — FATAL MISTAKES

std::string & g() std::string_view g() const char * g()

{ { {

std::string local = “Hello”; std::string local = “Hello”; std::string local = “Hello”;

return local; return local; return local.c_str();

const std::string & g()

{
return “Hello”;
}
std::string global = “bflm”; » This is correct: » Thisis correct:
const std::string & g() std::string_view g() const char * g()
{ { {
return global + “.txt”; std::string_view local = “Hello”; const char * local = “Hello”;
} return local; return local;
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Passing references as arguments — the broken cases

std::vector< std::string> std::string std::string
global_v = { “Hello” }; global_s = “Hello”; global_s = “Hello”;
void g() void g() void g()
{ { {
f(global_v[0]); f(global_s); f(global_s.c_str());
} } }
void f( const std::string & s) void f( std::string_view s) void f( const char * s)
{ { {
std::cout << s; // OK std::cout << s; // OK std::cout << s; // OK
global_v.clear(); global_s = “Welcome™; global_s = “Welcome”;
std::cout << s; // CRASH std::cout << s; // CRASH std::cout << s; // CRASH
} } }
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Returning references — the broken cases

std::vector< std::string> std::string std::string
global_v = { “Hello” }; global_s = “Hello”; global_s = “Hello”;
std::string & g() std::string_view g() const char * g()
{ { {
return global_v[0]; return global_s; return global_s.c_str();
} } }
void () void f() void f()
{ { {
std::string & s = g(); std::string_view s = g(); const char * s = g();
std::cout << s; // OK std::cout << s; // OK std::cout << s; // OK
global_v.clear(); global_s = “Welcome™; global_s = “Welcome”;
std::cout << s; // CRASH std::cout << s; // CRASH std::cout << s; // CRASH
} } }

NPRGO041 Programming in C++ - 2019/2020 David Bednarek



Returning references — the broken cases without global variables

class C blic: class C ublic: . .
£ publi te » There is no bad code in
std::string & get_s() { std::string_view get_s() { the ClaSS C
return m_v[0]; return m_s; . .
4 Returnlng references is
¥ } dangerous...
void clear() { void set_s( std::string_view p) { S but speed matters
m_v.clear(); m.s = p;
} } ..
» The bad code isin f()
private: private: .
» Storing a reference for
std::vector< std::string> std::string m_s = “Hello”; some (Iong) time
m_v = { “Hello” }; b = inthe variable s
b5 void £() { » ...may be acceptable...
void f() { C obj; » speed matters
C obj; std::string_view s = obj.get_s(); » ... but must be verified
std::string & s = obj.get_s(); std::cout << s; // OK = avoid any changes in the
std::cout << s; // OK obj.set_s( “Welcome”); same object
obj.clear(); std::cout << s: // CRASH = you never know what the
’ ’ N ’ methods really do
std::cout << s; // CRASH }
}
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VSechno, co jste kdy chtéli védét o Principech pocitacu

(Cast 2 - adresy)
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Inside CPU — registers

» Registers

» Fastest storage available
= register access: < 1 clock

= memory (cache hit): ~ 4 clocks

= memory (cache miss): ~ 120 clocks
\ » Intel/AMD (64-bit):
1
! = 15 64-bit integer registers
: « 32/16/8-bit parts accessible
i = 8 80-bit FP registers
: » 16 256-bit vector registers [AVX2]
I . . .
i » A typical instruction may access
] = 1to 3 registers
:
|
|
|
|
|
|
|
|
|
|
]
7

HW Mem Address

offset in bytes

= at most 1 memory position

address:

» Names (humbers) of registers
encoded in instruction code

= No indirect access possible

| 64-bit

i register

» Special registers
/ = Instruction pointer [AMDG64: RIP]
= Stack pointer [AMDG64: RSP]
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Inside CPU — drawing conventions

» Drawing conventions

» Numbers are always written with
most-significant-bit on the left

= Convention since ~ 4t century BC
(for Indian decimal numerals)

= Read by humans starting with MSB -
big-endian — consistent with left-to-
right writing order

= Registers are drawn in this order
» Memory is usually drawn with
lower addresses on the left

= Derived from left-to-right writing
order

addressy » In little-endian architectures,
memory and register contents are
drawn in opposite orders of bytes

i reg-ister = 4567 89 AB in register
rooo = AB 89 67 45 in memory
= 0x456789AB in C/C++ code

HW Mem Address
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Example — A Little-Endian CPU in a debugger
39] test5 (Debugging) - Microsoft Visual Studio ﬂj Quick Launch (Ctrl+C P - B8 x

FILE EDNT  VIEW  PRQJECT BUILD DEBUG  TEAM  TOOLS  TEST David Bednarek -~ DB
RTOOLS ANALYZE WINDOW  HELP
G - ";..—| H H“ : u D 2 f : =
Process: [104234] test5.exe - :
L
2 testl.cpp -
E‘ [ tests - (Global Scope) = @ main(int argc, char ** argv) -
m E —-lint main{ int argc, char * * argv) =
]
5 . { -
m 6 ::int32_t a[l1@] = { @xl12345678, @x456730AE, Gx88808001 };
~ 7 ::int32 t x = a[l]; |
& 8
;:. @ 9 return x;
3 18 3
=
11 -
100 % = A 2
Memory 1 * I X Registers * QX
Address: 0xDDD0D0826C3DFCES RN RAX = ENMNNNNMLSGFESAR -~
e REX = G0900000BB000000
» __:_:::__ V8 56 34 12 ab B9 67 45 xV4.u.gE & RCK = POPBERRARROREARE
2ECSDFC70 Bl 00 0o @0 @0 60 @0 B0 ........ RDX = @@@8e22282857BCO
e N NCLLLLLEL RSI = PAGBRORRABEOBEOE
“BLSDFCEE B0 @0 0O 06 08 60 @8 80 ........ RDI - PEAEEBS26C3IDFCOO
25CSDRCES @0 @0 00 oo @0 @0 o0 28 ........ RE = BAEEE2228285EESM
26C3DFC CC CC €C €C ¢c cC ©c cc IITITIII hg - GABB7FFO1ARLI7E30
BxBaaaaas826C30DFC98 CC CC €C CC CC CC CC CC ;;;;IIII R1G - ARGRRAAGARRREARA
cc ¢c c¢c cc ab 89 67 45 IIII«.gE R11 = BAAEBESIEC3IDEDZE
CC €C €C €C ¢c c€ ¢c €c IIIIIIIT ¥ T
E & = @& & [
[ ] Ready 4 Add to Source Control =
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Inside CPU — virtual memory

» TLB

» Translation Look-aside Buffer
» Translates upper part of addresses

» Fast hardware mechanism
= Associative memory

» Address not in TLB

= or marked as protected
» Either solved by page-walk

= Slower hardware mechanism
» Or causes page-fault

= Invoke OS

» Page-fault
» Solved by OS
» either by swapping
= Page data read from disk
» or by killing the thread at fault

HW Mem Address
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Inside CPU — where addresses come from

]
I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
\

constant encoded
in instruction
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» Virtual address
» 64-bit integer in most cases

= Some upper bits ignored
» 32-bit in 32-bit modes/CPUs

» Generated as specified in the
read/write instruction

» Instruction encoding allows several
addressing modes

» Typical mode: register+constant

= register name and constant value
encoded in the instruction

= constant value is computed by the
compiler
may be adjusted by linker/loader
= Some CPUs allow more complex
modes
R1+ C1*R2 +C2



Inside CPU — summary of sizes

""""" amam S . T L 3
foabye T DT T
I block R

offset in bytes

physicaliadd:kess

virtual éaddﬂl.ess

register

constant encoded
in instruction

NPRGO041 Programming in C++ - 2019/2020 David Bednarek

Main memory and cache

» Physically organized in 512-bit (64-
byte) blocks

» Blocks are invisible to software
= But significantly affect performance

Virtual addresses

» An address denote an 8-bit area
(byte) in memory

= When accessing elementary data
larger than 8 bits, the lowest address
is specified

» Computed using 64-bit arithmetics
= This is why the CPU is called 64-bit
» Upper 16 bits usually ignored
= 256 TB virtual address space

Physical addresses

» Typically 35..42 bits (as of 2017)

= 32 GBto 4 TB physical memory
supported




Inside CPU — summary of addressing

» Addressing data in memory

» The compiler constructs an
expression which compute the
virtual address of the data

» Insimple cases, the expression
matches one of the addressing
modes available

= e.g. R1+C1

= Complex cases may require
additional instructions before the
read/write

For CPU, address computation is just
a 64-bit integer arithmetic

» The address is translated by TLB

= OS may be awaken to assist here

= thread is killed if address is invalid
» Physical address searched in cache

= If not present, the block is read

constant encoded from main memory
in instruction

]
I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
\
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Storage classes

» Where the data reside?

» Static storage
= Global, static member, static local variables, string constants
= Oneinstance (per process)
= Allocated by compiler/linker/loader (represented in .obj/.dll/.exe files)
» Thread-local storage
= Variables marked "thread_local"
- One instance per thread
» Automatic storage (stack or register)
= Local variables, parameters, anonymous objects, temporaries
= One instance per invocation of the enclosing function (pass through the declaration)
= Placement planned by the compiler, allocation done by instructions generated by the
compiler, usually once for all variables in a function
» Dynamic allocation
= new/delete operators
« Programmer is responsible for allocation/deallocation — no garbage collection exists in C++
= new/delete translates to library function calls
= Significantly slower allocation than automatic storage

« Use smart pointers (built atop new/delete) instead
= Allocation by library functions, deallocation when the last smart pointer disappears
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Data in memory — arrays and structures as static variables

B[O] B[9]
T [ =2 l=lT=2l=T=T=T=T1="
B il e Bl B Rl Bl Bl e e
(o] (o) (Vo) (Yo} (Vo) (o) (Co) (Vo) (o] (o)
— — — — — i i — — i
O N S © W O N < O o
+ + + + + — i i — —
e L @ @ @ L+ + F X X
© e) © e © © © © e) ©
o © o © © © © © o ©
© [¢0) (¢0) () [¢0)
F.U F.v F.X F.W F.Y
T - H “ T . .
R 64-bit FP 32-bit
1 .
of |Y |8 int
o «~ < 00 ©
¥ + + + —
L w L (1 +
S [ - — — L
© © © © res
o o) © © ©
© © © (] '8

» Arrays
» If Bis static (global) variable
static std::intl16_t B[10];
= Address is assigned by compiler
x = B[I];
= Translated to something like
mov tmp,I
shl tmp,1 5 64-bit multiply by 2
mov X, [addrB+tmp] 5 16-bit memory read

= 64-bit address computed at runtime

» Structures

» If Fis static (global) variable
struct S { /*...*/ }; static S F;

y = F.V;
= Translated to something like
mov y,[addrF+2] 5 16-bit memory read

= address computed by compiler
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Data in memory — automatic storage

» Automatic storage
= Variables declared inside a function (except when marked static)
» Formally
= Variable is created when control passes through its declaration
= Variable is destroyed when the enclosing compound statement is exited
» Intypical implementation

= The space for the variable is reserved when entering the function
» The space may be reused for other variables if not used at the same moment

= Constructor (if any) is called when control passes the declaration
= Destructor is called when exiting the compound statement

» Scalar variables (elementary types, decomposed structures)

= Preferably in registers
= Previous contents of registers must be saved to the stack when entering the function and restored on exit

= The restin stack
» Aggregate variables (arrays, non-decomposed structures)

= Must be located in stack (registers do not support addressing/indexing)
» The compiler plans register numbers and relative stack positions

= Registers are just used (after saving previous values)

= Stack is (de)allocated by adding/subtracting a constant from the SP register
= There may be run-time checks for overflowing the total stack space

NPRGO041 Programming in C++ - 2019/2020 David Bednarek



Data in memory — stack frames

register
local variables previous register | £ g function local variables previous register content
content © 38| arguments
<€ : > <€ : - >
“allocated” by the function “allocated” by the calling function
<€ e

stack frame

caller stack frame

T

= Stack frame

= |ocal variables, arguments and other info on the stack

= layout planned by the compiler

= can be inspected by debuggers or crash dump analyzers

= This picture assumes stack growing towards lower addresses (as in Intel/AMD)
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Data in memory — statically vs. automatically allocated arrays

» Static storage (static/global) variable
static std::intl16_t B[10];

B[O] B[9]
e T2 === l=2l=T1=T=T=271 = Variable resides at fixed place (addrB)
B [Z 2121212122212 |2
o |lo |lo | | | | | |]O |© x = B[I];
. — i — i — — — i i i _
O N S VW 0O O N < O © = readl
© @& & o & ¥ T T ¥ % multiply by element size
e = = = = . Z
EEEEEEREER oo
T BT ©- T T T T T 3T 3 = add constant addrB
© ® ® © © = read from memory
= write to x
» Automatic storage (local) variable
void f() {
std::intl6_t C[4];
sp| ©64-bit special = The size of array must be determined by
register the compiler
= The variable is the array
c[e] C[3] x = C[I];
5 _g = -*_5 « read|
© 18 (v |9 =  multiply by element size
--------------------- ? (_'\_‘ ?_- L—? Tttt - add SP
QO QL Q o = add constant addrC
o o) © o
T T T T = read from memory
F 5 7 7 i
a & & 2z = write to X
[%p] (%] (7] (V]

NPRGO041 Programming in C++ - 2019/2020 David Bednarek



Organizace pameéti procesu

P » Kdodovy segment
— » Datovy segment
R1 » Heap
» Zasobnik (stack segment)
SP

= Segmenty (vyjma zasobniku)
nemuseji byt souvislé

Dynamicky-linkované knihovny
sdilené mezi procesy

Postupna alokace heapu




Organizace pameéti procesu

P » Kdodovy segment
s = Pripraven kompilatorem — soucast
R1 spustitelného souboru
= Kdd uzivatelskych i knihovnich
funkci

> = Obvykle chranén proti zapisu

» Datovy segment

» Heap

» Zasobnik (stack segment)




Organizace pameéti procesu

RO
R1

SP

» Kdodovy segment

» Datovy segment
= Pripraven kompilatorem — soucast
spustitelného souboru

= Explicitné nebo implicitné
(nulami) inicializované globalni
proménné

- Retézcové konstanty
= Data knihoven

= Pomocna data generovana
kompilatorem (vtables apod.)

» Heap
» Zasobnik (stack segment)



Organizace pameéti procesu

° » Kdodovy segment

— » Datovy segment

R1 » Heap

= Vytvaren startovacim modulem
sSp knihoven

= Neinicializovana dynamicky
alokovana data
C++: new/delete

C: malloc/free

» Obsazené bloky rizné velikosti +
seznam volnych blok

= Knihovny mohou téz pozadat OS o
zvétsSeni segmentu

» Zasobnik (stack segment)




Organizace pameéti procesu

IP , ,
» Kdodovy segment
=0 » Datovy segment
R » Heap
» Zasobnik (stack segment)
SP = Pfipraven op. systémem, knihovny

mohou pozadat OS o zvétSeni

= Explicitné inicializované nebo
neinicializované lokalni proménné

Pomocné proménné generované
kompilatorem

= Navratové adresy

= DalSi pomocna data

= Vicevlaknové aplikace maji vice
zasobnik




Organizace pameéti vicevlaknového procesu

thread 1

IP

RO
R1

SP

thread 2

IP

RO
R1

SP

» VIakno z pohledu OS
= |P — Ukazatel instrukci
= SP — Ukazatel zasobniku
= Dalsi registry procesoru
= (Identifikdtor vlakna)

» Pamétovy prostor je spolecny

» VIdkno v pamétovém prostoru
= Zasobnik
= Thread-local storage

Na dné zadsobniku, nebo
lokalizovano dle id vlakna



Dynamicka alokace

>

Dynamicka alokace je pomala
» Ve srovnani s automatickou
» Dlvodem je predevsim chovani cache, v mensi mife samotny algoritmus alokace

Uzivejte dynamickou alokaci, jen kdyz je to nutné

» velkd pole a/nebo pole s proménlivou velikosti

» polymorfni kontejnery (pro objekty s dédi¢nosti)

» Zivotnost objektu nesouhlasi s vyvolanim néjaké funkce v programu

Vyhybejte se datovym strukturam s individualné alokovanymi prvky

» spojové seznamy, binarni stromy, ...
= std::list, std::map, ...
» radéji B-stromy (i v paméti) nebo hasovani
» vyhybani se je obtizné — ma smysl, jen pokud opravdu na rychlosti zalezi

Takto lze udélat programy v C++ znatelné rychlejsi nez v C#/javé
» C#/java povinné alokuje kazdy objekt dynamicky

KdyZ budete v C++ programovat stylem prevzatym z C#/javy, budou vase
programy skoro stejné pomalé
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Data in memory — dynamically allocated structures in C++

64-bit pointer
contains addr

p->U p->V p->X p->W p->Y
o = =1 . .
5 |2 64-bit FP 32-bit
= |3 int
(@) NS 0 ©
+ + + + —
— — — — +
© ° © © —
© © © © ke
[¢] (o] © (4] '(%

»  Structure allocated dynamically
struct S { /*...*/ };

S * p = new S;

= S*=(raw) pointerto S
may be replaced by auto
= new: (Raw) dynamic allocation
library function call (+ constructor call)
= variable p itself is in automatic storage (register)
= variable p contains addr returned from new

an address of a 24-byte block
aligned to 8-byte boundary

y = p->V; // same as y = (*p).V

= Translated to something like

mov tmp,p
mov y, [2+tmp] 5 16-bit memory read

= note: this is the same memory-read instruction as when reading
static array

addressing mode: constant + register

» Thereis no garbage collector
= The block shall be explicitly freed
delete p;

p = nullptr;

= delete: (destructor call +) library function call
beware: delete does not alter the pointer itself

= pointer explicitly nulled (safety first)

» Using raw pointers and new/delete is not recommended in
C++11
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Data in memory — dynamically allocated arrays in C++

» Array allocated dynamically
std::size_t N = 10;

= The size of array may be determined at run-time
std::int16_t * p = new std::int16_t[N];

= std::intl6_t * = (raw) pointer to std::int16_t
= may be replaced by auto
Arrays are held by pointers to the first element

64-bit pointer = Convention supported by language rules

. = Beware: The size of the array is not a part of
P contains addr y partotp

Variable p contains addr returned from new
= anaddress of a (2*N)-byte block
= aligned to 2-byte boundary

p[e] p[9]
= T2 1= == l=2Tl=T=T=T=271"
S8 o a8 ]88 15 |0 3 P
1 1
O |l || ||| | | |0 .
— — — — — — — — — — = The same syntax for pointers and arrays
o ~ < Te) 0 o ~ < To) 00 = The action is slightly different
£ £ 0 £ 9 9 ¥ 79 7 Translated t thing lik
5 5 S 5 5 + t + + t ranslated to something like
© © ge} © ge] g © © o © mov tmp, I
© © © © © © © o © © ’
© © © © ©
shl tmp,1 ;3 64-bit shift left
add tmp,p ; 64-bit addition
mov X, [tmp] ;5 16-bit memory read

= 64-bit address computed at runtime

The block shall be explicitly freed
delete[] p;

p = nullptr;

= The runtime is able to determine the size of the block
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Data in memory — statically vs. dynamically allocated arrays

» Statically allocated (static/global) variable of
array type

B[9 . .
_— B[6] __[__] _ static std::intl16_t B[10];
2 l2 el lz2l2l=l21e2 12
o] No) o) o) o) O 0 0 0 o) . .
B sleldlcleleld e le |o The size of array must be determined by the
s — — — — — — — — - | compller
e ¥ F ¢ ¥ g 9 F 9 = = The variable is the array
D @ @ @2 @2 X F & & & _ .
T © © ©W ©T +» » LY £ K x = B[I];
© © © © © o e ° e ©
© © © © © © © © © © « readl
© @© © @© ©
= multiply by element size
= add constant addrB
= read from memory
= writetox
» Dynamically allocated array
- - std::int16_t * p = new std::int16_t[N];
D 64-bit pointer _ '
contains addr . T_he size of array may be determined at run-
time
= The variable is a pointer to the array
PLo] (9] x = pl1l;
T T2 Tl =2 l=2T=T=T=T=71
S |8 |5 o |5 |8 |8 |8 |5 |3 + read|
CI1Y (L Y |9 CSIL L |9 |8 = multiply by element size
O N < VW W O N < W o = readp
:r £ £ &£ £ 92 9 9 9 7 «  add
s © © © © 4+ £ &£ £ ¢
T © © ©W ©TW © ©T T T T = read from memory
(0] (4] (48] © [4o] © © © © ge)
© © © © © = writeto x
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Storage classes

» Kde jsou umisténa data...

» Static storage (datovy segment)
T x; // global variable

» Thread-local storage
thread_local T x; // global variable

» Automatic storage (zasobnik nebo registr)
void f() {

T x; // local variable

» Dynamic allocation (heap) — v C++11 zastaraly styl:
void f() {

T*p=newT;
// ...
delete p;
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Vraceni odkazem a hodnotou
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Vraceni odkazem

»Funkce jako add nem(zZe vracet referenci
= add vraci hodnotu riznou od vSech svych parametrd
= hodnotu parametrd nesmi ménit

= reference nema na co ukazovat

= Spatné fedeni €. 1: Lokalni proménna

Complex & add( const Complex & a, const Complex & b)
{

Complex r( a.Re + b.Re, a.Im + b.Im);
return r;

}

= BEHOVA CHYBA: r zanika pfi navratu z funkce



Vraceni odkazem

»Funkce jako add nem(zZe vracet referenci
= add vraci hodnotu riznou od vSech svych parametrd
= hodnotu parametrd nesmi ménit

= reference nema na co ukazovat

= Spatné fedeni €. 2: Dynamicka alokace

Complex & add( const Complex & a, const Complex & b)
{

Complex * r = new Complex( a.Re + b.Re, a.Im + b.Im);
return * r;

}

= PROBLEM: kdo to odalokuje ?



Vraceni odkazem

»Funkce jako add nem(ze vracet referenci

= add vraci hodnotu rtiznou od vsech svych parametrd
= hodnotu parametrd nesmi ménit

= reference nema na co ukazovat

= Spatné fedeni €. 3: Globalni promé&nna

Complex g;
Complex & add( const Complex & a, const Complex & b)

{

g = Complex( a.Re + b.Re, a.Im + b.Im);
return g;

}

= CHYBA: globalni proménna je sdilena

Complex a, b, ¢, d, e = add( add( a, b), add( c, d));



Vraceni odkazem

»Funkce jako add musi vracet hodnotou

= add vraci hodnotu rtiznou od vsech svych parametrd
= hodnotu parametrd nesmi ménit
= reference nema na co ukazovat

= Spravné reseni

Complex add( const Complex & a, const Complex & b)
{

Complex r( a.Re + b.Re, a.Im + b.Im);
return r;

}

= Zkraceny (ekvivalentni) zapis

return Complex( a.Re + b.Re, a.Im + b.Im);



Vraceni referenci

»Funkce které umoznuji pristup k existujicim objektiim mohou vracet referenci
= Objekt musi prezit i po navratu z funkce

= Priklad:

template< typename T, std::size_t N> class array {
public:

T & at( std::size_t i)

{

return a_[ i];

}
private:

T a_[ N];

}s

= Vraceni reference mize umoznit i modifikaci objektu

array< int, 5> x;

x.at( 1) = 2;



Hello, World!
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Hello, World!

#include <iostream>

int main( int argc, char * * argv)

{

std: :cout
<< "Hello, world!"
<< std::endl;

return O;

» Vstupni bod programu

= Deédictvi jazyka C

= Z4dné tfidy ani metody
= Globalni funkce main
Parametry programu
= Z prikazové radky

= Déleno na kousky

= Archaické datové typy
= Ukazatel na ukazatel
= Logicky pole poli

std - namespace knihoven
cout - standardni vystup

= globalni proménna

<< - vystup do streamu

= pretizeny operator

endl - oddélovac radek

= globalni funkce (!)



Hello, World!

Déleni do modult
Rozhrani modulu je nutno
opsat do zvlastniho souboru

.hpp - hlavickovy soubor
Definujici i pouzivajici modul
tento soubor inkluduje

textova direktiva #include

// world.hpp
#ifndef WORLD_ HPP_
#define WORLD_HPP_

void world () ;

#fendif

// main.cpp
#include "world.hpp"

int main( int argc, char * * argv)
{
world() ;

return 0;

// world.cpp
#include "world.hpp"

#include <iostream>

void world ()

{

std: :cout << "Hello, world!'"

<< std::endl;




Hello, World!

// world.hpp
#ifndef WORLD_ HPP_
#define WORLD_HPP_

#include <vector>
#include <string>

using t_arg = std::vector< std::string>;
void world( const t_arg & arg);

#tendif

// main.cpp
#include "world.hpp"

int main( int argc, char * * argv)

{
world( t_arg( argv + 1, argv + argc));
return 0;

// world.cpp
#include "world.hpp"
#include <iostream>

void world( const t_arg & arg)
{

if ( arg.empty() )

{

std: :cout << "Hello, world!"
<< std::endl;




Compilation and linking
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Independent compilation of modules (old style)

myprog.cpp
#include "bee.hpp"
int main(int, char*¥*)
{
return B( 7);
}

Compiler |—‘V

myprog.obj

main: ... <call B> ...

export main
import B (int)

bee.hpp

#ifndef bee hpp
#define bee hpp
int B( int q);
#endif

msvecrt.lib
start; ::: <call main> :::

start start
import main

bee.cpp

#include "bee.hpp"
int B( int q)
{
return g+1;
}

—P| Compiler

» Non-inline function B defined in bee.cpp, called from myprog.cpp
» Declaration of B shared in bee.hpp

myprog.exe

| Linker start; ::: <call 100> :::
100: ... <call 200> ...
200: ...
start start
bee.obj

B(int): ...
export B (int)

» Body of B is compiled and optimized only once

» Old style compilers produce binary code of target CPU




Inline functions (old style)

>
>

myprog.cpp
#include "bee.hpp"
int main (int,char*¥*)

{

return B( C()) ;
}

el

Compiler I—b

I

bee.cpp

#include "bee.hpp"
int B( int q)
{
return g+C() ;
}

#ifndef bee hpp
#define bee hpp
int B( int q);

inline int C()
{ return 4; }
#endif

bee.hpp

myprog.obj

main: ... <call C> ... <call B> ...

C(): #t#t

export* C()
export main
import B (int)

!

Linker

{

—]

Compiler |—-—>

bee.obj

B(int): ... <call C> ...
C(): ###

export* C()
export B (int)

myprog.exe

start: ::: <call 100> ::

100: ... <call 200> ... <call 300> ...

200: ###
300: ... <call 200> ...

start start

Inline function C defined in bee.hpp, called from myprog.cpp and bee.cpp

Body of C is compiled and optimized twice
» The compiler may place the function body instead of the call (inlining aka procedure integration)
= The compiler may do inlining even if the function is not marked as inline

» If notinlined, the inline keyword ensures that linker ignores duplicates

= Function bodies inside classes/structs are automatically considered inline




Template inline functions (old style)

myprog.cpp
#include "bee.hpp"
int main (int,char*¥*)

{
return B( C(1));

el

Compiler I—b

I

}

bee.cpp

bee.hpp

myprog.obj

main: ... <call C> ... <call B> ...

C<int>(int): ###

export* C<int>(int)
export main
import B (int)

#ifndef bee hpp
#define bee hpp
int B( int q);

template< typename T>
inline T C(T x)
{ return x+1; }

!

Linker

#endif

#include "bee.hpp"
int B( int q)
{
return g+C(2) ;
}

\ 4
_P| Compiler |—-—>

bee.obj

myprog.exe

start: ::: <call 100> ::

100: ... <call 200> ... <call 300> ...

200: ###
300: ... <call 200> ...

start start

B(int): ... <call C> ...
C<int>(int): ###

export* C<int>(int)
export B (int)

» Template inline function C defined in bee.hpp, called from myprog.cpp and bee.cpp
» Body of Cis instantiated as C<int>, compiled and optimized twice

» The body of C must be visible for the compiler which does the instantiation
» Otherwise, there will be no compiler to instantiate it
» All template code must be in a header file (and therefore inline)
» Except for module-local templates or special-case tricks with explicit instantiation




Template inline functions (modern style)

myprog.cpp

myprog.obj

#include "bee.hpp" ,» Comp“er H main: --- C() --- B() ---

int main (int,char*¥*)

C<int>(int): ///

{
return B( C(1));

} bee.hpp

#ifndef bee hpp
#define bee hpp
int B( int q);

template< typename T>
inline T C(T x)
{ return x+1; }

#endif

export* C<int>(int)
export main
import B (int)

!

Linker+code generator I"

#include "bee.hpp"

t

myprog.exe

start: ::: <call 100> ::

100: ... <call 200> ... <call 300> ...

200: ###
300: ... <call 200> ...

start start

bee.obj
B(int): --- <call C> ---

int B( int q)
{

L 4
b Compiler |y C<In(00: /1

return g+C(2) ;
}

Modern approach to compiling and linking

export* C<int>(int)
export B (int)

»  Function bodies are compiled only to some intermediate code

Object modules usually contain no binary code of the target platform (but they still can)

» Templates are instantiated multiple times

Template code must still be located in header files

» Inline functions are parsed and type-checked multiple times

»  Binary code is generated and optimized only once, during linking

» Inaddition, procedure integration may be done across module boundaries




make

Library
Iinclude files

User include
Ifiles .hpp

User modules
.Cpp

bk

Compiler

Library

modules .0bj
III

Library dib

Compiled

.0bj

makefile

Linker

Runnable
.exe
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Iinclude files

User include
Ifiles .hpp

I

User modules
.Cpp

Compiler

Integrated environment

Editor

}

project file

Library
Imodules .0bj
II
Library dib
Compiled .obj Linker |_> Runnable
| .exe
[
Debugger




Static libraries

Std. library
include files

User include
files .hpp

Std. library

Imodules .0bj

J

Std. library .lib

Runnable
.exe

User modul:sp Compiler Compiled .obj Linker |_>
C ) - C
Library as distributed (binary) T
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Lib dib

| s ibrary i
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[

[

Library as distributed

(source)




Dynamic libraries (Microsoft)

Std. library
include files

User include
files .hpp

Std. library

Imodules

)

Std. library

dib

User modules Compiler Compiled .obj Linker Runnable
= CPP . | .exe
I [
Library as distributed (binary)

Library Stub library Library
| .hpp lib dll
Library o Compiler |-|_’ Compiled .obj _’—’_’ Librarian

[

[

Library as distributed

(source)




Dynamic libraries (

Std. library

Iinclude files
|

User include
Ifiles .hpp

Linux)

Std. library
Imodules .0
[

[

Std. library a

User modulcesp Compiler Compiled .0 Linker |_> Runnable
C : - C
Library as distributed (binary)

Library Library

| .hpp .SO
Library Compiler Compiled .0 Librarian

| .Cpp

[ 1 [

I [
Library as distributed
(source)




Deklarace a definice



Deklarace a definice

» Deklarace
» Zapis sdélujici, Ze véc (typ/proménna/funkce/...) existuje
= |dentifikator

= Zakladni vlastnosti véci
= Umoznuje prekladadi prelozit kod, ktery na véc odkazuje

= V nékterych pripadech je k tomu zapotrebi i definice
» Definice
» Zapis, ktery urcCuje vSechny vlastnosti véci
= Obsah tridy, inicializace proménné, kod funkce
= Umoznuje prekladaci vygenerovat kdd a data, ktera véc reprezentuji za béhu

» Kazda definice je i deklarace

» Deklarace umoznuiji (néktera) pouziti véci bez definice
= Oddéleny preklad modult
= VyresSeni cyklickych zavislosti
= Zmenseni objemu prekladaného zdrojového kédu



Deklarace a definice

» One-definition rule #1:

» Jedna prekladova jednotka...
(modul, tj. jedno .cpp véetné inkludovanych .hpp)
= tak, jak ji vidi prekladac

» ...smi obsahovat nejvyse jednu definici véci

» One-definition rule #2:

» Program...
(tj. .exe véetné pripojenych .dll)
» ...smi obsahovat nejvyse jednu definici proménné nebo non-inline funkce
= Definice tridy, typu Ci inline funkce se v riznych modulech opakovat sméji (typicky

vloZzenim téhoz .hpp souboru)

Nejsou-li opakované definice totozné, nebo nesouhlasi-li definice s deklaraci, program je
nekorektni

= Diagnostika na Urovni programu neni normou pozadovana a prekladace/linkery ji
délaji jen v jednoduchych pripadech



ODR #1 violation

t.hpp

class C

i e

{ /* DEFINITION */

A

a.hpp
#include "t.hpp"

void af(C p):

b.hpp

void bf(C q);

#include "t.hpp"

Compiler |—'

Error: Duplicate class definition "C"

A

.IIIIIIIIIII*

m.cpp

#include "a.hpp"
#include "b.hpp"

void z (C r)
{ af(r); bf(r); }




ODR #1 protection

t.hpp

#ifndef t _hpp
#define t_hpp

class C
{ /* DEFINITION */
};

#endif

A

|
a.hpp

#ifndef a_hpp
#define a_hpp
#include "t.hpp"
void af(C p);

#endif
2 b.hpp Compiler |—> oK
||
. #ifndef b _hpp
u #define b_hpp
- #include "t.hpp"
: void bf(C q);
u #endif
|
|
. A
| |
m.cpp

#include "a.hpp"
#include "b.hpp"

void z(C r)
{ af(r); bf(r); }




ODR #2 violation

a.cpp

#include "f.hpp"
int main(int,char*¥*)
{

return F () ;

}

Compiler |—V

a.obj
F(): 01010000 11010111 11010111
main: 11010111 01010000 11010111

export F (), main

f.hpp

#ifndef £ hpp
#define f hpp
int F()
{ /* CODE */ }
#endif

b.cpp
#include "f.hpp"

Linker Error: Duplicate symbol "F()"

b.obj
F(): 01010000 11010111 11010111
export F ()




ODR #2 protection

a.cpp

#include "f.hpp"
int main(int,char*¥*)
{

return F () ;

}

Compiler |—'

a.obj
F(): 01010000 11010111 11010111
main: 11010111 01010000 11010111

export F (), main

f.hpp

#ifndef £ hpp
#define f hpp
inline int F ()
{ /* CODE */ }
#endif

b.cpp
#include "f.hpp"

Linker

export main

p.exe

F(): 01010000 11010111 11010111
main: 11010111 01010000 11010111

b.obj
F(): 01010000 11010111 11010111
export F ()




Placement of declarations

» Every name must be declared before its first use

» In every translation unit which uses it

» “Before” refers to the text produced by inclusion and conditional compilation
directives

» Special handling of member function bodies

» Compilation of the body of a member function...
= if the body is present inside its class definition

» ...is delayed to the end of its class definition
= thus, declarations of all class members are visible to the body

» The placement of declaration defines the scope of the name
» Declaration always uses an unqualified name

» Exception: Friend functions

» Friend function declaration inside a class may declare the name outside the
class (if not already defined)



Placement of declarations

class C {
public:
D f1(); // error: D not declared yet

int f2() { D x; return x.f3(); } // OK, compilation delayed

class D {
public:
int £3();

}s5

friend C f4(); // declares global f4 and makes it friend
private:

int m_;
}s5
C::D C::f1() { return D{}; } // qualified name C::D required outside C
int C::D::f3() { return 0; } // this could be static member function

void C::f5() {} // error: cannot declare outside the required scope

C f4() { C x; x.m_ = 1; return x; } // friends may access private members



Placement of definitions

» Type alias (typedef/using), enumeration type, constant
» Must be defined before first use (as seen after preprocessing)

» Class/struct

» Class/struct C must be defined before its first non-trivial use:
= (member) variable definition of type C, inheriting from class C
= creation/copying/moving/destruction of an object of type C
= access to any member of C
» Trivial use is satisfied with a declaration
= constructing complex types from C
= declaring functions accepting/returning C
= manipulating with pointers/references to C

» Inline function
» must be defined anywhere in each translation unit which contains a call
= the definition is typically placed in a .hpp file
» Non-inline function, global/static variable

» must be defined exactly once in the program (if used)
= the definition is placed in a .cpp file



Zakladni pravidla pro .cpp/.hpp

» .hpp — "hlavickové soubory"

» Ochrana proti opakovanému include
#ifndef myfile_hpp_

#define myfile_hpp_
/* .. */
#endif

» Vkladaji se direktivou s uvozovkami
#include "myfile.hpp"

= Direktiva s Uhlovymi zdvorkami je urCena pro (standardni) knihovny
#include <iostream>
» Direktivy #include pouzivat vzdy na zaCatku souboru (po ifndef+define)
» Soubor musi byt samostatny: vSe, co potrebuje, inkluduje sam

» .cpp - "'moduly”

» Zarazeni do programu pomoci projektu/makefile
= Nikdy nevkladat pomoci #include
= Jeden modul = jeden .cpp

NPRGO041 Programovani v C++ - 2019/2020 David Bednarek



Zakladni pravidla pro .cpp/.hpp

» .hpp —"hlavickové soubory"
» Deklarace/definice typl a tfid
» Implementace funkci a metod malého rozsahu
= Funkce a metody mimo tfidy oznaceny "inline"

inline int max( int a, int b) { return a > b ? a : b; }

» Hlavicky globalnich funkci vetsiho nez malého rozsahu
int big_function( int a, int b);

» Externi deklarace globalnich proménnych
extern int x;
= Radéji nepouzivat - lepsi je pouzit singleton
» Veskery genericky kad (Sablony trid a funkci)
= Jinak jej prekladace neumi pouzit

» .cpp - "moduly”
» Implementace funkci a metod vetsiho nez malého rozsahu
= Vcetné "main”
» Definice globalnich a statickych proménnych
= VCetné jejich inicializace
int x = 729;
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Vzajemné zavislosti v kodu

» VSechny identifikatory museji byt deklarovany pred prvnim pouzitim
» Prekladac ¢te zdrojové soubory jednim prichodem
» Vyjimka: Téla metod jsou analyzovana az na konci tridy

= Zevnitf metod lze pouzivat polozky deklarované pozdéji
» Pro genericky kad plati slozitéjsi, ale obdobna pravidla
» Cyklické zavislosti je nutné rozbit rozdélenim na deklaraci a definici
class one;
class two {
std: :shared_ptr< one> p_;
}s5

class one : public two

{};

» Nedefinovana deklarovana trida ma omezené moznosti pouziti

= Nelze poutzit jako predek, typ polozky/proménné, new, sizeof apod.
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Version mismatch

a.cpp

#include "f.hpp"
void af(C & x)
{
x.b=1;
}

Compiler
(Monday)

|_>

a.obj (Monday)
af(): ... mov [rbx+4],1 ...

f.hpp (Monday)

#ifndef £ hpp
#define £ hpp
class C

{ int a, b; }
#endif

f.hpp (Friday)

#ifndef £ hpp
#define £ hpp
class C

{ int a, al, b;
#fendif

}

b.cpp

#include "f.hpp"
int bf(C & x)
{

return x.b;

Compiler
(Friday)

Linker |->

a.exe (Friday)
af(): ... mov [rbx+4],1 ...

bf(): ... mov eax,[rbx+8] ...

b.obj (Friday)

bf(): ... mov eax,[rbx+8] ...




Version mismatch

a.cpp a.exe (Tuesday)
#include "f.hpp" af(): ... mov [rbx+4],1 ...
void af(C & x)
{
x.b =1; - a.exe process (Friday)
} Compiler+
Lirkar af(): ... mov [rbx+4],1 ...
OS loader |-> _
bf(): ... mov eax,[rbx+8] ...
f.hpp (Monday) Library L
#ifndef £ hpp binary release version 0.1
#define £ hpp
class C
{ int a, b; } L.dIl (Thursday)
#endif bf(): ... mov eax,[rbx+4] ...
f.hpp (Thursday) Library L
#ifndef £ hpp binary release version 0.2
#define £ hpp
class C
{ int a, al, b; } L.dIl (Thursday)
#endif bf(): ... mov eax,[rbx+8] ...
b.cpp Compiler+
#include "f£.hpp" Linker
int bf(C & x) /

{

return x.b;




Deklarace a definice tfid a typU

N T N [ S

Vyctovy typ enum E; enum E { E ZERO, E ONE };
Trida class A; class A {
};
Struktura(téméf  struct A; struct A {
ekvivalentni s .
class) };
Unie (v C++ union A; union A {
temer .
nepouzitelné) };
Pojmenovany typedef A A2;
typ typedef A * AP;

typedef std::shared ptr< A> AS;
typedef A AA[ 10];

typedef A (* AFP2) () ;

typedef std::vector< A> AV;
typedef AV::iterator AVI;

Pojmenovany using A2 = A;
typ (C++11) using AFP2 = A (*) ();



Deklarace a definice funkci

Deklarace (.hpp nebo .cpp) Definice (.cpp)

Global function int £( int, int); int £( int p, int q)
{ return p + q;}

Static member class A { int A::f( int p)
function static int £( int p); { return p + 1;

}i }
Nonstatic class A { int A::£f( int p)
member function int £( int p); { return p + 1;

}i }
Virtual member class A { int A::£f( int)
function virtual int £( int p); { return O;

}; }
Deklarace (.hpp nebo .cpp) Definice (.hpp nebo .cpp)
Global inline inline int £( int p, int q)
function { return p + q;

}

Nonstatic inline class A { inline int A::f( int p)
member fnc (a) int £( int p); { return p + 1;

}; }
Nonstatic inline class A {

member fnc (b) int £( int p) { return p+l;}
};



Deklarace a definice proménnych

I L [

Global variable extern int x, y, z; int x; int y = 729; int z (729);
int u{729};
Static member class A { int A::x; int A::y = 729;
variable static int x, y, z; int A::z( 729);
}; int A::z{ 729};
Constant class A {

static const int x = 729;
};

Static local void f£() {
variable static int x;

static int y =7, z( 7);
static int u{ 7};

}
Nonstatic class A {
member variable int x, y;
};
Nonstatic local void £() {
variable int x;

inty =7, z(7);
int u{ 7}; [CaEHl
}s;



Casto pouzivané datové typy




Vybrané cCiselné typy

bool

false, true

char

character (ASCII, 8 bit)

std::wchar_t

character (Unicode, 16/32 bit)

std::uint_least64_t

unsigned integer (nejmensi >= 64 bit)

std::int_fast8_t

signed integer (nejrychlejsSi >= 8 hit)

std::size t

unsigned integer dostatecny pro velikost pole (32/64 bit)

std: :ptrdiff t

signed integer dostate€ny pro indexovani pole (32/64 bit)

double

"double precision” floating-point number (Intel: 64 bit)

long double

extended precision floating-point number (Intel: 80 bit)

std: :complex<double>

complex number of double precision




Dulezité necdiselné typy

std: :string string (obsahujici char)

std: :wstring string (obsahujici std::wchar _t)
std: :istream input stream (nad char)

std: :wistream input stream (nad std::wchar _t)
std: :ostream output stream (nad char)

std: :wostream output stream (nad std::wchar_t)

struct T { .. }

struktura (témeér ekvivalent class)

std: :pair<T1l,T2> dvojice T1, T2

std: :tuple<Tl,...,Tn> n-tice T1,...,Tn

std: :array<T,n> pole pevné velikosti prvka typu T

std: :vector<T> pole proménlivé velikosti prvkd typu T

std: :1list<T> obousmeérny spojovy seznam prvka typu T
std: :map<K, T> vyhledavaci strom s klicem K a prvky typu T
std: :multimap<K, T> vyhledavaci strom s opakovanim

std: :unordered map<K, T> hasSovaci tabulka s klicem K a prvky typu T
std: :unordered multimap<K,T> | haSovaci tabulka s opakovanim




Exception handling



Exception handling

»Mechanismus vyjimek
= Start: prikaz throw
= Cil: try-catch blok

= Urcen za béhu

= Skok mUZe opustit proceduru

= Proménné korektné zaniknou
volanim destruktort

= Predava hodnotu libovolného typu

= Typ hodnoty se podili na urceni cile
skoku

= Obvykle se pouzivaji pro tento ucel
zhotovené tridy

= Mechanismus vyjimek respektuje
hierarchii dédi¢nosti

class AnyException { /*...*/ };
class WrongException
: public AnyException { /*...*/ };
class BadException
: public AnyException { /*...*/ };
void f()
{
if ( something == wrong))
throw WrongException( something);
if (anything !=good )
throw BadException( anything);
}
void g()
{
try {
f();
}
catch ( const AnyException & el ) {
[*..*/
}
}



Exception handling

»Mechanismus vyjimek

= Start: prikaz throw
= Cil: try-catch blok

Urcen za béhu

= Skok mUZe opustit proceduru

Proménné korektné zaniknou
volanim destruktort

= Predava hodnotu libovolného typu

Typ hodnoty se podili na urceni cile
skoku

Obvykle se pouzivaji pro tento ucel
zhotovené tridy

Mechanismus vyjimek respektuje
hierarchii dédi¢nosti
Hodnotu neni treba vyuzivat

class AnyException { /*...*/ };
class WrongException
: public AnyException { /*...*/ };
class BadException
: public AnyException { /*...*/ };
void f()
{
if ( something == wrong))
throw WrongException();
if (anything !=good )
throw BadException();
}
void g()
{
try {
f();
}
catch ( const AnyException &) {
[*..*/
}
}



Exception handling

»Mechanismus vyjimek

= Start: prikaz throw
= Cil: try-catch blok

Urcen za béhu

= Skok mUZe opustit proceduru

Proménné korektné zaniknou
volanim destruktort

= Predava hodnotu libovolného typu

Typ hodnoty se podili na urceni cile
skoku

Obvykle se pouzivaji pro tento ucel
zhotovené tridy

Mechanismus vyjimek respektuje
hierarchii dédi¢nosti

Hodnotu neni treba vyuzivat
Existuje univerzalni catch blok

class AnyException { /*...*/ };

class WrongException

class BadException

: public AnyException { /*...*/ };

: public AnyException { /*...*/ };

void f()

{

}

if (something == wrong )

if (anything !=good )

throw WrongException();

throw BadException();

void g()

{

}

try {

}

catch (...) {
/*...

}

f();

*/



Exception handling

»Faze zpracovani vyjimky

= Vyhodnoceni vyrazu v prikaze throw
» Hodnota je uloZena "stranou"

= Stack-unwinding
= Postupné se opoustéji bloky a funkce, ve kterych bylo provadéni vnoreno
= Na zanikajici lokalni a pomocné proménné jsou volany destruktory

= Stack-unwinding konci dosazenim try-bloku, za kterym je catch-blok odpovidajici typu
vyrazu v prikaze throw

= Provedeni kddu v catch-bloku
« PUvodni hodnota throw je stdle uloZena pro pripadné pokracovani:
» Prikaz throw bez vyrazu pokracuje ve zpracovani téze vyjimky pocinaje
dalsSim catch-blokem - zacina znovu stack-unwinding
= Zpracovani definitivné konci opusténim catch-bloku
« BéZnym zplsobem nebo pfikazy return, break, continue, goto

= Nebo vyvolanim jiné vyjimky



Exception handling

»Zhmotnéné vyjimky
= std::exception_ptr je chytry
ukazatel na objekt vyjimky

= Objekt zanikne pfi zaniku posledniho
ukazatele

= std::current_exception()
= Vraci aktualné reSenou vyjimku
= std::rethrow_exception( p)

= Vyvolava ulozenou vyjimku

= Tento mechanismus umoznuje
odlozit oSetrovani vyjimky,
zejména:
= Propagace vyjimky do jiného vlakna
- Redeni vyjimek v promise/future

std::exception_ptr p;

void g()

{

}

try {
f();
}
catch (...) {

p = std::current_exception();

}

void h()

{

}

std::rethrow_exception( p);




Exception handling

»Pouziti mechanismu vyjimek

= Vyvolani a zpracovani vyjimky je relativné ¢asoveé narocné
= Pouzivat pouze pro chybové nebo ridké stavy
= Napr. nedostatek pameéti, ztrata spojeni, chybny vstup, konec souboru

= Pripravenost na vyjimky také néco (malo) stoji
= Za normalniho béhu je treba zaridit, aby vyjimka dokazala najit cil a zrusit proménné
= Vyjimky se tykaji i procedur, ve kterych neni ani throw, ani try-blok
» VétsSina kompilatort umi prekladat ve dvou rezimech "s" a "bez"
= Cely spojovany program musi byt prelozen stejné



Exception handling

»Standardni vyjimky

= <stdexcept>

Vsechny standardni vyjimky jsou potomky tridy exception
= metoda what() vraci retézec s chybovym hlasenim

bad_alloc: vyvolava operator new pri nedostatku paméti

= Vrezimu "bez vyjimek" new vraci nulovy ukazatel
bad_cast, bad_typeid: Chybné pouziti RTTI
Odvozené z tridy logic_error:

= domain_error, invalid_argument, length_error, out_of_range
= vyvolavany napt. funkci vector::operator(]

Odvozené z tridy runtime_error:

= range_error, overflow_error, underflow_error



Exception handling

»Standardni vyjimky

= <stdexcept>

Vsechny standardni vyjimky jsou potomky tridy exception

= metoda what() vraci retézec s chybovym hlasenim

= bad_alloc: vyvolava operator new pri nedostatku paméti
= Vrezimu "bez vyjimek" new vraci nulovy ukazatel

= bad_cast, bad_typeid: Chybné pouziti RTTI

= Odvozené z tfidy logic_error:
= domain_error, invalid_argument, length_error, out_of range
= vyvolavany napt. funkci vector::operator(]

= Odvozené z tfidy runtime_error:

= range_error, overflow_error, underflow_error

= Aritmetické ani ukazatelové operatory na vestavénych typech NEHLASI b&hové
chyby prostrednictvim vyjimek

= napf. déleni nulou nebo dereference nulového ukazatele



Exception specifications

»Exception specifications

= U kazdé funkce (operatoru,

metody) je mozno urcit seznam

vyjimek, kterymi smi byt ukoncena

= Na vyjimky oSetfené uvnitr funkce
se specifikace nevztahuje

= Pokud neni specifikace uvedena,
povoleny jsou vSechny vyjimky

= Specifikace respektuje dédicnost, to
jest automaticky povoluje i vSechny
potomky uvedené tfidy

void a()

{

/* tahle smi vsechno */

}

void b() throw ()
{

/* tahle nesmi nic */

}

void c¢() throw ( std::bad_alloc)

{
/* tahle smi std::bad_alloc */

}

void d() throw ( std::exception, MyExc)
{
/* tahle smi potomky
std::exception a MyExc */



Exception specifications

»Exception specifications
= Kompildtor zajisti, ze nepovolena vyjimka neopusti funkci:

» Pokud by se tak mélo stat, vola se unexpected()

= unexpected() smi vyvolat "nahradni" vyjimku
= Pokud ani nahradni vyjimka neni povolena, zkusi se vyvolat std::bad_exception
= Pokud ani std::bad_exception neni povoleno, vola se terminate() a program konci



»Exception specifications

= Kompildtor zajisti, ze nepovolena
vyjimka neopusti funkci

= Toto je béhova kontrola
= Kompilator smi vydavat nejvyse
varovani
= Funkce smi volat jinou, ktera by
mohla vyvolat nepovolenou vyjimku
(ale nemusi)

void f() throw ( std::exception)

{
}

Exception specifications

void g() throw ()

{

}

f(); /* tohle se smi */



Exception specifications

»Exception specifications

= throw( T) specifikace se pfilis
nepouzivaly

= C++11 definuje novou syntaxi

noexcept

noexcept( c) kde c je Booleovsky
konstantni vyraz

void f() noexcept

{
}

template< typename T>
voidg(T&Yy)
noexcept(
std::is_nothrow_copy_constructible
< T>::value)
{
Tx=y;
}



Exception-safe programming



Exception-safe programming

= Pouzivat throw a catch je
jednoduché

d

vvvvv

by se choval korektné i za

pritomnosti vyjimek

Exception-safety
Exception-safe programming

void f()

{
int * a = new int[ 100];
int * b =new int[ 200];
g(a, b);
delete[] b;

delete[] a;

= Pokud new int[ 200] zpUsobi
vyjimku, procedura zanecha
naalokovany nedostupny blok

= Pokud vyjimku vyvola procedura g,
zGstanou dva nedostupné bloky



Exception-safe programming

» RAIl: Resource Acquisition Is

= Pouziti chytrych ukazatel( resi i Initialization
nékteré problémy s vyjimkami = Konstruktor zabira prostfedky
= Destruktor je uvolnuje

void f() = | v pripadé vyjimky
{

auto a = std::make _unique< int[]>( 100); std: :mutex my_mutex;

auto b = std::make_unique< int[]>( 200);

g( a, b); void ()
} {

std: :lock_guard< std::mutex>
lock( my_mutex);

// do something critical here



Exception-safe programming

= Pouzivat throw a catch je
jednoduché

d

vvvvv

by se choval korektné i za

pritomnosti vyjimek

Exception-safety
Exception-safe programming

T & operator=( const T & b)

{
if (this!l=&b)
{
delete body_;
body_ = new TBody( b.length());
copy( body_, b.body_);

}

return * this;

}

= Pokud new TBody zpUsobi vyjimku,
operator= zanecha v polozce body _
plvodni ukazatel, ktery jiz mifi na
dealokovany blok

= Pokud vyjimku vyvola procedura

copy, operator zanecha tridu v
nedplném stavu



Exception-safe programming

»Pravidla vynucena jazykem

= Destruktor nesmi skoncit vyvolanim vyjimky

= Vlyjimka mUzZe byt vyvoldna uvniti, ale musi byt zachycena nejpozdéji uvniti destruktoru

= ZdUvodnéni:

=V ramci oSetreni vyjimek (ve fazi stack-unwinding) se volaji destruktory lokalnich
proménnych

» Vyjimku zde vyvolanou nelze z technickych i logickych divodU osetfit (ztratila by se plvodni
vyjimka)

= Nastane-li takova vyjimka, vola se funkce terminate() a program konci



Exception-safe programming

»Pravidla vynucena jazykem

= Destruktor nesmi skoncit vyvolanim vyjimky
= Vlyjimka mUzZe byt vyvoldna uvniti, ale musi byt zachycena nejpozdéji uvniti destruktoru

= Toto pravidlo jazyka sice plati pouze pro destruktory lokalnich proménnych
= A zjinych dlvodu téz pro globalni proménné

= Je vSak vhodné je dodrzovat vzdy
« Bezpecnostni zdlivodnéni: Destruktory lokdlnich proménnych ¢asto volaji jiné destruktory
» Logické zdlvodnéni: Nesmrtelné objekty nechceme



Exception-safe programming

»Pravidla vynucena jazykem

= Destruktor nesmi skoncit vyvolanim vyjimky

= Konstruktor globalniho objektu nesmi skoncit vyvolanim vyjimky
= ZdUvodnéni: Neni misto, kde ji zachytit
» Stane-li se to, vola se terminate() a program konci
= Jiné konstruktory ale vyjimky volat mohou (a byva to vhodné)



Exception-safe programming

»Pravidla vynucena jazykem

= Destruktor nesmi skoncit vyvolanim vyjimky

= Konstruktor globalniho objektu nesmi skoncit vyvolanim vyjimky

= Copy-constructor typu v hlavic¢ce catch-bloku nesmi skoncit vyvolanim vyjimky
» ZdUvodnéni: Catch blok by nebylo mozné vyvolat
= Stane-li se to, vola se terminate() a program konci
= Jiné copy-constructory ale vyjimky volat mohou (a byva to vhodné)



Exception-safe programming

»Pravidla vynucena jazykem

= Destruktor nesmi skoncit vyvolanim vyjimky

= Konstruktor globalniho objektu nesmi skoncit vyvolanim vyjimky

= Copy-constructor typu v hlavic¢ce catch-bloku nesmi skoncit vyvolanim vyjimky



Exception-safe programming

»Poznamka: Vyjimky pri zpracovani vyjimky

= Vlyjimka pfi vypoctu vyrazu v throw prikaze
= Tento throw prikaz nebude vyvolan

= Vlyjimka v destruktoru pri stack-unwinding
= Povolena, pokud neopusti destruktor
= Po zachyceni a normalnim ukonceni destruktoru se pokracuje v ptivodni vyjimce

= Vlyjimka uvnitf catch-bloku

» Pokud je zachycena uvnitf, oSetreni plvodni vyjimky mizZe dale pokracovat (prikazem throw
bez vyrazu)

» Pokud neni zachycena, namisto plvodni vyjimky se pokracuje oSetfovanim nové



Exception-safe programming

»Kompilatory samy osetruji nékteré vyjimky
= Dynamicka alokace poli

Dojde-li k vyjimce v konstruktoru nékterého prvku, Uspésné zkonstruované prvky budou
destruovany

Ve zpracovani vyjimky se poté pokracuje



Exception-safe programming

»Kompilatory samy oSetfuji nékteré vyjimky
= Dynamicka alokace poli
= Dojde-li k vyjimce v konstruktoru nékterého prvku, Uspésné zkonstruované prvky budou destruovany

= Ve zpracovani vyjimky se poté pokracuje

= Vyjimka v konstruktoru soucasti (prvku nebo predka) tridy
= Sousedni, jiz zkonstruované soucasti, budou destruovany
= Ve zpracovani vyjimky se poté pokracuje

= Uvnitr konstruktoru je mozno vyjimku zachytit specialnim try-blokem:
X::X( /* formadlni parametry */)
try : Y( /* parametry pro konstruktor soucasti Y */)
{ /* vlastni télo konstruktoru */
} catch ( /* parametr catch-bloku */) {

/* oSettfeni vyjimky v konstruktoru Y i ve vlastnim téle */

}

= Konstrukci objektu nelze dokoncit

= Opusténi specidlniho catch bloku znamena throw;



Exception-safe programming

»Definice

= (Weak) exception safety

» Funkce (operator, konstruktor) je (slabé) bezpecnd, pokud i v pfipadé vyjimky zanecha
veskera data v konzistentnim stavu

= Konzistentni stav znamena zejména:

» Nedostupna data byla korektné destruovana a odalokovana
» Ukazatele nemiri na odalokovana data

= Plati dalSi invarianty dané logikou aplikace



Exception-safe programming

»Definice

= (Weak) exception safety

» Funkce (operator, konstruktor) je (slabé) bezpecnd, pokud i v pfipadé vyjimky zanecha
veskera data v konzistentnim stavu

= Konzistentni stav znamena zejména:

» Nedostupna data byla korektné destruovana a odalokovana
» Ukazatele nemiri na odalokovana data

= Plati dalSi invarianty dané logikou aplikace

= Strong exception safety
= Funkce je silné bezpecnd, pokud v pripadé, Zze skonci vyvolanim vyjimky, zanecha data ve
stejném (pozorovatelném) stavu, ve kterém byla pfi jejim vyvolani
= Observable state - chovani verejnych metod
= Nazyvano téz "Commit-or-rollback semantics"



Exception-safe programming

»Poznamky

= (Weak) exception safety
» Tohoto stupné bezpecnosti lze vétSinou dosahnout

= Staci vhodné definovat néjaky konzistentni stav, kterého lze vzdy dosahnout, a osSetfit
pomoci néj vsechny vyjimky

» Konzistentnim stavem mize byt tfeba nulovost vSech polozek

» Je nutné upravit vSechny funkce tak, aby je tento konzistentni stav
neprekvapil (mohou na néj ale reagovat vyjimkou)

= Strong exception safety

« Silné bezpecnosti nemusi jit viibec dosahnout, pokud je rozhrani funkce navrzeno Spatné
= Obvykle jsou problémy s funkcemi s dvojim efektem

= Priklad: funkce pop vracejici odebranou hodnotu



Softwaroveé inzenyrstvi a C++

NPRGO041 Programovani v C++ - 2019/2020 David Bednarek



Co je to programovani

» Algorithms + Data Structures = Programs
» Niklaus Wirth, 1976
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Co je to programovani

» Algorith
» Niklaus

es = Programs
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Co je to programovani

» Cim proslul Henry Ford?

» Vynalezl automobil?
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Co je to programovani

» Cim proslul Henry Ford?

» Vynalezl automobil?
= Ne. Karl Benz 1885.

» Byl prvnim vyrobcem automobil(?

NPRGO041 Programovani v C++ - 2019/2020 David Bednarek



Co je to programovani

» Cim proslul Henry Ford?
» Vynalezl automobil?
= Ne. Karl Benz 1885.

» Byl prvnim vyrobcem automobil(?
= Ne. Panhard et Levassor 1887.

» Dokazal pri vyrobé automobil( vyuzit pracovni silu lidi, ktefi by sami automobil
postavit nedokazali.

» Ukolem dobrého programatora je vytvofit kéd, ktery dokazou
pouzivat i horsi programatori
» V C++ je to dvojnasobné dulezité

NPRGO041 Programovani v C++ - 2019/2020 David Bednarek



Co je to programovani

» Prvni automobil
» Karl Benz 1885

» Pasova vyroba automobilu
» Henry Ford 1913
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» Prvni programovatelny pocitac
» EDSAC 1949

» Systematicka vyroba software
p P77

qmuare Development
Innovation, Productivity, Value




Co je to programovani

» Prvni automobil
» Karl Benz 1885

» Pasova vyroba automobil{
» Henry Ford 1913

» EU27(2010, véetné vyrobcl ¢asti):

2 172 000 zaméstnancl
95 269 000 000 EUR mzdy

NPRGO041 Programovani v C++ - 2019/2020 David Bednarek

» Prvni programovatelny pocitac
» EDSAC 1949

» Systematicka vyroba software
p P77

» EU27(2010, véetné IT sluzeb):
481 000 zaméstnancUl
15 783 000 000 EUR mzdy



Co je to programovani

» Prvni automobil
» Karl Benz 1885

» Pasova vyroba automobil{
» Henry Ford 1913

» Kdyby byly bézné automobily
stejné spolehlivé jako bézny
software, byli bychom dnes
vsichni mrtvi

NPRGO041 Programovani v C++ - 2019/2020 David Bednarek

» Prvni programovatelny pocitac
» EDSAC 1949

» Systematicka vyroba software
p P77



Co je to programovani

» Prvni automobil » Prvni programovatelny pocitac
» Karl Benz 1885 » EDSAC 1949
» Pasova vyroba automobild » Systematickd vyroba software
» Henry Ford 1913 p 7?7
» Kdyby byly bézné automobily » 2010: Kazdy automobil obsahuje
stejné spolehlivé jako bézny nejméné 30 vestavénych pocitacl
software, byli bychom dnes = VétSina programovana v C/C++

vsichni mrtvi = Spolehlivy software existuje!

NPRGO041 Programovani v C++ - 2019/2020 David Bednarek



Co je to programovani

» Kazdy program se drive Ci pozdéji stane kolektivnim dilem...

» ...nebo zmizi jako neuspésny

» Kazdy programator by meél pocitat s tim, ze jeho dilo bude pouzivat
nekdo cizi
» Zadna prekvapeni, 74dné exhibice geniality
» Dodrzovani konvenci, analogie dobre znamych rozhrani

NPRGO041 Programovani v C++ - 2019/2020 David Bednarek



Zadna prekvapeni
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(c) 2008 Focus Shift/OSNews/Thom Holwerda - http://www.osnews.com/comics
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Co je to programovani

» Algorithms + Data Structures + Best Practices = Programs

NPRGO041 Programovani v C++ - 2019/2020 David Bednarek
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arithmetic types

size_t, ptrdiff_t ()

numeric_limits constexpr
ref
R
&, const & &
decltype
declval

auto /\
auto &&
template T &&

assert
static_assert

optional/

variant/any

default/moy/\A P /\

copy
unique/shared/ T

nstructible/
assignable/ weak_ptr constT *
destructible/
swappable
move
swap \

/ forward

new/delete

bad_cast

throw/catch
exception

template
function
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iostream
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ynamic_cast

exception_ptr

template ...

SFINAE
enable_if

promise
future

mutex
lock_guard

<regex>
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» Nejbéznéjsi kombinace
» Neskodna tfida

= Nedeklaruje Zddnou copy/move metodu ani destruktor
= Neobsahuje slozky vyzadujici zvlastni péci (ukazatele)

» Trida obsahujici slozky vyzaduijici zvlastni péci
= Prekladacem generované chovani (default) nevyhovuje

= Bez podpory move (typicky stav pred C++11, dnes funkéni, ale neoptimalni)
T( const T & x);

T & operator=( const T & x);
~T() noexcept;

= PIna podpora copy/move
T( const T & x);
T( T & & x) noexcept;
T & operator=( const T & x);
T & operator=( T & & x) noexcept;

~T() noexcept;



» DalSi kombinace

» Nekopirovatelna a nepresouvatelna trida

= Napr. dynamicky alokované zivé objekty v simulacich
T( const T & x) = delete;

T & operator=( const T & x) = delete;

= delete zakazuje generovani prekladacem

= Destruktor mUze ale nemusi byt nutny

» Presouvatelna nekopirovatelna trida
= Napr. unikatni vlastnik jiného objektu (std::unique_ptr< U>)
T( T & & x) noexcept;

T & operator=( T && x) noexcept;
~T() noexcept;

= Pravidla jazyka zakazuji generovani copy metod prekladacem
= Destruktor typicky byva nutny



Konstruktory a spol.

» Abstraktni trida

= Se zdkazem kopirovani/presouvani

class T {
protected:

TO) {}

T( const T & x) = delete;

T & operator=( const T & x) = delete;
public:

virtual ~T() noexcept {}
};



Konstruktory a spol.

» Abstraktni trida

= S podporou klonovani

class T {
protected:

TO) {}

T( const T & x) = default;

T & operator=( const T & x) = delete;
public:

virtual ~T() noexcept {}

virtual T * clone() const = O;

}s



» Dusledky pfitomnosti datovych polozek

» Ciselné typy
= VyZaduji explicitni inicializaci, destrukce neni nutna
= Kopirovani/presouvani je bez problému
» Struktury/tridy
= Nemaji-li vlastni copy/move operace, chovaji se stejné, jako kdyby jejich soucasti byly
pritomny primo
= Maji-li dobre udélané vlastni copy/move, obvykle nezplsobuji problémy

= VyZzaduji oSetreni, pokud ma byt semantika vnéjsi tridy jina
(napft. chytré ukazatele ve tfidach s hodnotovou semantikou)

» Kontejnery a retézce
= Kontejnery maiji vlastni copy/move operace

= Chovaji se stejné, jako kdyby elementy kontejneru byly pritomny pfimo
« Kontejner je vSak automaticky inicializovan jako prazdny - neni tfeba inicializovat jeho prvky

NPRGO041 Programovani v C++ - 2019/2020 David Bednarek



» Dusledky pritomnosti datovych polozek - odkazy bez odpovédnosti
vlastnika

» Reference (U&)
= VyZaduji explicitni inicializaci, destrukce neni nutna
= Copy/move konstruktory jsou bez problém
= Copy/move operator= je znemoznén
» Ukazatele (U*) bez (spolu-)vlastnické semantiky
Dealokaci resi nékdo jiny
= Vyzaduji explicitni inicializaci, destrukce neni nutna

= Kopirovani/presouvani je bez problému

NPRGO041 Programovani v C++ - 2019/2020 David Bednarek



Konstruktory a spol.

» POD: Plain-Old-Data
= Polozky jsou verejné

= Inicializace je v zodpovédnosti uzivatele

class T {
public:
std::string x_;

}s

- Casto se pouZiva struct

struct T {
std::string x_;

}s



Konstruktory a spol.

» VSechny polozky jsou neskodné
= Polozky maji svoje konstruktory

= Trida nemusi mit zZadny konstruktor

class T {
public:
/] ...
const std::string & get _x() const { return x_; }
void set_x( const std::string & s) { x_ =s; }
private:
std::string x_;

}s



Konstruktory a spol.

» VSechny polozky jsou neskodné
= Polozky maji svoje konstruktory

= Konstruktor se hodi pro pohodlnou inicializaci
= V takovém pfipadé je (vétSinou) nutny i konstruktor bez parametrd
= Konstruktory s jednim parametrem oznaceny explicit

class T {
public:
TO) {}
explicit T( const std::string & s) : x_( s) {}
T( const std::string & s, const std::string & t)
:x_(s), y_(t)
{}
// ... metody ...
private:
std::string x_, y_;

}s



Konstruktory a spol.

» Neékteré polozky jsou mirné nebezpecné

= Neékteré polozky nemaji vhodné konstruktory
- Ciselné typy véetné bool, char,
= Ukazatele bez vlastnické semantiky

= Konstruktor je nutny pro inicializaci
=V takovém pripadé je (vétSinou) nutny i konstruktor bez parametr(
= Konstruktory s jednim parametrem oznaceny explicit

class T {
public:
T() : x_( 0), y_( nullptr) {}
explicit T( int s) : x_( s), y_( nullptr) {}
T( int s, U * t)
2 x_(s), y_(t)
{}
// ... metody ...
private:
int x_; U *vy_;

}s



» Dusledky prfitomnosti datovych polozek - chytré odkazy
» std::unique_ptr<U>

= Explicitni inicializace neni nutnd (automaticky nullptr)
= Explicitni destrukce neni nutna (automaticky dealokuje pripojeny objekt)
= Copy operace nejsou mozné
= Jsou-li vyZzadovany, museji byt implementovany kopirovanim obsahu
= Move operace jsou bezproblémové
» std::shared ptr<U>
= Explicitni inicializace neni nutna (automaticky nullptr)
= Explicitni destrukce neni nutna

= Copy operace funguji, ale maji semantiku sdileni

=  Maji-li mit semantiku kopirovani, je nutné upravit ostatni metody tridy
- vSechny modifikujici metody si museji vytvorit privatni kopii pripojeného objektu

= Move operace jsou bezproblémoveé
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Konstruktory a spol.

» Pouziti unique_ptr
= Trida se zakazanym kopirovanim

= Ale schopna presunu

class T {
public:

T() : p_( new Data) {}
private:

std: :unique_ptr< Data> p_;

}s



Konstruktory a spol.

» Pouziti unique_ptr

= Trida s povolenym kopirovanim

class T {
public:
T() : p_( new Data) {}
T( const T & x) : p_( new Data( * x.p_)) {}
T( T & x) = default;
T & operator=( const T & x) { return operator=( T( x));}
T & operator=( T & & x) = default;
private:

std: :unique_ptr< Data> p_;

}s



» Dusledky pritomnosti datovych polozek - vlastnické odkazy
» Ukazatele (U*) se semantikou vlastnika

= Nase trida musi resit dealokaci pfipojeného objektu

VyZaduiji explicitni inicializaci (alokace nebo vynulovani)

Destrukce je nutnda (dealokace)

Kopirovani musi alokovat novy pripojeny objekt a kopirovat jeho obsah
Pfesouvani musi vynulovat odkazy ve zdrojové tridé

Copy/move operator= musi navic uklidit plvodni obsah

» Ukazatele (U*) se semantikou spoluvlastnika

« Nase tfida musi fesit pocitani odkaz(i a dealokaci pfipojeného objektu
VyZaduiji explicitni inicializaci (alokace nebo vynulovani)
Destrukce je nutnd (odecteni odkazu, dealokace)

Kopirovani musi aktualizovat pocet odkazu

Presouvani musi vynulovat odkazy ve zdrojové tride

Copy/move operator= musi navic uklidit pdvodni obsah
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Konstruktory a spol.

» Neékteré polozky jsou hodné nebezpecné
= Syrové ukazatele s vlastnickou semantikou

= Je nutny copy/move constructor/operator= a destruktor
= Je nutny i jiny konstruktor, napft. bez parametri

class T {
public:
T() : p_( new Data) {}
T( const T & x) : p_( new Data( * x.p_)) {}
T(T& x) : p_( x.p_) { x.p_=0; }
T & operator=( const T & x) { T tmp( x); swap( tmp); return * this;}
T & operator=( T && x)
{ T tmp( std::move( x)); swap( tmp); return * this;}
~T() { delete p_; }
void swap( T & y) { std::swap( p_, y.p_); }
private:

Data * p_;
}s5



Pointer vs. value



CH#/Java vs. C++

class T {
public int a;

}

class test {
static void £( T z)

{
z.a = 3;
}
static void g()
{
T x = new T(),
// allocation
x.a =1;
Ty = x/
// second reference
y.a = 2;
// x.a == 2
£( x);
// x.a == 3
// garbage collector will later
// reclaim the memory when needed
}

void g()
{

T * x = new T;
// allocation

T * y = x;
// second pointer

y->a = 2;
// x->a == 2

£f( x);
// x->a == 3

delete x;
// manual deallocation



CH#/Java vs. C++

class T {
public int a;

}

class test {
static void £( T z)

{
z.a = 3;
}
static void g()
{
T x = new T(),
// allocation
x.a =1;
Ty = x/
// second reference
y.a = 2;
// x.a == 2
£( x);
// x.a == 3
// garbage collector will later
// reclaim the memory when needed
}

void g()

{
std: :shared ptr< T> x =

std: :make_shared< T>();
// allocation

x->a = 1;

std: :shared ptr< T> y = x;
// second pointer

y->a = 2;
// x->a == 2

£( x);
// x->a == 3

// automatic deallocation
// when pointers are destructed



CH#/Java vs. C++

class T {
public int a;

}

class test {
static void £( T z)

{
z.a = 3;

}

static void g()
{

T x = new T(),
// allocation

x.a = 1;

Ty = x/
// second reference

y.a = 2;

// x.a == 2
£( x);

// x.a == 3

// garbage collector will later
// reclaim the memory when needed

class T {
public:
int a;

};

void £( T & z)

z.a = 3;
}
void g()
{
T x; // automatic storage (stack)
x.a =1;
T &y = x;
// a reference to the stack object
y.a = 2;
// x.a == 2
£( x);
// x.a == 3

// x is destructed on exit



CH#/Java vs. C++

struct T {
int a;

}

class test {
static void £( T z)

{
z.a = 3;
}
static void g()
{
T x,;
// creation
x.a = 1;
Ty = x/
// a copy
y.a = 2;
// x.a == 1
£( x);
// x.a == 1
// destruction on exit
}

class T {
public:
int a;

};

void £( T z)
{

}

z.a = 3;

void g()
{

T x;
// creation

x.a =1;

Ty=x;
// a copy

y.a = 2;
// x.a =1

£f( x);
// x.a =1

// destruction on

exit



CH#/Java vs. C++

struct T {
int a;

}

class test {

static void f( ref T z)

{
z.a = 3;
}
static void g()
{
T x;
// creation
x.a=1;
f( ref x);,
// x.a == 3
}

class T {
public:
int a;

}s;

void £( T & z)



CH#/Java vs. C++

class T {
public int a;

}

class test {
static void f( ref T z)

{
z = new T();,
// allocation of another object

}

static void g()
{

T x = new T(),
// allocation

f( ref x);
// x is now a different object

// deallocation later by GC
}

class T {
public:
int a;

}s;

void f( std::unique ptr<T> & z)
{

z = new T;
// allocation of another object
// deallocation of the old object

}

void g()

{
std: :unique ptr< T> x = new T;
// allocation

£( x);
// *x is now a different object

// deallocation by destruction of x



Je lepsi C++ nebo Java/CH#?




Je lepsi C++ nebo Java/CH#?

Spatnd otazka



Co programovat v C++

» Pro které oblasti je C++ lepSi nez Java/C#?

= DuUraz na vykon
« C++ umoznuje programovat zplisobem, ktery neubird na vykonu
= KdyZ budete programovat v C++ stejnym stylem jako v Java/C#, dostanete priblizné stejny
vykon
= Spoluprace s hardware
= C++ nechysta na programatora nepfijemna prekvapeni (garbage collection etc.)
= Embedded assembler, spojovani s jinymi jazyky
= Spoluprace s OS
= VSechny vyznamné OS maji v C jadro a tudiz i rozhrani OS
= VétSina systémovych aplikaci je v C nebo C++
= Nativni knihovny jazyk( Java/C# jsou implementovany v C/C++
= Generické programovani
= Mechanismus Sablon v C++ je silnéjsi nez v Java/C#
= ZpUsob implementace Sablon v C++ neubird na vykonu



Co programovat v C++

» Proc je Java/C# pomalejsi?
» Java/C# nuti k dynamické alokaci vzdy a vSude

= V C++ Ize dynamickou alokaci pouzivat pouze v nezbytnych pripadech
= datoveé struktury promeénlivé velikosti
polymorfni datové struktury
= objekty s nepravidelnou dobou Zivota

» Garbage collection je pomalejsi nez explicitni dealokace (delete)
= GC dealokuje pozdé - problémy s vyuzitim cache
= GC je ale rychlejsi nez chytré ukazatele (shared_ptr)
Programy psané v C++ stylem Java/C# jsou pomalejsi nez original
» Chybi pokrocilé metody optimalizace v prekladacich
= Vektorizace, transformace cyklq, ...
= Prekladace nemaiji ¢as (JIT), jejich autori motivaci
= Existuji i situace, kdy je Java/C# rychlejsi
Prekladace Javy/C# maji jednodussi ulohu pfi analyze kddu

» Je C++ pomalejsi nez C?
» Ne, pokud v ném neprogramujete jako v Javé/C#



Co neprogramovat v C++

» Co radéji neprogramovat v C++

» Interaktivni aplikace s GUI
= C++ nema standardizované rozhrani na GUI
= Nativni rozhrani GUI v OS je vétsSinou archaické C
= Primé pouziti je obtizné a nebezpecné
= Knihovny pro GUI jsou archaické, neprenositelné nebo oboji
= Qt, GTK+, wxWidgets...
= Garbage Collection pfi programovani GUI citelné chybi
» Aplikace skladané z mnoha cizich soucasti
= V C++ neexistuje Siroce uznavany styl psani komponent

= Standard C++ nedostatecné zprostfedkovava sluzby OS, Internetu atd.
= Situace v C++11 a C++14 je vSak daleko lepSi nez drive

= Cizi knihovny obvykle doplnuji chybéjici ¢asti vlastni tvorbou
= RUzné implementace chybéjicich ¢asti mohou byt v konfliktu

» Pokud je ale zaroven zapotrebi vykon, nic moc jiného nez C++ nezbyva



Proc C++

» Proc (stale jesté) uCime C++7?

= VétSina radovych programatorl v C++ programovat nebude

= MFF chce vychovavat elitu

Programovani OS, databazi, prekladaci

Védecké vypocty vyzadujici vykon

Hry, robotika, vestavéné systémy ...

Udrzba rozsahlych a historickych softwarovych systémd

= Porozumite-li tomu, jak funguje C++, budete |épe rozumét

= jinym programovacim jazykim

architekture pocitacl a operacnich systémd
prekladacim

= Zvladnuti C++ je odznakem zdatnosti matfyzaka




Setter bez konverze — rizné implementace

class packet {

public:
void set_contents(const std::string & s)
{ data_ =s; }

private:
std::string data_;

¥

» Pokud je skute¢nym
parametrem L-value, lepsi
feSeni neexistuje

std::string my_string = /*...%*/;
p->set_contents( my_string);

= copyzmy_string do data_

= tato operace mUze recyklovat
plvodni prostor alokovany v
proménné data_

» Pokud je skute¢nym
parametrem R-value, dochazi
ke zbytecnému kopirovani

p->set_contents( "Hello, world!");
p->set_contents( my_string + "!");
p->set_contents( std::move(my_string));

= copydo data_

class packet {
public:
void set_contents(std::string s)
{ data_ = std::move( s); }
private:
std::string data_;
s

» Pokud je skutecnym
parametrem L-value

std::string my_string = /*...*/;
p->set_contents( my_string);

= copy zmy_stringdos
= move z s do data

= recyklace pGvodniho
prostoru neni mozna

» Pokud je skute¢nym
parametrem R-value

p->set_contents( "Hello, world!");
p->set_contents( my_string + "1");
p->set_contents( std::move(my_string));

= movedos
= move zs do data_

class packet {
public:
void set_contents(const std::string & s)
{ data_ =s; }
void set_contents(std::string && s)
{ data_ = std::move( s); }
private:
std::string data_;
}s

»  Pokud je skute¢nym parametrem L-
value

std::string my_string = /*...*/;
p->set_contents( my_string);

= copy z my_string do data_

tato operace muze recyklovat
puvodni prostor alokovany v
proménné data_

»  Pokud je skutenym parametrem R-
value

p->set_contents( "Hello, world!");
p->set_contents( my_string + "!");
p->set_contents( std::move(my_string));

= move do data_

zahrnuje dealokaci plvodniho
prostoru
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Setter bez konverze — rizné implementace

class packet { class packet {
public: public:
void set_contents(const std::string & s) template< typename X>
{ data_ = s; } void set_contents(X && s)
void set_contents(std::string && s) { data_ = std::forward< X>( s); }
_ = H H

{ data_ = std::move( s); } private:

private: std::string data_;

std::string data_;

s
}s . v .
. - » Pokud je skutecny parametr typu std::string,
> Pokud je skutecnym parametrem L-value chovani je shodné s variantou dvou funkci
std::string my_string = /*.../; » std:forward je podminéna varianta std::move
p->set_contents( my_string); pro univerzalni reference

- copy 2 my _string do data_ » Pokud je skutecny parametr jiného typu

- tato operace mﬁig regyklovat plvodni prostor (napr' Char[14])
alokovany v proménné data_ p->set_contents( "Hello, world!™);
» Pokud je skute€nym parametrem R-value

p->set_contents( "Hello, world!");

» ke konverzi dochazi uvnitr funkce

= muZe existovat specidlni varianta operator=
p->set_contents( my_string + "1"); pro tento typ

= ta mUzZe recyklovat pdvodni prostor
= v opacném pripadé se provede

= konverze, zahrnuijici alokaci nového prostoru

= move do data_

p->set_contents( std::move(my_string));

= move do data_
= zahrnuje dealokaci plvodniho prostoru
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Docasné zpristupnéni objektu

class packet {
public:
void set_contents( std::string s)
{ data_ = std::move( s); }
const std::string & get_contents() const
{ return data_; }
private:
std::string data_;
}s

» Trida packet obsahuje data ve formatu
srozumitelném pro jeji uzivatele
= Zapis a Cteni dat nevyzaduje konverzi

» set_contents pfijima parametr p hodnotou

= pokud je skutecnym argumentem R-value, bude do
parametru s presouvana, v opacném pripadé kopirovana

= funkce pfesouva obsah parametru do polozky data_
to by nebylo mozné pfi predavani jako const std::string &

void send_hello()
{
auto p = std::make_unique< packet>();

p->set_contents( "Hello, world!");

ch.send( std::move( p));
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void dump_channel()

{
while ( ! ch.empty() )

{

auto m = ch.receive();
std::cout << m->get_contents();

// the packet is deallocated here

» get_contents vraci odkaz na vnirni data
= const brani modifikaci

» Jak dlouho tato reference plati?

= AZ do modifikace/destrukce objektu
packet

= Prijemce je unikatnim vlastnikem, takze
tyto udalosti ma pod kontrolou

= Reference plati pfinejmensim v ramci
jednoho prikazu

= Pokud v ném neni jina akce s timtéz
objektem packet

= Dveé akce s timtéz objektem v jednom
ptikazu obvykle zptsobuiji i dalsi problémy
(nejisté poradi apod.)




