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classclass
managing free store (heap), preventing leaksmanaging free store (heap), preventing leaks
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Classes: the ideaClasses: the idea
AA class directly represents a concept in aclass directly represents a concept in a programprogram

ifif you can think of “it” as a separate entity, it is plausible thatyou can think of “it” as a separate entity, it is plausible that
it could be a class or an object of ait could be a class or an object of a classclass
examplesexamples: vector,: vector, iterator, matrixiterator, matrix, input stream, string, FFT,, input stream, string, FFT,
valve controller, robot arm, device driver, picture on screen,valve controller, robot arm, device driver, picture on screen,
dialog box, graph, window, temperature reading, clockdialog box, graph, window, temperature reading, clock

A class is aA class is a useruser--defineddefined typetype that specifies how objects ofthat specifies how objects of thethe
type can be created andtype can be created and used (and finally destroyed)used (and finally destroyed)
In C++ (as in most modern languages), a class is the key buildingIn C++ (as in most modern languages), a class is the key building
block for largeblock for large programsprograms

and usefuland useful for small ones alsofor small ones also

The concept was originally introduced inThe concept was originally introduced in Simula 67Simula 67 (Norway)(Norway)
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ClassesClasses
A class is aA class is a useruser--defineddefined type: numeric data, container, etc.type: numeric data, container, etc.

classclass XX  {{ //// thisthis class’ name isclass’ name is XX
public:public: //// publicpublic membersmembers ---- thethe interface to usersinterface to users

//// accessibleaccessible byby allall
//// functionsfunctions
//// typestypes
//// datadata ((often best kept privateoften best kept private))

private:private: //// privateprivate membersmembers ---- ""implementation detailsimplementation details""
//// accessibleaccessible byby membersmembers oror friendfriends, onlys, only

//// functionsfunctions
//// typestypes
//// datadata . . .. . . perhaps more partsperhaps more parts

};};
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sstructtruct andand classclass
AA structstruct isis simply asimply a classclass where members arewhere members are publicpublic by default:by default:

structstruct XX  {{
intint mm;   . . .;   . . .

};};

means exactly the same as:means exactly the same as:
classclass XX  {{
public:public:

intint mm;   . . .;   . . .
};};

structstructss areare oftenoften usedused for lowfor low--level "technical" data storagelevel "technical" data storage
"plain data" (some data items just bundled together)"plain data" (some data items just bundled together)
the data membersthe data members cancan taketake "any value" (no"any value" (no invariantinvariants)s)
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ClassClass invariantsinvariants
The notion of a “The notion of a “validvalid instance”instance” is an important special case of the ideais an important special case of the idea
of aof a validvalid valuevalue

We try to design our types so that values are guaranteed to be validWe try to design our types so that values are guaranteed to be valid
the state is OK before operations, and left OK after operationsthe state is OK before operations, and left OK after operations
checkingchecking forfor validityvalidity is an important way to debug codeis an important way to debug code

A rule for what constitutes a valid value is calledA rule for what constitutes a valid value is called anan invariantinvariant
the invariant forthe invariant for DateDate (“Date must represent a date in the past,(“Date must represent a date in the past,
present, or future”) is actually a bit complicatedpresent, or future”) is actually a bit complicated
remember leap years and Feb 29remember leap years and Feb 29
(if divisible by four, except for .. except for .. etc.)(if divisible by four, except for .. except for .. etc.)

Try hard to think of good invariants for your classesTry hard to think of good invariants for your classes
clarifies design, and may reveal bugs during testingclarifies design, and may reveal bugs during testing

IfIf we can’t thinkwe can’t think ofof goodgood invariant,invariant, wewe probably have "plain data"probably have "plain data"
iiff soso,, can usecan use aa structstruct (the standard uses e.g.,(the standard uses e.g., pair <pair <constconst Key, T>Key, T>))
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ClassesClasses
//// simple dsimple dateate
class Date {class Date {
public:public:

Date (Date (intint y,y, intint m,m, intint dd););  //// constructorconstructor checks and initializeschecks and initializes
voidvoid addDay (addDay (intint n = 1);       //n = 1);       // increaseincrease thethe datedate by n daysby n days
intint month const ();month const (); //// these all arethese all are declarationsdeclarations, only, only
//// . . .. . .

privateprivate:: //// we prefer implementation details lastwe prefer implementation details last
intint yy, m, d, m, d;; //// yearyear, month, day, month, day

};};
__________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

DateDate::::Date (Date (intint yyyy,, intint mm,mm, intint dddd)) //// definitiondefinition; note; note :::: “member of”“member of”
: y (: y (yyyy),), m (m (mmmm),), d (d (dddd) {) { /*/* . . .. . . */*/ }} //// special memberspecial member initializersinitializers

voidvoid DateDate::addDay (int::addDay (int n) {n) { /*/* . . .. . . */*/ }} //// also a separatealso a separate definitiondefinition
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discussed laterdiscussed later

Classes: checking invariantClasses: checking invariant

WhatWhat can we do in case of an invalidcan we do in case of an invalid datedate??
class Date {class Date {
public:public:

Date (Date (intint y,y, intint m,m, intint dd);); //// check datecheck date andand initializeinitialize
//// . . .. . .
static boolstatic bool checkcheck ((int y, int m, int d);   //int y, int m, int d);   // isis ((yy,,mm,,dd)) a valid date?a valid date?

privateprivate::
intint yy, m, d, m, d;; //// yearyear, month, day, month, day

};};

DateDate:::: Date (Date (intint yyyy,, intint mm,mm, intint dddd))
:: y (y (yyyy),), m (m (mmmm),), d (d (dddd) {) { //// initializeinitialize data membersdata members
if (! check (if (! check (yy, m, d)), m, d)) //// check for validitycheck for validity

throw std::invalid_argument ("Invalid date:  " . . . );throw std::invalid_argument ("Invalid date:  " . . . );
}}
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Classes: public/private distinctionClasses: public/private distinction
ToTo provide a clean interfaceprovide a clean interface

datadata and messy functions can be madeand messy functions can be made privateprivate

To maintainTo maintain a class invariant (defines valid states for instances)a class invariant (defines valid states for instances)
control what can be called outside viacontrol what can be called outside via publicpublic functionsfunctions
only theonly the fixed set of functions can access thefixed set of functions can access the datadata

member functions and perhaps somemember functions and perhaps some friendfriendss

To easeTo ease debugging sincedebugging since
only theonly the fixed set of functions canfixed set of functions can directly access privatedirectly access private datadata

knownknown as the “as the “round up the usual suspectsround up the usual suspects”” techniquetechnique

To achieve soTo achieve so--called "called "representation independencerepresentation independence""
allows a change of representation without affecting the clientsallows a change of representation without affecting the clients
youyou need only toneed only to modifymodify a fixed set ofa fixed set of functions, and thesefunctions, and these
changes to data structures/code don't propagate elsewherechanges to data structures/code don't propagate elsewhere
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More on classesMore on classes
//// simplesimple DateDate usingusing MonthMonth typetype
enum class Month  {enum class Month  { //// add static type infoadd static type info

Jan = 1, Feb, Mar, . .  Nov, Dec };Jan = 1, Feb, Mar, . .  Nov, Dec };

classclass DateDate {{
public:public:

Date (Date (intint y, Month m,y, Month m, intint dd);  . . .);  . . . //// checkschecks forfor validvalid datedate
private:private:

intint y;y; //// yearyear
MonthMonth mm;; //// monthmonth
intint d;d; //// dayday

};};
Date myBirthday (Date myBirthday (1950,1950, 3030,, Month::Dec);Month::Dec); //// errorerror:: 3030 is notis not MonthMonth
DateDate myBirthday (myBirthday (19501950,, Month::DecMonth::Dec, 30);, 30); //// okok
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Const member functionsConst member functions
Distinguish between functions that can modify (mutate) objects andDistinguish between functions that can modify (mutate) objects and
those that cannotthose that cannot

classclass Date {Date {
publicpublic:   //:   // ……

intint day ()day () constconst { return d{ return d;; }} //// constconst member: can’t modifymember: can’t modify
voidvoid addDay (addDay (intint n = 1);n = 1); //// nonnon--constconst member: can modifymember: can modify
//// ……

};};

DateDate d (d (20002000,, Month::JanMonth::Jan,, 2020);); //// can change its state/valuecan change its state/value
constconst DateDate cd (cd (20012001,, Month::FebMonth::Feb,, 2121);    //);    // onlyonly constconst functionsfunctions

std::coutstd::cout <<<< d.day ()d.day () << "<< " –– "" <<<< cd.day ()cd.day () <<<< std::endl;    //std::endl;    // okok
d.addDay (d.addDay (1);1); //// okok
cd.addDay (cd.addDay (1);1); //// errorerror:: constconst violationviolation
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Summary: a good class interfaceSummary: a good class interface
MinimalMinimal

aass smallsmall asas possiblepossible -- to minimize complexity and testingto minimize complexity and testing

CompleteComplete
butbut nono smaller: provide all "essential" operationssmaller: provide all "essential" operations
(or ways to define them via the given operations)(or ways to define them via the given operations)

TypeType safesafe
let the compiler help and check staticallylet the compiler help and check statically
e.g., bewaree.g., beware of confusing argument ordersof confusing argument orders

constconst--correctcorrect
to supportto support constconst--qualified data, objects, or referencesqualified data, objects, or references
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Classes: four essential operationsClasses: four essential operations
DefaultDefault constructorconstructor;  better called:  ";  better called:  "zerozero--argument constructorargument constructor""

can define yourself:can define yourself: Date () : y (1), m (Month::Jan), d (1)  { . . }Date () : y (1), m (Month::Jan), d (1)  { . . }
the compilerthe compiler--generated default implementation calls defaultgenerated default implementation calls default
member initializations, but only formember initializations, but only for classclass--typetype data membersdata members
nono zerozero--arg. constructor is generatedarg. constructor is generated ifif anyany otherother ctors are declaredctors are declared

Copy constructorCopy constructor (defaults to(defaults to:: copy allcopy all thethe data members)data members)
Copy assignmentCopy assignment (defaults to:(defaults to: copycopy all the data membersall the data members))
DestructorDestructor

can define yourself:can define yourself: ~Date () { /*~Date () { /* release resourcesrelease resources  -- if anyif any */  }*/  }
the default one calls destructors forthe default one calls destructors for classclass--typetype data members, onlydata members, only

ForFor DateDate, the default implementations (happen to) work OK, the default implementations (happen to) work OK

DateDate d;d; //// ok:  default constructor . .ok:  default constructor . . ((we assumewe assume))
Date d2 = d;Date d2 = d; //// okok:: copycopy initializedinitialized ((copiescopies thethe membersmembers))
d = d2;d = d2; //// okok:: copycopy assignmentassignment ((copies the memberscopies the members))

131318.11.201418.11.2014
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C++C++ example:example: IntStackIntStack
class IntStack {class IntStack { //// in a header filein a header file ((.h.h))
public:public:

explicitexplicit IntStack (size_t sz = 90);IntStack (size_t sz = 90); //// not anot a size_tsize_t conversionconversion
void push (int);void push (int);
intint poppop ();   . . .();   . . .
IntStackIntStack (IntStack const&);(IntStack const&); //// copycopy constructorconstructor
IntStack&IntStack& operator =operator = (IntStack const&);(IntStack const&); //// assignmentassignment ((value copyvalue copy))
~~IntStack ();IntStack (); //// destructordestructor

private:private:
size_tsize_t size_;size_; //// maximum capacitymaximum capacity
size_tsize_t top_;top_; //// current number of itemscurrent number of items
intint ** arrayarray_;_; //  int//  int array for itemsarray for items

};};
NoteNote.. size_tsize_t is (ANSI C) unsigned type (result ofis (ANSI C) unsigned type (result of sizeofsizeof operator).operator).

note the overload of thenote the overload of the operator =

Juha Vihavainen / University of HelsinkiJuha Vihavainen / University of Helsinki18.11.201418.11.2014



8

1515

IntStack (continuedIntStack (continued))
IntStack::IntStack (size_t sz)IntStack::IntStack (size_t sz) //// placed in a .cpp fileplaced in a .cpp file

: size: size_(sz), top_(0), array_(new int [sz])_(sz), top_(0), array_(new int [sz]) {{ //// nono explicitexplicit needed hereneeded here
}} //// always initialized in the order of the declarationsalways initialized in the order of the declarations
void IntStack::push (int i) {void IntStack::push (int i) {

if (top_== size_)if (top_== size_) throwthrow std::logic_error ("stack overflow");std::logic_error ("stack overflow");
array_[top_++] = i;array_[top_++] = i;

}}
IntStack::IntStack (IntStack const& stack)IntStack::IntStack (IntStack const& stack)

: size: size_(stack.size_), top_(stack.top_), array_(new int [size_]) {_(stack.size_), top_(stack.top_), array_(new int [size_]) {
forfor (size_t i = 0; i < top_; ++i) array_[i] = stack. array_[i];(size_t i = 0; i < top_; ++i) array_[i] = stack. array_[i];

}}
IntStack::~IntStack  () {IntStack::~IntStack  () {

delete [] array_;delete [] array_; //// note the bracketsnote the brackets [][] !!
}}
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Interfaces andInterfaces and "helper" functions"helper" functions

Keep a class interface (the set of public functions)Keep a class interface (the set of public functions) minimal tominimal to

simplifysimplify understandingunderstanding
simplifysimplify debuggingdebugging
simplifysimplify maintenancemaintenance

KeepingKeeping the class interfacethe class interface minimalminimal,, may require extra "helper"may require extra "helper"
functionsfunctions outside the classoutside the class (i.e., non(i.e., non--membermember functionsfunctions))

e.g., overloadede.g., overloaded ==== (equality)(equality) ,, !=!= (inequality)(inequality)

nextWeekday (), nextSunday ()nextWeekday (), nextSunday () (see next slide)(see next slide)

NoteNote.  No comparison operators are defined by default..  No comparison operators are defined by default.
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Sample "helper"Sample "helper" functionsfunctions
DateDate nextSundaynextSunday (Date const&(Date const& dd) {) {

//// accessaccess dd usingusing d.dayd.day ()(),, d.monthd.month ()(),, andand d.yeard.year ()()
//// construct aconstruct a DateDate to returnto return

}}

DateDate nextWeekdaynextWeekday (Date const&(Date const& d) {d) { /*  . . .  */  }/*  . . .  */  }

boolbool operator == (Date const&operator == (Date const& a,a, Date const&Date const& bb)  {)  {
returnreturn a.yeara.year () ==() == b.yearb.year () &&() &&

a.montha.month () ==() == b.monthb.month () &&() &&
a.daya.day () ==() == b.dayb.day ();();

}}
//// wewe mustmust alsoalso definedefine ((sincesince notnot generatedgenerated byby defaultdefault):):

boolbool operator != (Date const&operator != (Date const& a,a, Date const&Date const& b) { return !(a==b); }b) { return !(a==b); }
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Remember to support access toRemember to support access to constconst objectsobjects
classclass IntStackIntStack {{

//// . . .. . .
intint& operator [] (std::& operator [] (std::size_tsize_t n);n); //// accessaccess n'thn'th itemitem ((from topfrom top))
intint operator [] (std::operator [] (std::size_tsize_t n)n) constconst;; //// don't allow updatesdon't allow updates
//  . . .//  . . .

};};
IntStackIntStack a;a;
IntStackIntStack b;b;
// push// push intsints on a and b….on a and b….
f(f(a,ba,b);  // call f, a and b will);  // call f, a and b will notnot be copied, but accessed via referencebe copied, but accessed via reference
voidvoid f (f (IntStackIntStack constconst&& cstackcstack,, IntStackIntStack& stack)  {& stack)  {

//// . . .. . .
intint i1 =i1 = cstackcstack [[7];7]; //// callcall sthesthe constconst version ofversion of [][]
intint i2 = stack [i2 = stack [7];7]; //// callscalls thethe nonnon--constconst version ofversion of [][]
cstackcstack [[7] = 9;7] = 9; //// errorerror:: callingcalling thethe constconst version ofversion of [][]
stack [stack [7] = 97] = 9;        . . .;        . . . //// okok :: nonnon--constconst version ofversion of [][]

}}
NoteNote.. IfIf constconst--methodsmethods areare missingmissing,, cannotcannot manipulatemanipulate constconst data.data.Juha Vihavainen / University of HelsinkiJuha Vihavainen / University of Helsinki 181818.11.201418.11.2014
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ContainerContainer servicesservices
Switching contents of two objects safely:Switching contents of two objects safely:

s1.swap (s2);    //s1.swap (s2);    // swap contents safely and efficientlyswap contents safely and efficiently ((OO (1))(1))
often utilised for safe updates: build a new version, thenoften utilised for safe updates: build a new version, then swapswap

Access to elements viaAccess to elements via iteratorsiterators (very efficient but(very efficient but sometimessometimes unsafe)unsafe)
class Vector  {   . . .class Vector  {   . . . //// hypotheticalhypothetical VectorVector classclass
public:public:

typedef doubletypedef double ** iteratoriterator;; //// often implemented as pointersoften implemented as pointers
iterator begin () { return elem; }        //iterator begin () { return elem; }        // the first elementthe first element ((if any!if any!))
iterator end () { return elem + size (); }     //iterator end () { return elem + size (); }     // beyond the last itembeyond the last item

};};

C++ standard does not (directly) support IO for containers (vs. Java/C#)C++ standard does not (directly) support IO for containers (vs. Java/C#)
e.g., to print out a container as a whole valuee.g., to print out a container as a whole value
but you can provide such operations yourself: discussed later onbut you can provide such operations yourself: discussed later on
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for an empty container:for an empty container: begin () == end ()begin () == end ()

SummarySummary: to: to ConstructConstruct()() -- oror notnot??

DoesDoes mymy classclass needneed a (a (defaultdefault)) zerozero--argumentargument constructorconstructor??
YesYes,, ifif youyou needneed toto bebe ableable createcreate instancesinstances of theof the classclass
withoutwithout anyany initializersinitializers:: vector<My_classvector<My_class>> vecvec(10);(10);
RequiresRequires thatthat youyou cancan establishestablish thethe invariantinvariant for thefor the classclass
withwith aa meaningfulmeaningful andand obviousobvious defaultdefault valuevalue

DoesDoes mymy classclass needneed aa destructordestructor??
YesYes,, ifif itit hashas acquiredacquired pointerspointers oror referencesreferences toto dynamicallydynamically
allocatedallocated objectsobjects oror otherother resourcesresources ((e.ge.g. a. a databasedatabase session)session)
thatthat needneed toto bebe properlyproperly disposeddisposed of toof to avoidavoid wastingwasting themthem

IfIf youryour classclass needsneeds aa destructordestructor,, itit mostmost likelylikely alsoalso needsneeds::
CopyCopy constructorconstructor, (copy), (copy) assignmentassignment,, movemove constructorconstructor
(C++11), and(C++11), and movemove assignmentassignment (C++11)(C++11)

18.11.201418.11.2014 Juha Vihavainen / University of HelsinkiJuha Vihavainen / University of Helsinki 2020
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VectorVector revisitedrevisited

Using pointersUsing pointers and freeand free store (overview/refreshment)store (overview/refreshment)
allocation with operators:allocation with operators: newnew andand new []new []
deallocationdeallocation with operatorswith operators deletedelete andand delete []delete []
access:  arrays, subscriptingaccess:  arrays, subscripting [][], and dereferencing:, and dereferencing: **

Destructors (more implementation details)Destructors (more implementation details)
Definition and use of copyDefinition and use of copy constructor and copyconstructor and copy assignmentassignment
Move constructor and move assignment (new in C++11)Move constructor and move assignment (new in C++11)

CC--style arraysstyle arrays andand potential problems with pointerspotential problems with pointers

Making the size of a container flexible (Making the size of a container flexible (resizeresize))
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Why look at aWhy look at a VectorVector implementation?implementation?

ToTo see how the standardsee how the standard containers "really" work (almost)containers "really" work (almost)
To learn the common properties of standard containersTo learn the common properties of standard containers
ToTo introduce basic concepts and languageintroduce basic concepts and language featuresfeatures

"free store""free store" ((heap), copying, and dynamicallyheap), copying, and dynamically growinggrowing
datadata structuresstructures

To see how to directly dealTo see how to directly deal with raw memorywith raw memory
and how to (mostly) hide that from clientsand how to (mostly) hide that from clients

To seeTo see techniquestechniques and concepts youand concepts you still need from Cstill need from C
includingincluding the dangerousthe dangerous onesones

To demonstrateTo demonstrate basic classbasic class design techniquesdesign techniques
To seeTo see some essential techniquessome essential techniques and good designand good design
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Building from the ground upBuilding from the ground up
The hardware provides memory and addressesThe hardware provides memory and addresses

low level, untyped, fixedlow level, untyped, fixed--sized, no checking of accesssized, no checking of access
aass fastfast as hardware architecturesas hardware architectures cancan make itmake it
pointers and address arithmetics (directly from C)pointers and address arithmetics (directly from C)

JavaJava and other objectand other object--oriented languages are build on the top oforiented languages are build on the top of VMsVMs

The application programmerThe application programmer needs something likeneeds something like aa VectorVector
statically type checked (well mostly)statically type checked (well mostly)
size is flexible (grows dynamically assize is flexible (grows dynamically as we get more data)we get more data)
runrun--time checking (often optionally, or for "debug" versions)time checking (often optionally, or for "debug" versions)
very close to optimally fastvery close to optimally fast

The techniques for buildingThe techniques for building VectorVector are the ones underlying all designsare the ones underlying all designs
of similar C++ data structuresof similar C++ data structures
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A customA custom VectorVector classclass

CanCan hold an arbitrary number of elementshold an arbitrary number of elements
upup to whatever physical memory and the operating system canto whatever physical memory and the operating system can
handlehandle

Number of elements canNumber of elements can vary overvary over time (at least, for the final version)time (at least, for the final version)
e.ge.g. by using. by using push_backpush_back()()

For exampleFor example

Vector age (Vector age (44);); //// 4 items4 items ((maybe initialized to zeromaybe initialized to zero))
Age [Age [00] = .] = .33;33; age [age [11] = 22.0] = 22.0;; age [age [22] = 27.2] = 27.2;; age [age [33] = 54.2] = 54.2;;

Juha Vihavainen / University of HelsinkiJuha Vihavainen / University of Helsinki 2424
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age:age:
age [0]:   age [1]:age [0]:   age [1]: age [2]:age [2]: age [3]:age [3]:
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FirstFirst, a very, a very simplifiedsimplified VectorVector

//// a preliminary simplifieda preliminary simplified VectorVector ofof doubledoubless ((likelike std::vectorstd::vector<<doubledouble>>))::

class Vectorclass Vector {{
publicpublic::

explicit Vector (explicit Vector (intint ss);); //// constructorconstructor:: allocateallocate ss elements,elements,
//// letlet elemelem pointpoint toto themthem;; storestore ss inin szsz

intint size ()size () const { returnconst { return szsz;; }    //}    // thethe currentcurrent sizesize
. . .. . . //// etc.etc.

private:private:
int sz;int sz; //// the number of elementsthe number of elements ((“the size”“the size”))
doubledouble ** elem;elem; //// pointer to the first elementpointer to the first element

};};
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Stroustrup systematically uses int for size type
(another alternative would be std::size_t)

Perhaps for invariant
checks..  (sz >= 0)

VectorVector constructorconstructor
Vector::Vector (Vector::Vector (intint s)s) //// vector'svector's constructorconstructor
:  sz (:  sz (s),s), //// storestore the sizethe size ss inin szsz

elem (elem (newnew double [double [ss]) {]) { //// allocateallocate ss doubledoubless on the free storeon the free store
}} //// and storeand store aa pointerpointer inin elemelem

NoteNote 1:1: new[]new[] does not initialize primitive elementsdoes not initialize primitive elements ((butbut std::vectorstd::vector doesdoes))
NoteNote 2:2: new[]new[] initializes elements of classinitializes elements of class--typetype ((using 0using 0--argument ctorargument ctor))
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Free store:

4

? ? ? ?
new [] allocates memory from the free store
and returns a pointer to the allocated memory

a pointer
sz: elem:

18.11.201418.11.2014



14

TheThe computer’s memory (conceptual)computer’s memory (conceptual)
The executable code are in “the code section”The executable code are in “the code section”
Global variables are “static data” (constructed beforeGlobal variables are “static data” (constructed before main()main()))
LocalLocal variablesvariables “live“live on theon the stack” (function call stack)stack” (function call stack)
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(hypothetical)

18.11.201418.11.2014

Local objectsLocal objects ((variables) are automatically destructed by the runvariables) are automatically destructed by the run--timetime
system:system: implicit destructorimplicit destructor calls at the end of the block.calls at the end of the block.

The static area isThe static area is
initialized to zero.initialized to zero.

Heap objectsHeap objects areare
created bycreated by newnew andand
destructeddestructed byby deletedelete..

Temporaries areTemporaries are
managed by themanaged by the
compiler/systemcompiler/system

StaticStatic objectsobjects inin
differentdifferent
translation unitstranslation units
are initialized inare initialized in
undefined order.undefined order.

The freeThe free store ("store ("the heap")the heap")
wewe request memory "to be allocated" "on the free store" by therequest memory "to be allocated" "on the free store" by the newnew
operatoroperator
tthehe newnew operator returns a pointer to the allocated memoryoperator returns a pointer to the allocated memory

aa pointer is the address of the first byte of the memorypointer is the address of the first byte of the memory
fforor exampleexample

intint ** p = newp = new intint;; //// allocateallocate oneone uninitializeduninitialized intint
intint ** q = new int [7];q = new int [7]; //// allocate seven uninitializedallocate seven uninitialized intintss

//// “an array of“an array of 77 intintss””
doubledouble ** pd =pd = newnew double [double [n];n]; //// allocateallocate nn uninitializeduninitialized doubledoubless

aa pointer points to an object ofpointer points to an object of itsits specifiedspecified type, buttype, but
aa pointerpointer nevernever knowsknows how many elements ithow many elements it pointspoints toto =>=> errorserrors!!

Juha Vihavainen / University ofJuha Vihavainen / University of
HelsinkiHelsinki
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p:

q:

Pointers give access to raw memory:Pointers give access to raw memory:
possibly one objectpossibly one object -- or perhaps arrayor perhaps array
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Access to dynamic objectsAccess to dynamic objects

Individual elementsIndividual elements
intint ** p1 = newp1 = new intint;; //// getget (allocate) a new(allocate) a new uninitializeduninitialized intint
intint ** p2 =p2 = newnew int (int (5)5);; //// getget a newa new intint initialized toinitialized to 55

//// note the constructornote the constructor--style syntaxstyle syntax
intint x =x = **p2;p2; //// get/readget/read the value pointed to bythe value pointed to by p2p2

//// getget the contents of whatthe contents of what p2p2 points topoints to
//// inin thisthis case,case, the integerthe integer 55

intint y =y = **p1;p1; //// yy gets angets an undefinedundefined valuevalue
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5

p2p2:

???

p1p1:
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Instances of classes
are always initilized
(somehow..)

A problem:A problem: memorymemory leaksleaks (with C(with C--style code)style code)

doubledouble ** calc (calc (intint result_sizeresult_size,, intint maxmax)  {   //)  {   // illustrative, onlyillustrative, only

intint ** p =p = newnew int [int [max];max]; //  max int//  max ints froms from the freethe free storestore
doubledouble ** result =result = newnew double [double [result_sizeresult_size];];
//  . . .//  . . . useuse pp to calculate results to be put into calculate results to be put in resultresult . . .. . .
delete []delete [] p;p; //// freefree thatthat arrayarray ((if you rememberif you remember))
return result;return result;

}  . . .}  . . .

doubledouble ** resres == calc (200, 100calc (200, 100););
//// useuse resres . . here. . here
delete [] res;delete [] res; //// again, easyagain, easy toto forgetforget

Question:Question: What if the above code throws exceptions?What if the above code throws exceptions?
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On memoryOn memory leaksleaks
At the end of a program, its memory is returned to the systemAt the end of a program, its memory is returned to the system

AA programprogram that "runs foreverthat "runs forever" can't afford any memory leaks" can't afford any memory leaks

anan operating systemoperating system isis aa programprogram that may "runthat may "run foreverforever""
depending on circumstances, need todepending on circumstances, need to recyclerecycle memory spacememory space

A programA program that runs to completion with predictable memorythat runs to completion with predictable memory
usageusage maymay ""leakleak"" withoutwithout causingcausing problemsproblems

i.e.,i.e., newnew operations without correspondingoperations without corresponding deletedelete operationsoperations
so, memoryso, memory leaks aren't "good/bad"leaks aren't "good/bad" butbut cancan be a problem inbe a problem in
specificspecific circumstancescircumstances

By default, better toBy default, better to deletedelete to make behavior predictableto make behavior predictable andand
testable;  makes easier totestable;  makes easier to track memorytrack memory during debuggingduring debugging
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How to avoid memoryHow to avoid memory leaksleaks
MessingMessing directly withdirectly with newnew andand deletedelete is tedious and dangerousis tedious and dangerous

better to use a wellbetter to use a well--behaving data type, such asbehaving data type, such as vectorvector,, listlist, etc., etc.
or define such a container yourself . .or define such a container yourself . .

Sometimes, we might use a customSometimes, we might use a custom garbagegarbage collectorcollector

reclaiming unused memory without relying on userreclaiming unused memory without relying on user--suppliedsupplied deletedelete
oror freefree commands; a permitted but not required technique for C++commands; a permitted but not required technique for C++

aa program the keepsprogram the keeps tracktrack of allocationsof allocations andand periodically returnsperiodically returns
unused freeunused free--store allocated memory to thestore allocated memory to the freefree storestore

see e.g. Hanssee e.g. Hans--J.J. Boehm's garbage collectorBoehm's garbage collector ((BoehmBoehm GC) forGC) for
C/C++;  http://www.hpl.hp.com/personal/Hans_Boehm/gc/C/C++;  http://www.hpl.hp.com/personal/Hans_Boehm/gc/

aa garbage collector doesn’t preventgarbage collector doesn’t prevent all leaksall leaks -- may have valid butmay have valid but
unused links and data ("garbage"); uses safe "conservative" strategyunused links and data ("garbage"); uses safe "conservative" strategy

Juha Vihavainen / University of HelsinkiJuha Vihavainen / University of Helsinki 323218.11.201418.11.2014
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VectorVector destructordestructor
//// a verya very simplifiedsimplified VectorVector ofof doubledoubless::
class Vectorclass Vector {{
publicpublic::

explicit Vector (explicit Vector (intint ss)) //// constructor: acquiresconstructor: acquires memorymemory
: sz (s: sz (s),), elem (elem (newnew double [double [ss]])) {}{}

~Vector () {~Vector () { delete [] elemdelete [] elem; }; } . . .. . . //// destructor: releases memorydestructor: releases memory
private:private:

int sz;int sz; //// the sizethe size
double * elem;double * elem; //// a pointer to the elementsa pointer to the elements

};};
AnAn example of aexample of a general andgeneral and important technique (RAII)important technique (RAII)

acquireacquire resourcesresources inin a constructor  (called by application code)a constructor  (called by application code)
releaserelease them inthem in thethe destructor (called by the rundestructor (called by the run--time system)time system)
resources can be:resources can be: memory, files, locks, threadsmemory, files, locks, threads,, socketsd,..socketsd,..
discussed more later ondiscussed more later on
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Solving a problem:Solving a problem: memorymemory leaksleaks
voidvoid f (f (intint xx)  {)  {

intint ** pp == newnew int [int [xx];]; //// allocateallocate xx intintss  -- bad style!bad style!
Vector v (Vector v (x);x); //// ok: defineok: define aa VectorVector ((allocatesallocates xx doubledoubless))
//// . . .. . . useuse pp andand vv . . .. . .
delete []delete [] p;p; //// deallocatedeallocate pp
//// thethe memorymemory forfor vv is implicitly deleted here byis implicitly deleted here by vectorvector's's destructordestructor

}}
TheThe deletedelete now looks verbosenow looks verbose and uglyand ugly

how can we avoid forgetting suchhow can we avoid forgetting such deletedeletes in code?s in code?

experience shows that deletions are easy to forgetexperience shows that deletions are easy to forget
if interleaving code throws an exceptionif interleaving code throws an exception =>=> leakleak

So, always preferSo, always prefer deletedeletess placed insideplaced inside destructorsdestructors
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FreeFree store:store:  SSummaryummary
newnew allocates an object on the free store,allocates an object on the free store, sometimes initializessometimes initializes it, andit, and
returns a pointer to itreturns a pointer to it

intint ** pi = newpi = new intint;; //// nono initializationinitialization ((forfor intint))
charchar ** pc =pc = newnew char (char ('a'a');'); //// explicitexplicit initializationinitialization
doubledouble ** pd =pd = newnew double [n];double [n]; //// allocate uninitialized arrayallocate uninitialized array

nnewew throwsthrows aa std::bad_allocstd::bad_alloc ifif itit can'tcan't allocate (for too largeallocate (for too large nn))

deletedelete andand delete []delete [] return the memory of an object allocated byreturn the memory of an object allocated by newnew toto
the freethe free storestore to be used forto be used for new allocationsnew allocations

delete pi;delete pi; //// deallocatedeallocate an individual objectan individual object
delete pc;delete pc; //// deallocatedeallocate an individual objectan individual object
delete []delete [] pd;pd; //// deallocatedeallocate anan array!array!

deletedelete ofof aa null pointernull pointer does nothingdoes nothing
charchar ** pp == nullptr;nullptr; //  nullptr//  nullptr was introduced bywas introduced by C++11C++11
delete p;delete p; //// no warningno warning ((and harmlessand harmless))
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What have we got this far?What have we got this far?

//// a very simplifieda very simplified VectorVector ofof doubledoubless ((as far as we gotas far as we got beforebefore):):
classclass VectorVector {{
publicpublic::

explicit Vector (explicit Vector (intint s)s) :: szsz ((s),s), elemelem ((newnew double [double [s])s]) {}{}
~Vector ()~Vector () {{ delete []delete [] elemelem; }; }
intint size ()size () const { returnconst { return szsz;; }}

. . .. . .
privateprivate::

intint szsz;; //// the sizethe size
doubledouble ** elemelem;; //// pointer to elementspointer to elements

};};
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The compiler thinks this is OK - it isn't!
Something is still missing.
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AA problem: how are values copied?problem: how are values copied?
Copy doesn’t work yet as we would hope, for exampleCopy doesn’t work yet as we would hope, for example

void f (void f (intint nn) {) {
Vector v (Vector v (nn);     . . .);     . . .  //// definedefine aa VectorVector of sizeof size nn
VectorVector v2 = v;v2 = v; //// copycopy ctorctor:: initialize with a valueinitialize with a value ((okok?)?)
VectorVector v3v3;         . . .;         . . .
v3 = v;v3 = v; //// assignassign:: make a copy of a valuemake a copy of a value ((okok?)?)
//// . . .. . .

}}
TheThe compilercompiler generatesgenerates missingmissing copycopy ctorctor andand assignmentassignment ("=").("=").
IdeallyIdeally:: v2v2 andand v3v3 getget copiescopies of the value ofof the value of vv (i.e., "=" copies state),(i.e., "=" copies state),

and alland all memory is returned to the free store upon exit frommemory is returned to the free store upon exit from ff ()()

That’sThat’s what thewhat the standardstandard std::vectorstd::vector does butdoes but doesnt'tdoesnt't happenhappen for ourfor our
stillstill--tootoo--simplesimple VectorVector..
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Naïve copy initialization (the default)Naïve copy initialization (the default)

voidvoid f (f (intint nn) {) { //// CASECASE II
Vector v1 (Vector v1 (nn);  . . .);  . . . //// these both are initializationsthese both are initializations
VectorVector v2 = v1;v2 = v1; //// byby default,default, aa copycopy just duplicates membersjust duplicates members

//// soso szsz andand elemelem are copied, onlyare copied, only
}}

3838

3

3

v1v1:

v2v2:

Disaster when we leaveDisaster when we leave ff ()() !!
v1’sv1’s elements areelements are deleted twicedeleted twice by theby the destructordestructor
=>=>   undefined behaviorundefined behavior -- -- possiblypossibly crashes thecrashes the programprogram

Note that the compiler or the runNote that the compiler or the run--time system do not warn about this.time system do not warn about this.
Juha Vihavainen / University of HelsinkiJuha Vihavainen / University of Helsinki18.11.201418.11.2014

called by the runby the run--time systemtime system

after copy ctor:
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Naïve copy assignment (the default)Naïve copy assignment (the default)

voidvoid f (f (intint nn)  {)  { //// CASECASE IIII
Vector v1 (n);  . . .Vector v1 (n);  . . .
Vector v2 (Vector v2 (44);  . . .);  . . .
v2 = v1;v2 = v1; //// default assignmentdefault assignment:: copies members as suchcopies members as such

//// so,so, szsz andand elemelem are copiedare copied
}}

3939
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4 3

v1:

v2:

Again,Again, disaster when leavingdisaster when leaving ff ()!()!
v1’s elements arev1’s elements are deleted twicedeleted twice, again by the destructor;, again by the destructor;
also memoryalso memory leakleak: v2’s old: v2’s old element arrayelement array isis not deletednot deleted

2nd

1st
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after assign:

Defining a proper copy constructorDefining a proper copy constructor

classclass VectorVector {{
publicpublic::

Vector (Vector const&);Vector (Vector const&); //// defines how to build a new copydefines how to build a new copy
//// . . .. . .

private:private:
int sz;int sz;
doubledouble ** elem;elem;

};};

Vector::Vector (Vector const&Vector::Vector (Vector const& aa))
: sz (: sz (a.sza.sz),), elem (elem (newnew double [double [a.sza.sz]) {                  //]) {                  // allocate spaceallocate space
forfor ((intint ii = 0= 0;; i < szi < sz; ++; ++ii)) elem [elem [ii]] == a.elem [a.elem [ii];  //];  // copy elementscopy elements

}}
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Using a copyUsing a copy constructorconstructor

voidvoid f (f (intint nn)  {)  {
Vector v1 (Vector v1 (nn);     . . .);     . . .
VectorVector v2 =v2 = v1v1;  //;  // copycopy usingusing thethe new copynew copy constructorconstructor
. . .. . . //// forfor loop copiesloop copies each item fromeach item from v1v1 intointo v2v2

}}

other ctor uses: passing/returning values, temporaries, etc.:other ctor uses: passing/returning values, temporaries, etc.:
g (n+2, v1, Vector (v1) , Vector (100));  //g (n+2, v1, Vector (v1) , Vector (100));  // passing value copiespassing value copies

4141

3

3

v1:

v2:

Now OK: the destructor correctly deletes all elements (once only).Now OK: the destructor correctly deletes all elements (once only).

Juha Vihavainen / University of HelsinkiJuha Vihavainen / University of Helsinki18.11.201418.11.2014

Next: copyNext: copy assignmentassignment
classclass VectorVector {{
publicpublic::

Vector& operator = (Vector const& a);Vector& operator = (Vector const& a); //// define how to assigndefine how to assign
//// . . .. . .

private:private:
int sz;int sz;
doubledouble ** elem;elem;

};};
. . .. . .
x = ax = a;;

4242
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48

3

2

48 2aa:

1st

2nd

ooperator =perator = needs toneeds to copycopy a’s element valuesa’s element values (here(here doubledoubles)s)
-- this copyingthis copying is doneis done "recursively""recursively" for classfor class--typetype data membersdata members
-- e.g., consider:e.g., consider: std::vector <std::vector <std::string>>std::vector <std::vector <std::string>>

xx:

Memory leak?
(must prevent)
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Copy assignmentCopy assignment
Vector& Vector::operator = (Vector const&Vector& Vector::operator = (Vector const& aa) {) {

//// likelike copy constructor, but we must dealcopy constructor, but we must deal with thewith the old elementsold elements
//// makemake a copy ofa copy of aa then replace the currentthen replace the current szsz andand elemelem withwith aa’’ss
doubledouble ** p = newp = new double [double [a.sz];a.sz]; //// allocateallocate new spacenew space
for (for (intint ii = 0;= 0; ii < a.sz< a.sz; ++; ++ii)) //// copy elementscopy elements

p [p [ii] =] = a.elema.elem [[ii];];
delete []delete [] elemelem;; //// deallocatedeallocate old spaceold space
elemelem = p;= p; //// setset new elementsnew elements
szsz = a.sz;= a.sz; //// set new sizeset new size
returnreturn **this;this; //// by C convention, assign returns a referenceby C convention, assign returns a reference

}} //// -- couldcould definedefine "void operator= (Vector . . ""void operator= (Vector . . "

The general idea:The general idea:  everyevery datadata structurestructure managesmanages itsits elementselements andand
theirtheir memorymemory reservationsreservations..
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Using copyUsing copy assignmentassignment
voidvoid f (f (intint nn)  {)  {

Vector v1 (Vector v1 (nn);  . . .);  . . . //// initialize with element values:initialize with element values: 6  24  426  24  42
Vector v2 (Vector v2 (44);  . . .);  . . .
v2 = v1;v2 = v1; //// assign new contentsassign new contents
. . .. . .

}} //  v1//  v1,, v2v2 are destructed by the systemare destructed by the system

4444

3 6 4224

4 3

v1:

v2:

2nd

1st

42246

delete [] by "="
(so no leak)
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SometimesSometimes wewe justjust wantwant toto movemove thingsthings
-- notnot copycopy themthem

Vector fill (Vector fill (istreamistream is) {is) {
Vector res;Vector res;       //// define a localdefine a local VectorVector to hold inputto hold input
for (doublefor (double x;isx;is >> x;)>> x;) res.push_backres.push_back(x);  //(x);  // read till the endread till the end
return res;return res; //// resres isis copied using copy constructor to create acopied using copy constructor to create a

}} //// new object; then res isnew object; then res is deleteddeleted and cannot beand cannot be
//// accessed by anybody anymoreaccessed by anybody anymore

void use()void use()
{{

VectorVector vecvec = fill(= fill(cincin);); //// Copy constructor copies the  dataCopy constructor copies the  data
//// to a new memory buffer into a new memory buffer in vecvec

// …// …
}}
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CopyingCopying cancan bebe expensiveexpensive……

CanCan wewe justjust somehowsomehow ’’stealsteal’ the’ the memorymemory reservedreserved byby thethe locallocal
variablevariable resres for holding the data?for holding the data?

SuckSuck itsits ””brainsbrains” and” and leaveleave itit to die,to die, sincesince it’sit’s notnot goinggoing toto
dodo anythinganything anymoreanymore ((afterafter thethe returnreturn fromfrom thethe functionfunction))

YesYes,, wewe cancan!!
ByBy definingdefining aa movemove constructorconstructor forfor VectorVector wewe getget justjust thatthat

Vector::VectorVector::Vector((VectorVector&& a)&& a)
::szsz{{a.sza.sz},}, elemelem{{a.elema.elem}} //// taketake aa’s’s elemelem andsands szsz

{{
a.sza.sz = 0;= 0; //// makemake aa thethe emptyempty vectorvector
a.elema.elem == nullptrnullptr;;

}}
18.11.201418.11.2014 Juha Vihavainen / University of HelsinkiJuha Vihavainen / University of Helsinki 4646

Called ”rvalue reference”
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MovingMoving in actionin action

vector fill(vector fill(istreamistream& is)& is)
{{

vector res;vector res;
for (double x; is>>x; )for (double x; is>>x; ) res.push_backres.push_back(x);(x);
return res;return res;

}}
The move constructor is implicitly used to implement the returnThe move constructor is implicitly used to implement the return

Compiler knows that the local value returned (Compiler knows that the local value returned (resres) is about) is about
to go out of scopeto go out of scope
Compiler can (generate code to) move fromCompiler can (generate code to) move from resres, rather than, rather than
copy itcopy it
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MovingMoving worksworks onon assignmentassignment,, tootoo!!
VectorVector&& Vector::operatorVector::operator=(=(VectorVector&& a) //&& a) // movemove aa toto thisthis vectorvector
{{

deletedelete[][] elemelem;               //;               // deallocatedeallocate oldold spacespace
elemelem == a.elema.elem;             //;             // copycopy aa’s’s elemelem andand szsz
szsz == a.sza.sz;;
a.elema.elem == nullptrnullptr;          //;          // makemake aa thethe emptyempty vectorvector
a.sza.sz = 0;= 0;
returnreturn **thisthis;                 //;                 // returnreturn aa selfself--referencereference

}}
TheThe programmerprogrammer mustmust telltell thethe compilercompiler whenwhen movemove assignmentassignment
cancan bebe usedused:: a_veca_vec == std::movestd::move((another_vecanother_vec););

std::move(x) means “give me anstd::move(x) means “give me an rvaluervalue reference to x”reference to x”
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What about CWhat about C arrays?arrays?
Avoid primitive  C arrays whenever you canAvoid primitive  C arrays whenever you can

Stroustrup:  the largest single source of bugs in C andStroustrup:  the largest single source of bugs in C and
(unnecessarily) in C++ programs(unnecessarily) in C++ programs
among the largest sources of security violationsamong the largest sources of security violations ---- usuallyusually
(avoidable) buffer overflows(avoidable) buffer overflows

It’sIt’s all thatall that CC has;  inhas;  in particularparticular,, doesdoes notnot havehave vectorvectorss
ttherehere is a lot of C code “out thereis a lot of C code “out there””
therethere is a lot of C++ code in C style “out there”is a lot of C++ code in C style “out there”
maymay encounter code fullencounter code full ofof pointers and C arrayspointers and C arrays

C arrays should only be used to representC arrays should only be used to represent primitiveprimitive memorymemory
mostly allocated onmostly allocated on freefree storestore byby newnew
but we still need them tobut we still need them to implementimplement container typescontainer types
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AccessingAccessing VectorVector elements (elements (JavaJava style)style)
//// aa preliminary simplifiedpreliminary simplified VectorVector ofof doubledoubless::
classclass VectorVector {{
publicpublic::

explicit Vector (explicit Vector (intint ss)) : sz (: sz (ss),), elem (elem (newnew double [double [ss])]) {}    //{}    // ctorctor
doubledouble getget ((intint nn) const) const {{ returnreturn elem [elem [n]; }n]; } //// accessaccess: read: read
voidvoid setset ((intint n, double v)n, double v) {{ elem [elem [nn] = v] = v; }; } . . .. . . //// accessaccess: write: write

private:private:
int sz;    //int sz;    // the sizethe size
doubledouble ** elem;elem;

};   . . .};   . . .
Vector v (Vector v (10);10);
forfor ((int i = 0int i = 0;; i < v.size ();i < v.size (); ++++ii)) {{ v.v.setset ((ii, i, i);); coutcout <<<< v.v.getget ((ii) << ' '; }) << ' '; }
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indexing works for primitive arrays;
note the two differing semantics
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VectorVector: access of elements: access of elements

//// a simplifieda simplified VectorVector ofof doubledoubless::
Vector v (Vector v (10);10);
for (int i = 0; i < v.size (); ++i) {for (int i = 0; i < v.size (); ++i) {

v.set (i, i);v.set (i, i);
std::cout << v.get (i) << std::endl;std::cout << v.get (i) << std::endl; //// uglyugly

}}

for (int i = 0; i < v.size (); ++i) {for (int i = 0; i < v.size (); ++i) {
v [i]v [i] = i;= i; //// we’re used to thiswe’re used to this
std::cout <<std::cout << v [i]v [i] << std::endl;<< std::endl;

}}
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Reminder: pointer vs.Reminder: pointer vs. referencereference
AA referencereference isis an automaticallyan automatically dereferenceddereferenced immutableimmutable pointerpointer
AnAn alternative name foralternative name for anan object (alias)object (alias)
A reference must always be initializedA reference must always be initialized ---- and is never null..and is never null..
We cannot make a reference refer to a different objectWe cannot make a reference refer to a different object
AssignmentAssignment to a pointer changes the pointer’s valueto a pointer changes the pointer’s value
AssignmentAssignment viavia a reference changes the object referred toa reference changes the object referred to
intint a = 10;a = 10;
intint ** p = &a;p = &a; //   need//   need & to get a pointer& to get a pointer
**p = 7;p = 7; //   assign//   assign toto aa throughthrough pp

//   need//   need ** ((oror [][] )) to get to what a pointer points toto get to what a pointer points to
intint x1 =x1 = **p;p; //   read//   read aa throughthrough pp
__________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________--

intint& r = a;& r = a; //// rr is a synonym foris a synonym for aa
r = 9;r = 9; //   assign//   assign toto aa throughthrough rr
intint x2 = r;x2 = r; //   read//   read aa throughthrough rr

p = &x1;p = &x1; //   ok//   ok:: makemake a pointer point to a different objecta pointer point to a different object
r = &x1;r = &x1; ////   errorerror:: you can’tyou can’t changechange a reference itselfa reference itself
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Vector: useVector: use referencesreferences forfor accessaccess
//// a simplifieda simplified VectorVector ofof doubledoubless::
classclass VectorVector {{
publicpublic::

explicit Vector (explicit Vector (intint ss)) : sz (: sz (ss),), elem (elem (newnew double [double [ss])]) {}     //  . . .{}     //  . . .
doubledouble&& operator [] (operator [] (intint n) {n) { returnreturn elem [elem [n];n]; }} //// returnsreturns referencereference

private:private:
int sz;int sz; //// the sizethe size
doubledouble ** elem;elem; //// ptr to elementsptr to elements

};};
Vector v (Vector v (1010););
for (for (intint i = 0i = 0;; i < v.size ();i < v.size (); ++++ii)) {{ //// now worksnow works andand looks rightlooks right

v [v [ii]] == ii;; //  v [//  v [ii]] returns areturns a referencereference to i'thto i'th
std::coutstd::cout <<<< v [v [ii]] << std::endl;<< std::endl; //// the same but here gets the valuethe same but here gets the value

}}
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lvaluelvalue in C termsin C terms

We want new servicesWe want new services

changing vector sizechanging vector size
representation changed torepresentation changed to
includeinclude freefree spacespace
adding space managementadding space management

push_back (double d)push_back (double d)
resize (int n)resize (int n)
reserve (int n)reserve (int n)

thethe thisthis pointerpointer
optimized copy assignmentoptimized copy assignment

//// anan almostalmost realreal VectorVector ofof doubledoubless::
class Vector {class Vector {
publicpublic::

//// special constructorspecial constructor::
explicit Vector (int s)explicit Vector (int s) //// not a type conversionnot a type conversion

: sz (s), elem (new double [s]), space (s)  {  . . .  }: sz (s), elem (new double [s]), space (s)  {  . . .  }
//// access: returns referenceaccess: returns reference
double& operator [] (int n) { return elem [n]; }double& operator [] (int n) { return elem [n]; }
int size () const { return sz; }   //int size () const { return sz; }   // current sizecurrent size
//  . . .//  . . .

//// the four essential operationsthe four essential operations::
Vector () : sz (0), elem (nullptr), space (0);Vector () : sz (0), elem (nullptr), space (0);
Vector (Vector const&);Vector (Vector const&);
Vector& operator = (Vector const&);Vector& operator = (Vector const&);
~Vector () { delete []~Vector () { delete [] elemelem; }; }

private:private:
int sz;int sz; //// the sizethe size
doubledouble ** elem;elem; //// a pointer to the elementsa pointer to the elements
int space;int space; //// size + free_spacesize + free_space ((total capacitytotal capacity))

};};
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ChangingChanging VectorVector sizesize
AbstractionsAbstractions that can changethat can change sizesize are very convenientare very convenient

e.ge.g.,., aa VectorVector where we can change the numberwhere we can change the number ofof elementselements
HowHow do we create the illusion of changedo we create the illusion of change??

Vector v (Vector v (n);n); //  v.size ()//  v.size () ==== nn
wewe can change its size incan change its size in threethree ways (at least)ways (at least)

rresizeesize itit
v.resize (v.resize (10);10); //  v//  v now hasnow has 1010 elementselements ((somehowsomehow))

aadddd an elementan element
v.push_back (v.push_back (7);7); //// addadd 77 to the endto the end ofof vv

//// v.size ()v.size () increases byincreases by 11
aassignssign to itto it

v = v2;v = v2; //  v//  v is now a copyis now a copy ofof v2v2, and, and
//// v.size ()v.size () nownow equalsequals v2.size ()v2.size ()

TheThe standardstandard std::vectorstd::vector provides:provides: clear()clear(),, erase()erase(),, insert()insert() . .. .
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RepresentingRepresenting VectorVector
IIff youyou resize()resize() oror push_backpush_back()() once, you’llonce, you’ll probablyprobably dodo itit againagain

so let’s keepso let’s keep a bit ofa bit of free space for future expansionfree space for future expansion
class Vector {class Vector { //   . . .//   . . .
private:private:

int sz;int sz;
doubledouble ** elem;elem;
int space;int space; //// number of elements plusnumber of elements plus ""free spacefree space" =" =

//// the number of  valuethe number of  value ""slotsslots"" in the bufferin the buffer
};};
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sz:

elements  (initialized) free space (uninitialized/random)

can control allocation bycan control allocation by:: reserve (minCapacity)reserve (minCapacity)
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RepresentingRepresenting VectorVector
AnAn emptyempty Vector ()Vector () (here, no(here, no free store use):free store use):

AA Vector (Vector (nn)) (here, no(here, no free space):free space):

5757
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n:0:
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So, an empty vector has noSo, an empty vector has no
dynamic allocation.dynamic allocation.

VectorVector::::reservereserve ()()
First dealFirst deal with allocation of space;  givenwith allocation of space;  given space all elsespace all else is easyis easy

reservereserve()() doesn’t "mess"doesn’t "mess" with size or element valueswith size or element values

void Vector::reserve (void Vector::reserve (intint newAlloc)  {           //newAlloc)  {           // required min capacityrequired min capacity
//// makemake the vectorthe vector have space at least forhave space at least for newAllocnewAlloc elementselements
ifif (newAlloc <= space)(newAlloc <= space)

returnreturn;; //// never decreasenever decrease
doubledouble ** p =p = newnew double [newAlloc];double [newAlloc]; //// allocateallocate new spacenew space
forfor ((intint i = 0i = 0;; i < szi < sz; ++; ++ii))

p [i] = elem [i];p [i] = elem [i]; //// copycopy old elementsold elements
delete []delete [] elemelem;; //// deallocatedeallocate oldold ((if any!if any!))
elemelem == p;  spacep;  space == newAlloc;newAlloc; //// new ones into placenew ones into place

//// szsz is not changedis not changed
}}
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GivenGiven reserve ()reserve (),, resize ()resize () is easyis easy
reserve()reserve() deals with space/allocationdeals with space/allocation
resize()resize() deals with element valuesdeals with element values

void Vector::resize (void Vector::resize (intint newsizenewsize) {) {
//// makemake the vector havethe vector have newsizenewsize elementselements
//// initialize anyinitialize any new element with the defaultnew element with the default valuevalue 0.00.0
reserve (reserve (newsizenewsize);); //// make sure we have sufficient spacemake sure we have sufficient space
for (for (intint ii == szsz; i < newsize; i < newsize; ++; ++ii))

elem [elem [ii] =] = 0;0; //// initialize new elementsinitialize new elements ((if anyif any))
szsz == newsizenewsize;; //// may be smaller than old size!may be smaller than old size!

}}
if the size is decremented, old values are here "left" in their placeif the size is decremented, old values are here "left" in their place
this doesn't matter for values ofthis doesn't matter for values of primitive typesprimitive types ((doubledouble,, intint))
for values of classfor values of class--types T, we must here actually call the destructor:types T, we must here actually call the destructor:

elem [i].elem [i].T::~T()T::~T() (can be(can be potentially dangerouspotentially dangerous!)!)
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GivenGiven reservereserve (),(), push_backpush_back () is easy() is easy
reservereserve()() deals with space/allocationdeals with space/allocation
push_backpush_back()() just adds a valuejust adds a value

void Vector::push_back (void Vector::push_back (doubledouble dd)  {)  {
//// increaseincrease vector sizevector size by oneby one
//// initializeinitialize the new element withthe new element with dd
if (space == 0)if (space == 0) //// no spaceno space

reserve (8);reserve (8); //// so grab some, sayso grab some, say 88
else ifelse if ((sz == spacesz == space)) //// space is filled:space is filled: getget more spacemore space

reserve (2reserve (2 ** space);space); //// double the available spacedouble the available space
elem [elem [szsz] = d;] = d; //// addadd dd at endat end
++++szsz;; //// andand increaseincrease thethe sizesize

}}
doubling the space may avoid some future copyingdoubling the space may avoid some future copying  -- or we canor we can
useuse reservereserve() to exactly determine the buffer size (and prevent() to exactly determine the buffer size (and prevent
unnecessary reallocations)unnecessary reallocations)
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Almost realAlmost real VectorVector of doublesof doubles
class Vectorclass Vector {{ //  Vector//  Vector ofof doubledouble
publicpublic::

explicit Vector (explicit Vector (intint ss)) //// constructorconstructor
: sz (s: sz (s),), elem (s?new double [elem (s?new double [ss]:nullptr), space (]:nullptr), space (ss) {}) {}

doubledouble&& operator [] (operator [] (intint n) {n) { returnreturn elem [elem [n]; }n]; } //// access item:access item: return referencereturn reference
intint size ()size () const { returnconst { return szsz; }; } //// currentcurrent sizesize

void push_back (double d);void push_back (double d); //// add new elementadd new element
void resize (void resize (intint newsizenewsize);); //// growgrow ((or shrinkor shrink)) sizesize

void reserve (void reserve (intint minCapacity);minCapacity); //// get more spaceget more space ((if necessaryif necessary))
intint capacity ()capacity () const { return space; }const { return space; } //// current total buffer spacecurrent total buffer space
. . .. . .

Vector () : sz (0), elem (nullptr), space (0) { }Vector () : sz (0), elem (nullptr), space (0) { } //// zerozero--arg.arg. ((defaultdefault)) constructorconstructor
Vector (Vector const&);Vector (Vector const&); //// copy constructorcopy constructor
Vector& operator = (Vector const&);Vector& operator = (Vector const&); //// copy assignmentcopy assignment
~Vector () { delete [] elem; }~Vector () { delete [] elem; } //// destructordestructor

public:public:
int sz;int sz; //// the sizethe size ((or useor use size_tsize_t))
doubledouble ** elem;elem; //// a pointer to the elementsa pointer to the elements
int space;int space; //// size + free spacesize + free space
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TheThe thisthis pointer (~Java, C#)pointer (~Java, C#)
AA VectorVector isis anan objectobject (doesn't matter how it is allocated)(doesn't matter how it is allocated)

Vector v (Vector v (1010);); //// declared objectdeclared object ((static or localstatic or local))
VectorVector ** p = &v;p = &v; //// wewe can point tocan point to aa VectorVector objectobject

VectorVector’s’s membermember functionsfunctions need also to referneed also to refer toto thatthat objectobject
is passed as anis passed as an implicit hiddenimplicit hidden parameterparameter thisthis ("pointer to("pointer to
self") to each (nonself") to each (non--staticstatic) function member) function member

i = v.size ();   =>i = v.size ();   => i = Vector::i = Vector::sizesize (&v);(&v);

the compiler generatesthe compiler generates

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00.0 0.0

10v:
this:

10

p:

18.11.201418.11.2014



32

TheThe thisthis pointer and self referencepointer and self reference

By convention, an assignment returns a reference to its object:By convention, an assignment returns a reference to its object:
Vector&Vector& Vector::operator = (Vector const&Vector::operator = (Vector const& aa) {) {

//// likelike copy constructor,copy constructor, butbut dealdeal withwith oldold elementselements . .. .
returnreturn **thisthis;;

}}

voidvoid f (Vector& v1f (Vector& v1,, Vector& v2Vector& v2,, Vector const& v3)  {Vector const& v3)  {
//// . . .. . .
v1 = v2 =v1 = v2 = v3v3;     //;     // mademade possiblepossible byby operator=operator=()() returningreturning **thisthis
//// . . .. . . note thatnote that ""=="" associates to the rightassociates to the right

}}

thisthis pointerpointer has, of course, many more other relevant uses,has, of course, many more other relevant uses,
e.g., when passing objects as operands (or arguments) insidee.g., when passing objects as operands (or arguments) inside
member functionsmember functions
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ReminderReminder: assignment: assignment
copycopy--andand--swapswap is a powerful general ideais a powerful general idea
e.g., assignment can be implemented as followse.g., assignment can be implemented as follows

Vector& Vector::operator = (Vector const& a) {Vector& Vector::operator = (Vector const& a) {
//// like copy constructorlike copy constructor but webut we must also dealmust also deal with old elementswith old elements
//// make a copy ofmake a copy of aa then replace the currentthen replace the current szsz andand elemelem withwith aa’s’s
doubledouble ** p =p = new double [new double [a.sz];a.sz]; //// first, allocatefirst, allocate new spacenew space
for (for (intint ii = 0= 0; i < a.sz; i < a.sz; ++; ++ii)) //// then, copy elementsthen, copy elements

p [ip [i]] = a.elem [= a.elem [ii];];
delete []delete [] elemelem;; //// deallocatedeallocate old spaceold space
elemelem = p;= p; //// setset new elementsnew elements
space = sz = a.sz;space = sz = a.sz; //// set new size & capacityset new size & capacity
returnreturn **this;this; //// returnreturn a selfa self--referencereference

}}
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To optimizeTo optimize assignmentassignment

Such “copySuch “copy and swap” is the mostand swap” is the most generalgeneral wayway
butbut not always the mostnot always the most efficientefficient
wwhathat if thereif there already is sufficientalready is sufficient space in the target vector?space in the target vector?

then leave the buffer alone and just copy element valuesthen leave the buffer alone and just copy element values
for example, consider an assigment:for example, consider an assigment:

aa == bb;    //  a;    //  a may have a sufficient buffermay have a sufficient buffer
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A (more) optimizedA (more) optimized VectorVector assignmentassignment
Vector& Vector::operator = (Vector const&Vector& Vector::operator = (Vector const& aa) {) {

ifif ((this == &this == &a) returna) return **this;this; //// selfself--assignment, no workassignment, no work neededneeded
ifif ((a.sz <= spacea.sz <= space)) {{ //// enoughenough space,space, no need for new allocationno need for new allocation

forfor ((intint ii = 0= 0;; i < a.szi < a.sz; ++; ++ii)) elem [elem [ii]] == a.elem [a.elem [ii];]; //// copy elementscopy elements
szsz == a.sza.sz;; //// change size but don't change capacitychange size but don't change capacity
returnreturn **thisthis;;

}}
//// otherwise:otherwise: ""make copy and swapmake copy and swap""
doubledouble ** p = new double [a.sz];p = new double [a.sz]; //// make new version, maymake new version, may throwthrow
for (for (intint ii = 0= 0;; i < a.szi < a.sz; ++; ++ii)) p [p [ii]] == a.elem [a.elem [ii];];
delete []delete [] elemelem;; //// after successful copy, do safe replacementafter successful copy, do safe replacement
elem = p;  space = szelem = p;  space = sz == a.sz;a.sz; returnreturn **this;this;

}}
Question:Question: What happens if no check for selfWhat happens if no check for self--assignment?assignment?
WhetherWhether selfself--assignment checkassignment check is needed, depends on the circumstances.is needed, depends on the circumstances.
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Summary: Defining user typesSummary: Defining user types
Class invariants define valid states for instancesClass invariants define valid states for instances

C++ doesn't necessarily (by default) initialize data membersC++ doesn't necessarily (by default) initialize data members
or elements => it is the programmer's responsibilityor elements => it is the programmer's responsibility
C++ doesn't necessarily (by default) release resources => it isC++ doesn't necessarily (by default) release resources => it is
the programmer's responsibilitythe programmer's responsibility

Classes with dynamic resources need to define the correctClasses with dynamic resources need to define the correct
semantics for copying values and to release such resourcessemantics for copying values and to release such resources
Libraries provide readyLibraries provide ready--made abstractions with guaranteedmade abstractions with guaranteed
initialization and resource management (discussed later..)initialization and resource management (discussed later..)

For library classes, may need to optimize away unnecessaryFor library classes, may need to optimize away unnecessary
overheads (or the programmer may want to write her own)overheads (or the programmer may want to write her own)
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