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The Idea of a V ector

Conceptually , a v ector is simply a indexed

collection of similarly t yp ed v alues.

elemen t elemen t elemen t elemen t elemen t elemen t

0 1 2 3 4 5

A matrix is a t w o dimensional arra y , again of

similar t yp e v alues.

elemen t elemen t elemen t elemen t

0,0 0,1 0,2 0,3

elemen t elemen t elemen t elemen t

1,0 1,1 1,2 1,3

elemen t elemen t elemen t elemen t

2,0 2,1 2,2 2,3
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Wh y Build in to an ADT?

The C++ language has v ector and matrix v alues,

wh y build something else on top of these?

� P erform safet y c hec k es (index b ounds c hec ks)

� Mak e v alues more \self describing" (and th us

mak e programs more reliable)

� P ermit the implemen tation of op erations at a

higher lev el of abstraction (abilit y to

dynamically mak e a v ector gro w, for example)
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T emplates

One ma jor di�erence b et w een the v ector ADT

and the rational n um b er or the string ADT is

that the v ector ADT do es not, b y itself, describ e

the t yp e of ob ject it holds . Can ha v e a v ector of

in tegers, a v ector of reals, a v ector of strings, or

an y other t yp e.

The idea of a template allo ws us to p ar ameterize

the t yp e of ob ject held b y a class. Y ou can think

of a template as similar to a function parameter,

only it is a data structure parameter.
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The V ector T emplate

template < class T > class vecto r f

public:

t yp edef T � iterato r;

// constructors

vecto r (unsigned int numb erElements);

vecto r (unsigned int numb erElements, T initialV alue);

vecto r (const vecto r & source);

� vecto r ();

// mem b er functions

T back ();

iterato r b egin ();

...

// op erators

T & op erato r [ ] (unsigned int);

p rivate: // data areas

unsigned int mySize;

unsigned int myCapacit y

T � data;

g ;
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Declaring T emplate T yp es

T o declare a v alue with a template t yp e, a t yp e is

pro vided in angle brac k ets follo wing the template

class name.

vecto r < int > a(10);

vecto r < double > b(30);

vecto r < string > c(15);
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Ho w a T emplate W orks

A template w orks as if int replaced ev ery

o ccurrence of T and the class w ere renamed.

class vecto r int f

public:

t yp edef T � iterato r;

// constructors

vecto r int (unsigned int numb erElements);

vecto r int (unsigned int numb erElements, T initialV alue);

vecto r int (const vecto r & source);

� vecto r int ();

// mem b er functions

int back ();

iterato r b egin ();

...

// op erators

int & op erato r [ ] (unsigned int);

p rivate: // data areas

unsigned int mySize;

unsigned int myCapacit y

int � data;

g ;
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Naming

When the vector<T> template class is

instan tiated b y int , its name b ecomes

vector<int> .

Its constructor is named vector<int>::vector .

Its mem b er functions ha v e names lik e

vector<int>::size .

T o pro vide a gener al implemen tation of a

mem b er function, w e use the syn tax

template < class T >

unsigned int vecto r < T > ::size()

f

return mySize;

g
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F unction T emplates

F unctions can also b e parameterized using

templates, as in the follo wing:

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

// return the maxim um of a and b

f

if (a < b)

return b;

return a;

g

template < class T > void sw ap (T & a, T & b)

// sw ap the v alues held b y a and b

f

T temp = a;

a = b;

b = temp;

g
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Example Program { Siev e

of Erastosthenes

void sieve(vecto r < int > & values)

// lea v e v ector holding only prime n um b ers

f

unsigned int max = values.size();

// �rst initialize all cells

fo r (int i = 0; i < max; i++)

values[i] = i;

// no w searc h for non-zero cells

fo r (i = 2; i � i < max; i++) f

if (values[i] != 0) f

// in v: i has no factors

fo r (int j = i + i; j < max; j += i)

values[j] = 0;

// in v: all m ultiples of i ha v e b een cleared

g

// all nonzero v alues smaller than i are prime

g

// in v: all nonzero v alues are prime

g
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Another Example {

Selection Sort

template < class T >

void selectionSo rt(vecto r < T > & data)

// sort, in place, the v ector argumen t

// in to ascending order

f

unsigned int top;

fo r (top = data.size() � 1; top > 0; top = top � 1) f

// �nd the p osition of the largest elemen t

unsigned int la rgep osition = 0;

fo r (int j = 1; j < = top; j++) f

// in v: data[largep osition] is largest elemen t

// in 0..j-1

if (data[la rgep osition] < data[j])

la rgep osition = j;

// in v: data[largep osition] is

// largest elemen t in 0 .. j

g

if (top != la rgep osition)

sw ap(data, top, la rgep osition);

// in v: data[top .. n] is ordered

g

g
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Merge Sort

Unfortunately , Selection Sort is still O ( n

2

) w orst

case.

Better algorithm can b e built using the idea that

t w o v ectors can b e merged in linear time.
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In-Place Merge

An in place merge can b e p erformed for adjacen t

v ector ranges:

2 3 5 7 9 12 3 6 8 9 14

#

start

#

c enter

#

end

input

2 3 3 5 6 7 8 9 9 12 14

#

start

#

end

result

Pro vided b y generic function

inplace merge

(iterato r sta rt, iterato r center, iterato r end);
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Ho w to build a Sorting

Algorithm

First, break things apart, un til y ou reac h a single

elemen t
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Then Put T ogether

Then merge adjacen t ranges as y ou come bac k

out of the sequence of recursiv e calls.
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The Merge Sort Algorithm

template < class Itr >

void m so rt(Itr sta rt, unsigned lo w, unsigned high)

f

if (lo w + 1 < high) f

unsigned int center = (high + lo w) / 2;

m so rt (sta rt, lo w, center);

m so rt (sta rt, center, high);

inplace merge

(sta rt + lo w, sta rt + center,

sta rt + high);

g

g

template < class T >

void mergeSo rt(vecto r < T > & s)

f

m so rt(s.b egin(), 0, s.size());

g
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What is the Asymp ototic

Complexit y?

� Complexit y is w ork at eac h lev el times

n um b er of lev els of call.

� W ork at eac h lev el is linear

� Num b er of recursiv e calls in log n

� T otal amoun t of w ork is O ( n log n )!

� Muc h b etter than bubble sort or insertion sort
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Picture of Complexit y
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Example Problem { Silly

Sen tence Generation

Generate a sequence of silly sen tences.

Eac h sen tence has form sub ject - v erb - ob ject.

First, allo cate three v ectors, with initially empt y

size.

vecto r < string > subject, verb, object;
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Dynamically Extending the

Size of V ectors

Next, push v alues on to the end of the v ectors.

V ectors are automatically resized as necessary .

// add sub jects

subject.push back( "alice and fred" );

subject.push back( "cats" );

subject.push back( "people" );

subject.push back( "teachers" );

// add v erbs

verb.push back( "love" );

verb.push back( "hate" );

verb.push back( "eat" );

verb.push back( "hassle" );

// add ob jects

object.push back( "dogs" );

object.push back( "cats" );

object.push back( "people" );

object.push back( "donuts" );
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Generating Sen tences

Use size to compute size, randomInteger to

get a random subscript.

fo r (int i = 0; i < 10; i++)

cout � subject[randomInteger(subject.size())]

� " "

� verb[randomInteger(verb.size())]

� " "

� object[randomInteger(object.size())]

� "\n"

Example Output

alic e and fr e d hate do gs

te achers hassle c ats

alic e and fr e d love c ats

p e ople hassle donuts

p e ople hate do gs
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Matrices

Can ev en build v ectors whos elemen ts are

themselv es v ectors { this is a reasonable

appro ximation to a matrix.

vecto r < vecto r < int > > mat(5);

Initially eac h ro w has zero elemen ts. Must b e

resized to correct limit.

fo r (int i = 0; i < 5; i++)

mat[i].resize(6);
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V ector Op erations
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Constructors

vector < T > v; default constructor

vector < T > v (int); initialized with explicit size

vector < T > v (int, T); size and initial v alue

vector < T > v (aVector); cop y constructor

Elemen t Access

v[i] subscript access

v.front () �rst v alue in collection

v.back () last v alue in collection

Insertion

v.push back (T) push elemen t on to bac k of v ector

v.insert(itera to r, T) insert new elemen t after iterator

v.swap(vector< T> ) sw ap v alues with another v ector

Remo v al

v.pop back () p op elemen t from bac k of v ector

v.erase(iterat or ) remo v e single elemen t

v.erase(iterat or , iterator) remo v e range of v alues

Size

v.capacity () n um b er of elemen ts bu�er can hold

v.size () n um b er of elemen ts curren tly held

v.resize (unsigned, T) c hange to size, padding with v alue

v.reserve (unsigned) set ph ysical bu�er size

v.empty () true if v ector is empt y

Iterators

vector<T>::ite ra to r itr declare a new iterator

v.begin () starting iterator

v.end () ending iterator
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Sizes of V ector

V ectors will main tain an in ternal bu�er. Lik e the

string, the ph ysical size of the bu�er need not b e

the same as the logical size.

2 4 3 7

�

�

�@

@

@�

�

�@

@

@

The t w o sizes can b e accessed or set using

mem b er functions.

As with the string, a new bu�er is allo cated when

the ph ysical size is exceeded.
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Useful Generic Algorithms

fill (iterator start, iterator stop, value)

�ll v ector with a giv en initial v alue

copy (iterator start, iterator stop, iterator destination)

cop y one sequence in to another

max element(iterator start, iterator stop)

�nd largest v alue in collection

min element(iterator start, iterator stop)

�nd smallest v alue in collection

reverse (iterator start, iterator stop)

rev erse elemen ts in the collection

count (iterator start, iterator stop, target value, counter)

coun t elemen ts that matc h target v alue, incremen ting coun ter

count if (iterator start, iterator stop, unary fun, counter)

coun t elemen ts that satisfy function, incremen ting coun ter

transform (iterator start, iterator stop, iterator destination, unary)

transform elemen ts using unary function from source, placing in to destination

find (iterator start, iterator stop, value)

�nd v alue in collection, returning iterator for lo cation

find if (iterator start, iterator stop, unary function)

�nd v alue for whic h function is true, returning iterator for lo cation

replace (iterator start, iterator stop, target value, replacement value)

replace target elemen t with replacemen t v alue

replace if (iterator start, iterator stop, unary fun, replacement value)

replace lemen ts for whic h fun is true with replacemen t v alue

sort (iterator start, iterator stop)

places elemen ts in to ascending order

for each (iterator start, iterator stop, function)

execute function on eac h elemen t of v ector

iter swap (iterator, iterator)

sw ap the v alues sp eci�ed b y t w o iterators
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Example, coun ting elemen ts

vecto r < int > ::iterato r sta rt = aV ec.b egin();

vecto r < int > ::iterato r stop = aV ec.end();

if (�nd(sta rt, stop, 17) != stop)

... // elemen t has b een found

int counter = 0;

count (sta rt, stop, 17, counter);

if (counter != 0)

... // elemen t is in collection
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V ector Implemen tation

� Lik e string, the v ector holds a bu�er that can

dynamically gro w if needed

� Main tains t w o sizes, ph ysical and logical size

� Most op erations ha v e simple implemen tations,

can b e p erformed inline

� (Note that this implemen tation is simpler

than the actual commercial implemen tations,

whic h are prop eritary)
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Inline De�nitions

template < class T > class vecto r f

public:

t yp edef T � iterato r;

// constructors

vecto r () f bu�er = 0; resize(0); g

vecto r (unsigned int size) f bu�er = 0; resize(size); g

vecto r (unsigned int size, T initial);

vecto r (vecto r & v);

� vecto r () f delete bu�er; g

// mem b er functions

T back () f assert(! empt y()); return bu�er[mySize � 1]; g

iterato r b egin () f return bu�er; g

int capacit y () f return myCapacit y; g

b o ol empt y () f return mySize == 0; g

iterato r end () f return b egin() + mySize; g

T front () f assert(! empt y()); return bu�er[0]; g

void p op back () f assert(! empt y()); mySize �� ; g

void push back (T value);

void reserve (unsigned int newCapacit y);

void resize (unsigned int newSize)

f reserve(newSize); mySize = newSize; g

int size () f return mySize; g

// op erators

T & op erato r [ ] (unsigned int index)

f assert(index < mySize); return bu�er[index]; g

p rivate:

unsigned int mySize;

unsigned int myCapacit y;

T � bu�er;

g ;
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Constructors

The constructors use generic algorithms to �ll

initial v alues:

template < class T >

vecto r < T > ::vecto r (unsigned int size, T initial)

// create v ector with giv en size,

// initialize eac h elemen t with v alue

f

bu�er = 0;

resize(size);

// use �ll algorithm to initialize eac h

�ll (b egin(), end(), initial);

g

template < class T >

vecto r < T > ::vecto r (vecto r & v)

// create v ector with giv en size,

// initialize elemen ts b y cop ying

f

bu�er = 0;

resize(size);

// use cop y algorithm to initialize

cop y (v.b egin(), v.end(), b egin());

g
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Reserv e { the w orkhorse

metho d

template < class T >

void vecto r < T > ::reserve (unsigned int newCapacit y)

// reserv e capacit y at least as large as argumen t

f

if (bu�er == 0) f

mySize = 0;

myCapaict y = 0;

g

// don't do an ything if already large enough

if (newCapacit y < = myCapacit y)

return;

// allo cate new bu�er, mak e sure successful

T � newBu�er = new T [newCapacit y];

assert (newBu�er);

// cop y v alues in to bu�er

cop y (bu�er, bu�er + mySize, newBu�er);

// reset data �eld

myCapacit y = newCapacit y;

// c hange bu�er p oin ter

delete bu�er;

bu�er = newBu�er;

g
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Implemen ting Generic

Algorithms

T emplates are also the k ey to the implemen tation

of generic algorithms.

template (class ItrT yp e, class T)

void �ll (ItrT yp e sta rt, ItrT yp e stop, T value)

f

while (sta rt != stop)

� sta rt++ = value;

g

template (class SourceItrT yp e, class DestItrT yp e)

void cop y (SourceItrT yp e sta rt,

SourceItrT yp e stop, DestItrT yp e dest)

f

while (sta rt != stop)

� dest++ = � sta rt++;

g
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