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Containers

e class templates with parameter specifying the type of ¢dgored
In the container

Concept: a containeiX<T>

e stores objects of aingletypeT (the typeT has to be either basic
type or if it's a class the class must have the copy constructor and
the assignment operator)

e X should have théefault constructomitializing container object to
the empty state, theopy constructgrtheassignment operatand
thedestructor

e has a member functiosi ze() returning the number of elements
stored and a member functiempt y() returningt r ue if container
IS empty
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e defines the following typesterators— X: : i t er at or and
X::const _iterator,andthe type of stored objects
X:.:val ue_type

e has member functionsegi n() andend() returning iterators (of
typei t er at or ) referring to theirst and apast-the-en@&lements of
the container

begin() enz()
elementl E element? elementn E
First Last
element element

e defines comparison operatars and! = for comparing two
container objects (containers are equal if they contairesaleaments)
and<, <=, > and>= for lexicographical ordering (can be used only if
X: :val ue_t ype provides these operations)
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Refinements:

1. sequences— elements are stored in a linear sequenet or,
deque andl | st

2. associative containers- elements havieysthrough which they are
accessedset ,nul ti set,map andiul ti map
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Sequences

e elements are stored inliaear order. we have the first and the last
element, and it makes sense to insert/remove elementstiayair
location

Concept: a seqguenc& containing elements of type has the following
member functions (in addition to member functionsohtainer
concepy:

e X(Int n, const T &) — constructs a sequencesrotopies
of t

e X(iterator I, iterator j) —initializes a sequence to
values inrangé¢i , ) (from some other container)

e insert(iterator p,const T &) —insertst at positionp

e insert(iterator p, Iint n, const T & ) — insertsn
copies oft at positionp
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e insert(iterator p, iterator b, iterator e) —
Inserts elements from rangid, e) at positionp

e erase(iterator p) —removes the element at positipn

e crase(iterator b, e) —removes elementsinran@®, e)

e Cl ear () — removes all elements

e iterators ofX are at leasiorward iterator{specified later)
Models:

e Vect or — arepresentation of an array (“smart” array: grows and
shrinks as needed), fast to insert and delete elements enthe

e deque — double ended queue, fast to insert and delete elements
from both ends

e | I st — doubly linked list, easy to insert anywhere, but no random
access to elements
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Additional methods:

e vector,deque,list:
— T& front () —the first element
— T& back() —the last element
— push_back(T & ) —insertt atthe end

— pop_back() — remove element at the end
e deque,l i st:
— push _front (T & ) —insertt atthe beginning

— pop_front () — remove element at the beginning

e vect or,deque:
— T& operator[] (i nt n) —random access to elements

— T& at (i nt n) —random access to elements with range checking
(out _of _range exception)
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vector

e requires<vect or > header file, defined inanmespace std

e iImplemented as a dynamic array (one block, enlarged whetenee
and values copied): constant time insert/erase operaitahe end of
avect or (on average), but linear time anywhere else

e iterators of vector areandom-accesgerators (have similar
properties as pointers)
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deque

e requires<deque> header file, defined inamespace std

e constant time insert/erase operations at the front andnti@ka
deque

e Implementation
— Initially one memory block is allocated and the first element
placed in the middle; now adding element at the front or at the
end is fast until the end of block is reached

— deque doesn’t enlarge old block, but allocate a new one and
continue adding elements to new one

— there several blocks (of the same fixed size) and pointeradio e
of them are kept in a map (array of pointers) again startiogfr
the middle

— when the size of map is not enough, resizing similareat or

will happen
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lllustration of implementation of deque

Map elem 3
elem 2
elem 1 Block 0
/ elem 0
block 0 (-
block 1 [
Block 1
elem 4
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list

e requires<| i st > header file, defined inanespace std

e implementationlinked list with both forward and backward links
(double linked)

e advantagesconstant time insert/erase operations at any position

e disadvantages:

— Iterators ofl i st are justbidirectional iterators not
random-access iterators. you cannot use pointer aritbroeti
iterators, neithethe index operators available;

— finding n-th element of the list takes linear time

— you cannot apply some algorithm, for instarsaa t (butl | st
have they owrsort member function)
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Additional methods of | | st <T>:

e void splice(iterator pos, |ist<T> &) —inserts
content of listx in front of the positiorpos; x is emptied (constant
time)

assuming thal can be compared usingper at or <

e void nerge(list<T> &) — merge current list withx; works
correctly only if both current container amdwere already sorted; the
list X is emptied (linear time)

e void sort () — sort elementsr{log n time)
assuming thal can be compared usingper at or ==

e void renpve(const T&val ) — remove all instances equal to
val (lineartime)

e voi d uni que() — remove repeated elements in the list (if they
are consecutive); hence, if applied on sorted list, all eleswill be
different
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Choosing a sequence container

memory iSsues:

e vect or is the most memory efficient (at most twice the needed mensanged plus
it provides methods likeesi ze() andr eser ve() to manage memory more
efficiently)

e deque also needs to store tmeap but that's usually insignificant
e | i st needs to keep two pointer for every element stored in it
efficiency issues:

e finding n-the element: very fast imect or, fastindeque, very slow inl i st ;
hence, if the container is always processed sequentiallst is fine, but for random
access is not suitable

e adding elements fast: only at the end ¥arct or, at front and at end faleque and
anywhere fot i st

e sorting and swappingiect or anddeque can be sorted using generic algorithm
sort () which swaps elements (physically copy elements aroundjewh st has
member functiorsor t () which rearranges pointers instead, i.e.,
for larger elementti st is better, for smaller onesect or ordeque is better
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Sample questions

e Specify at least 5 requirements of tb@ntainerconcept.

e List two main groups of containers and for each at least 2 tsode
Implemented in STL.

e What is the main characterization of sequences?
e EXplain how would you choose which sequence container t@ use

e \What’s wrong with the following code:

1 vector<int> intVector (4, 20);
2 IntVector.insert(1, 10);

e Implement the following template functions that reverdesnents of

any sequence container:

1 tenpl ate <typenane Cont ai ner Type>
2 void reverse(Contai ner Type &cont ai ner)

Implement the same template if you could assume that the

Cont ai ner Type isvect or.
Last modified: Monday 17 March, 2008, 15:44 2008 An Maiuch



SFU CMPT-212 2008-1 15 Topic: Containers And Iterators

[terators

e generalization of pointers — providesiforminterface to all
different types of containers
Example:
assume you have

— Iteratori pointing to a location irvect or <i nt > object

— Iterator] pointing to a locationin i st <i nt >
we want tomove both iterators to the next element of containers
— fori : it's enough to increment by 1

— for | : we should follow the link to the next element in the node
but since both iterators amodelsof iterator conceptwe can use the
++ operator to accomplish the task

e hence, if we write an algorithm using iterators of one conédil it
will work with iterators of another containgassuming iterators of

another container are in the same or higher category)
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Concept:

e can bedereferenceusing thex operator) to return the object they
point to

e can be compared farguality(== and! = is defined for them)
Types of iterators:

e INnput iterator.
— allowsreadingvalues from the container (using dereferencing);

— defines ther+ operatorallowing to move through all elements of
the container

— the order can bdifferenteach time and after incrementing, the
prior value of iterator might not be pointing at any meanuigf
location in the container

e output iterator— similar to input iterator, but instead of reading
values, allowsvriting values
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e forward iterator
— Is aninputandoutput iterator
— elements are traversed in th@meorder (unless content of container
has changed)
e bidirectional iterator
— Is aforward iterator

— can move through elementsiaverseorder: defines the- operator

e random access iterator
— 1S abidirectional iterator

— allowspointer arithmetiqwith integer values) and defines tielex
[ ] operator

Examples:
e iterators ofvect or anddeque are random access iterators

e iterators ofl i st are bidirectional operators
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Note:

e iterators form ehierarchy
Example: abidirectional iteratoris aforward iterator
hence, in any place wherd@ward iteratoris expected, a
bidirectional (or random accegdterator can also be used

e the prototypes ofjeneric algorithm®f STL specify what kind of
iterator is expected as an argument by the names of template
parameters:

1 tenplate <typenane Inputlterator, typenane T>
> Inputlterator find(lnputlterator begin,
3 | nputlterator end, const T& val ue);

— looks for valueval ue in range] begi n, end)

— returns iterator pointing to the first occurrencevafl ue if found

— otherwise returnsnd
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Sample questions

e List 5 types of iterators and explain what are the differenoetween
them.

e Why is important to understand hierarchy of those iter&ors

e What's wrong with the following implementation of algonthf i nd:

tenpl ate <typenane Inputlterator, typenane T>
| nputlterator find(lInputlterator begin, | nputlterator end,

[EY

N

3 const T& val ue)
s

5 for (int 1=0; begin+i!=end; i++)
6 i f (*(begi n+i)==val ue)

7 return begi n+i;

8 return end;

o}

Last modified: Monday 17 March, 2008, 15:44 2008 &n Maiuch



SFU CMPT-212 2008-1 20 Topic: Containers And Iterators

Associative containers

e in sequential containerelements are stored in a linear order and can
be traversed in this way (and often elements can be accessetyd
via index operatof | )

e N associative containeyglements are accessed k&ys

e When inserting elements to an associative container, yoa ha
control where this element will be inserted (you cannot gpé¢ice
position)

Example:

1 V.insert(v.begin()+2,10.3); // for vector<doubl e>
2 S.insert(10.3); /| for set<double>

e the elements can be access via keys rather fast (in logacitime)
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Concept of associative container X

e IS acontainer
e defines a type used for keys : key type

e X(Inputlterator i, Inputlterator ) —initializes a
sequence to values in ranpge, | ) (from some other container)

e erase(const key type &k) —removes all elements with
key k

e Cl ear () — removes all elements

e iterator find(const key type &kKk) — returns iterator to
element with keyk andend( ) if no such element exists

e | ong count (const key type &K) — returns the number of
elements with kek

Last modified: Monday 17 March, 2008, 15:44 2008 &n Maiuch



SFU CMPT-212 2008-1 22 Topic: Containers And Iterators

Models for associative container

e set,nultiset,map andnul ti nmap (there are alsbash
versions of these containers)

e set andnul ti set are defined irkset > header file and store only
keys {yal ue type =key type)

e nap andnul t 1 nap are defined iknap> header file, and each
stored element isaal ue type =
pai r<key type, data_type>

e set andnap do not allow multiple keys, I.e., each element has a
unique key

e Nul tiset andnul ti map allow several elements to have same
keys
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set and multiset

e Inserting elements teet :
pair<iterator, bool> insert(const key type &t);

If t was not in theset already, returns the iterator pointing to
Inserted andt r ue, otherwise the iterator pointing at element with
key valuet andf al se

Note: you can access elementsgdi r template class directly with
first andsecond data members

Example:setinsert.cpp
1 set <doubl e> s;
2 pair<set<double>::iterator, bool> answer=s.insert(2.3);
3 cout <<x(answer.first); // dereference iterator, prints 2.3

4 Ccout <<answer.second; [l prints true

s answer=s.insert(2.3); [/ fails to insert 2.3 again

s cout <<x(answer.first); // dereference iterator, prints 2.3
7 Ccout <<answer.second, [l prints false
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e inserting elements toul ti set :
Iterator insert(const key type &t);

cannot fail, asrul t i set can contain several elements with the
same key

Example:

1 mul ti set <doubl e> ns;

> me.insert(3.4),;

s me.insert(2.3);

s me.insert(3.4),;

s multiset<double> :iterator i;

s for (i=ns.begin(); i!=nms.end(); i++)

7 cout <<*|<<endl;

s [/ prints: 2.3 3.4 3.4 (note: in sorted order!)

e Insert range:
Insert(lnputlterator i,lnputlterator j) —insert
elements from some other iterator in rarjge | )
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map and multimap

e need two typeskey type anddat a_type
Example:

1 map<char,float> x; // key=char, data=fl oat

e can be used asssociative arrayselements of ordinary arrays are
accessed through integer values, element of associataysare
accessed through any (fixed) typeefy t ype)

e dereferencing iterator gives you
val ue_type=pai r<key type, data_type>

1 Mmap<doubl e, char>::iterator iI;
2 cout <<(*1).first; [/ prints the key (double)
3 cout <<(=*i1).second; // prints the data (char)
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e inserting elements toap:

1 pair<iterator, bool>
> I nsert(const pair<key type,data type>& Xx);

— returned value is the same as f@t (mul t i map version returns
only iterator)
e to simplify working withmaps, index operatoiis overloaded as well:
1 data type& operator[](const key type& Kk);

which can be used for both inserting and accessing valuéeaohap:

1 map<doubl e, char*> m

2 n{3.14]="Pi "; /[l insert pair (3.14,"Pi") to map
3 cout <<nf3.14]; // access the data stored in the map
4 [l prints "Pi"

s [/ beware:
s charx name=n{1.41]; // insert pair (1.41, NULL) to map
7 /] and return NULL

Example:days.cpp
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Strict Weak Ordering

When using associative containamst <Key>, nul t i set <Key>,
map<Key, Dat a> andnul t i map<Key, Dat a> either:

e Key has to provideper at or <;

e Or we have to pass class whose instancelasary predicate
comparing two elements of tygey as an additional template

parameter.
Example:
1 class Point {
2 public:
3 I nt X,V;
4 Point (int ix=0,int iy=0) : x(ix), y(iy) {}
5 };

7 set<Poi nt> P,
s [/ conpiler error, operator<(Point,Point) not defined
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Fix 1. either defineoper at or < for Poi nt , or

1 class Point _|ess {

2 public:

3 bool operator()(const Point& p,const Pointé& Q)
4 { return (p.x<g.x && p.y<q.y); }

5  };

7 set<Point, Point | ess> P,
g8 [/ conpiles, uses Point |less to sort keys = Points

Still a problem, see pointl.cpp
Why?

e Becausd’oi nt | ess is not a “strict weak ordering” ordering!

e Strict weak ordering:
— X<x should bd al se;
— if x<y istrue, theny<x should be al se;
— iIf x<y andy<z aret r ue, then alsax<z should be r ue;
— If x<y andy<x are false, them=y is true.

Example:point2.cpp
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Sample questions

e What is the main difference between sequential and ass@ciat
containers?

e List four STL models of associative container and explaffecences
between them.

e Consider aset . What are the possible values which theunt
method can return?

e Which containers are suitable for implementing “assoatadirrays”?

e Show two different ways how to insertval ue_t ype pairto a
map<doubl e, | ong>. For instance, insert a pair with kdy 6 and
datalOL.
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e Write a program that counts the occurrences of words in thetin
taken from the user (terminated by the wdreind" ) and displays the
words and their occurrences in ascending order of word éeqes.
The program should use an Shtap to store a pair consisting of a
word and its count. For each word, check whether it is alreakigy
In the map. If not, add the key and vallig¢o the map. Otherwise,
Increase the value for the word (key) byn the map.
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Other types of iterators

1. Reverse iterators

e Assume you want to traverse elements of the container
vect or<i nt > cont al ner inreverse order.

e First (incorrect) approach:

1 vector<int>::iterator i;
. for (i=container.end(); I!=container.begin(); i--)
3 cout << i << " "

What's wrong?

— end() Is asentineliterator marking we have reached the end of
the container, it does not point to a meaningful elementef th
container (should not be dereferenced)

— It's not guaranteed that decreasigd( ) will make iterator to
point at the last element of the container (depends on the

container and implementation)
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e the correct way is to useverse iteratorprovided by containers with
bidirectional iterators

1 vector<int>:.:reverse iterator i;

. for (i=container.rbegin(); i!=container.rend(), I++)
3 cout << xj << " "
Comments:

— rbegi n() returns an iterator pointing at the last element

— rend() returns a sentinel marking the end of the container in the
reverse order

— | ++ moves the reverse iterator backward!
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2. Stream iterators

e defined in header filei t er at or >

e Example:
1 ostream.iterator<doubl e> double to cout(cout, "; ");
2 [/ declares an output streamiterator double to count
s [/ with delimter string "; " attached to cout

— tosendadoubl e value to adapter iterator, we can use
dereferencing and the assignment:

1 *double_to_cout=3.14; // equivalent to: cout <<3.14<<"; ";
2 doubl e to _cout ++; /|l get ready for the next print-out
s *doubl e to cout =2; /] cout <<double(2)<<"; ";

e Question:how is it useful?

Answer:output stream iterator can be used in any generic algorithm
where an output iterator is expected
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Example:
e <al gori t hne defines a generic algorithoopy () copying data
from one container to another:

1 copy(lnputlterator first, Inputlterator |ast,
2 Qutputlterator target);

copiesrang@first, | ast) into other container starting at
positiont ar get

Example:
1 vect or <doubl e> a;
[/ ... fill a
s [/ copy content of vector a to |list b:
+ |list<doubl e> b(a.size());

s copy(a.begin(), a.end(), b.begin());
Notes:
— overwrite the data in the target container
— assumes that there is enough space
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e copy function expects anutput iteratorast ar get

1 copy(lnputlterator first, Inputlterator |ast,
2 Qut putlterator target);

hence, we can use the output stream iterator to copy the rdatetihe
container to the screen!

Example:
1 deque<doubl e> d;
. 11 ... fill d
s oOstream.iterator<doubl e> doubl e2cout (cout,"; ");

+ copy(d. begin(),d. end(), doubl e2cout);

s [/ oOr using anonynous syntax:

s copy(d.begin(),d.end(),

; ostream it er at or <doubl e>(cout,"; "));

Example:copy.cpp
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e theli stream. it erat or template can adapt an input stream to the
iterator interface:

1 1 stream.iterator<doubl e> cin2doubl e(cin);
> doubl e x = xci n2doubl e++;
s [/ read double value fromcin

Example withcopy:
1 copy(cin2doubl e, i stream i terator<double>(),
2 d. begin());

Notes:

— 1 stream.iterator<doubl e>() indicates the input failure

— hence, the above statement will read the input foom and copy
values to containest until some error occurs (for example the
Input is not of typedoubl e)

Last modified: Monday 17 March, 2008, 15:44 2008 &n Maiuch



SFU CMPT-212 2008-1 37 Topic: Containers And Iterators

3. Insert iterators

e Example:in the previous example

1 copy(istream.terator<double>(cin),
2 | stream.it erator<doubl e>(),
3 d. begin());

— readsdoubl e values fromci n until an input failure occurs
— It overwrites the data in the containgérand it assumes the has
enough space
e we would like toinsertdata instead of overwriting
— appending usingack 1 nsert _iterator

1 vect or <doubl e> d;
copy(istream.terator<doubl e>(cin),

3 | stream. it erator<doubl e>(),

4 back i nsert _iterator<vector<double> >(d));

N

Example:backinsert.cpp
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e Q. The syntax
back i nsert _iterator<vector<double> >(d)) Isquite
troublesome. Can we make compiler to check the containerdyg
and create the correspondihgck i nsert iterator?

e A.Sure, function templates can guess type based on the paramet

1 tenplate <typenane Cont ai ner>
2> back _insert _iterator<Container> backl nserter(Container &c)
3 { return back insert iterator<Container>(c); }

and now we can write the following code:

1 vect or<doubl e> a, b;

2 I/ ... fill a,b

3 copy(a.begin(),a.end(), backlnserter(b));
s« [/ append content of a to the end of b

Notes:

— <i t er at or > defines such function template calledck i nserter

— back i nsert _iterator works only with containers which have
push_back() method (sequences)
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Other versions of insert iterators:

e front iInsert _iterator —inserts in the front, works only
with containers which providpush_front () member function
(such asleque andl i st)

e i nsert iterator —works with any container; takes 2
parameters: container and a position (iterator) whereait stserting

1 vector<int> v;

2 V.push_back(1);

3 V. push_back(9);

« Int a[]={7,2,4,3,6};

s copy(a,atb,inserter(v,v.begin()+1));
s [/ a: [1,7,2,4,3,6,9]

Note: with associative containers likeet , you can only use
| nsert i terator and the position where to insert (the second
parameter) is basically ignored
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Supplemental material

How are they implemented?

Example: Forset :
e Inserter example: setinserter.cpp

e Erasor example: seterasor.cpp

Last modified: Monday 17 March, 2008, 15:44 2008 &n Maiuch


http://www.cs.sfu.ca/CC/212/jmanuch/ex/15/setinserter.cpp
http://www.cs.sfu.ca/CC/212/jmanuch/ex/15/seterasor.cpp
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Sample questions

e Write a code listing elements of a contairveof type
| I st <doubl e> in reverse order.

e \What is stream iterator? How can it be used?

e Which insert iterator would you use to insert elements toctoreat
the front?
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