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TemplatesTemplates
But we don’t justBut we don’t just wantwant a vectora vector ofof doubledouble
We want vectorsWe want vectors withwith any elementany element typestypes wewe specifyspecify

std::vector <std::vector <double>double>
std::vector <std::vector <intint>>
std::vector <std::vector <MonthMonth>> //  enum class//  enum class typetype
std::vector <std::vector <Record>>         //   vectorstd::vector <std::vector <Record>>         //   vector ofof vectorsvectors . .. .
std::vector <std::vector <charchar>> //// ?? why not usewhy not use stringstring . .. .
std::vector <Recordstd::vector <Record**>> //// ?? vectorvector of pointersof pointers
std::vector <std::shared_ptr<Record>>  //std::vector <std::shared_ptr<Record>>  // smart pointerssmart pointers

We can design our own parameterized types, calledWe can design our own parameterized types, called templatestemplates
makemake the element type athe element type a parameterparameter to a templateto a template

A template is ableA template is able to take both builtto take both built--in types and userin types and user--defineddefined
types astypes as elementelement types (of course)types (of course)
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Templates for generic programmingTemplates for generic programming

Code is written in terms of yetCode is written in terms of yet unknownunknown types that are totypes that are to
be later specifiedbe later specified
Also called “Also called “parametric polymorphismparametric polymorphism””

parameterization of types and functions by typesparameterization of types and functions by types  --
and by integer values, in C++and by integer values, in C++

Reduces duplication of source codeReduces duplication of source code
Provides flexibility and performanceProvides flexibility and performance

providing good performance is essential: real time andproviding good performance is essential: real time and
numeric calculationsnumeric calculations
providing flexibility is essentialproviding flexibility is essential

e.g., C++ standard containerse.g., C++ standard containers
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Templates for generic (cont.)Templates for generic (cont.)
Template definitions and specializations (instantiations)Template definitions and specializations (instantiations)
template <typename Ttemplate <typename T,, intint NN>>
classclass BufferBuffer {{ . . .. . .

Buffer () { buff [0] = T ();  . . .  }     //Buffer () { buff [0] = T ();  . . .  }     // assumesassumes N >= 1N >= 1
T buff [N];T buff [N];

};};

template <typename Ttemplate <typename T,, intint NN>>
void fill (Buffer <void fill (Buffer <TT, N, N>&>& buffer)  {  /*buffer)  {  /* . . .. . . */   }   . . .*/   }   . . .

//// forfor a class templatea class template,, specifyspecify the templatethe template arguments:arguments:
Buffer <Buffer <charchar, 1024, 1024>> bufbuf;; //// forfor bufbuf,, TT isis charchar andand NN isis 10241024
//// forfor a function template, thea function template, the compilercompiler ((usuallyusually)) deduces argumentsdeduces arguments::
fill (fill (bufbuf);   //);   // here also,here also, TT isis charchar andand NN isis 10241024:: that’sthat’s whatwhat bufbuf hashas

//// the same asthe same as:: fill <char, 1024> (buf);fill <char, 1024> (buf);
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use static size for this buffer

Parameterize with element typeParameterize with element type

//// anan almost realalmost real vectorvector ofof TTss::
template <template <typenametypename TT>> //// oror ((originallyoriginally) ") "classclass TT""
classclass vectorvector {{ . . .. . .

void push_back (T const&);void push_back (T const&);
};};

std::vector <std::vector <double>double> vdvd;; ////  TT isis doubledouble
std::vector <std::vector <intint> vi;> vi; //  T//  T isis intint
std::vector <std::vector <int>>std::vector <std::vector <int>> vvivvi;; //  T//  T isis vectorvector <<intint>>
std::vector <std::vector <char>char> vcvc;; //  T//  T isis charchar
std::vector <std::vector <doubledouble**>> vpdvpd;; //  T//  T isis doubledouble**
std::vector <std::shared_ptr <E>> spe;   //  Tstd::vector <std::shared_ptr <E>> spe;   //  T isis shared_ptrshared_ptr <E><E>
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produce separateproduce separate push_backpush_back for eachfor each
instantiation: usesinstantiation: uses T::T (T const&)T::T (T const&) toto
place the new item at the endplace the new item at the end
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Essentially,Essentially, std::vectorstd::vector is something like:is something like:
template <template <typenametypename TT>> //// read “for all types T”read “for all types T”
class vector {class vector {
publicpublic::

explicit vector (explicit vector (intint s) :s) : szsz (s),(s), elemelem (new(new TT [s]), space (s) { . . . }[s]), space (s) { . . . }
TT&& operator []operator [] ((intint n) { returnn) { return elemelem [[n]; }n]; } //// accessaccess: return reference: return reference
intint size ()size () const { returnconst { return szsz;; }} //// . . . etc.. . . etc.
vector () :vector () : szsz (0),(0), elemelem ((nullptrnullptr), space (0);), space (0); //// zerozero--arg. constructorarg. constructor
vector (vector const&);vector (vector const&); //// copycopy ctorctor
vector& operator = (vector const&);vector& operator = (vector const&); //// copy assignmentcopy assignment
~ vector () { delete []~ vector () { delete [] elemelem; }; } //// destructordestructor

private:private:
intint szsz;; //// the sizethe size
TT ** elemelem;; //// a pointer to the elementsa pointer to the elements
intint space;space; //// size + free spacesize + free space

};};
ThisThis originaloriginal templatetemplate isis analyzedanalyzed onlyonly partiallypartially. The. The useuse ofof TT isis typetype
checkedchecked whenwhen thethe templatetemplate isis actuallyactually instantiatedinstantiated (and(and compiledcompiled).).

Essentially,Essentially, std::vector <std::vector <double>double> is something likeis something like
//// a new class is instantiateda new class is instantiated ((generatedgenerated)) from the template and compiledfrom the template and compiled::
classclass __vectorvector {{ //// the compiler generates fromthe compiler generates from:: "vector <double>""vector <double>"
public:public: //// uses some internal name foruses some internal name for vector<double>vector<double>

explicit _explicit _vectorvector ((intint s) :s) : szsz (s),(s), elemelem (new(new doubledouble [s]), space (s) {  . . .  }[s]), space (s) {  . . .  }
doubledouble&& operator []operator [] ((intint n) {n) { . . .  }. . .  } //// access elementaccess element
intint size ()size () const { returnconst { return szsz;; }} //// . . . etc.. . . etc.
__vectorvector () :() : szsz (0),(0), elemelem ((nullptrnullptr), space (0) {}   //), space (0) {}   // zerozero--arg.arg. ctorctor
__vectorvector (_(_vectorvector const&);const&); //// copycopy ctorctor
__vectorvector& operator = (_& operator = (_vectorvector const&);const&); //// copy assignmentcopy assignment
~ _~ _vectorvector () { delete []() { delete [] elemelem; }; } //// destructordestructor

private:private:
intint szsz;; //// the sizethe size
doubledouble ** elemelem;; //// a pointer to the elementsa pointer to the elements
intint space;space; //// size + free spacesize + free space

};};
MemberMember functionsfunctions areare instantiatedinstantiated onlyonly ifif calledcalled
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Templates: “no free lunch”Templates: “no free lunch”
Template instantiation generates custom (typeTemplate instantiation generates custom (type--specialized) codespecialized) code

=> efficient but=> efficient but maymay involve memory overhead (replicated binary)involve memory overhead (replicated binary)
however, only those templates used/called are actually instantiatedhowever, only those templates used/called are actually instantiated

Sometimes poor diagnostics (obscure messages)Sometimes poor diagnostics (obscure messages) ---- at least historicallyat least historically
DelayedDelayed errorerror messages: only when "source" actually gets generated..messages: only when "source" actually gets generated..
UsedUsed templates must be fully defined intemplates must be fully defined in eacheach separate translation unitseparate translation unit

need the template source code to be specialized by the instantiationneed the template source code to be specialized by the instantiation
so (usually) must placeso (usually) must place templatetemplate definitionsdefinitions inin headerheader filesfiles
the newthe new extern templateextern template (C++11) feature suppresses multiple(C++11) feature suppresses multiple
implicit extra instantiations of templates:  a way of avoidingimplicit extra instantiations of templates:  a way of avoiding
significant redundant work by the compiler and linkersignificant redundant work by the compiler and linker

Usually:  no problems using available templateUsually:  no problems using available template--basedbased librarieslibraries
ssuchuch as the C++as the C++ standardstandard library:  e.glibrary:  e.g.,., std::vectorstd::vector,, std::sortstd::sort()()
initiallyinitially,, should probably only write simpleshould probably only write simple templatestemplates yourself..yourself..
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STL backgroundSTL background
the STL was developed by Alex Stepanov, originally implemented forthe STL was developed by Alex Stepanov, originally implemented for
Ada (80'sAda (80's -- 90's)90's)
in 1997, STL was accepted by the C++ Standards Committee as partin 1997, STL was accepted by the C++ Standards Committee as part
of the standard C++of the standard C++
adopting STL strongly affected various language features of C++,adopting STL strongly affected various language features of C++,
especially those features offered by templatesespecially those features offered by templates
supports basic data types such assupports basic data types such as vectorsvectors,, listslists, associative, associative mapsmaps,, setssets,,
and algorithms such as sortingand algorithms such as sorting

efficient and compatible with C computation modelefficient and compatible with C computation model
not objectnot object--oriented: uses valueoriented: uses value--copycopy semantics (copy ctor, assign)semantics (copy ctor, assign)
many operations (called "algorithms") are defined as standmany operations (called "algorithms") are defined as stand--alonealone
functionsfunctions
uses templates for reusabilityuses templates for reusability
providesprovides exception safetyexception safety for allfor all operations (on some level)operations (on some level)
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STL examplesSTL examples
std::vector <std::string> vstd::vector <std::string> v; . .; . . //// some code to initializesome code to initialize vv
v.push_backv.push_back ("123("123");  . .");  . .    //// cancan grow dynamicallygrow dynamically

ifif (!(! v.emptyv.empty ())())
std::std::coutcout <<<< v.sizev.size () << std::() << std::endlendl;;

std::vector <std::string> v1std::vector <std::string> v1 = v;  //= v;  // make a newmake a new copy ofcopy of vv ((copycopy ctorctor))

std::list <std::string>std::list <std::string> listlist ((v.beginv.begin (),(), v.endv.end ());());
//// makes amakes a listlist copy ofcopy of vv usingusing iteratorsiterators

std::list <std::string>std::list <std::string> list1list1;; . .. .
std::swapstd::swap (list, list1(list, list1););              //// swapswap two liststwo lists ((efficientlyefficiently))

. .. . //// actuallyactually calls:calls: ""list.swaplist.swap ((list1)list1)
typedeftypedef std::shared_ptrstd::shared_ptr <<stdstd::::vector <int>>vector <int>> VectPtrVectPtr;;
VectPtrVectPtr ff ((stdstd::::vector<int> v)  {vector<int> v)  { //// copy constructs local variable!copy constructs local variable!

.. .. v [7] = 11;  . .  returnv [7] = 11;  . .  return VectPtrVectPtr (new std::vector<int> (v));  }(new std::vector<int> (v));  }
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Basic principles of STLBasic principles of STL
STL containers are typeSTL containers are type--parameterized templates, rather thanparameterized templates, rather than
classes with inheritance and dynamic bindingclasses with inheritance and dynamic binding

e.g., noe.g., no common base class for all of the containerscommon base class for all of the containers
no virtual functions and late binding usedno virtual functions and late binding used

howeverhowever, containers implement a (somewhat) uniform service, containers implement a (somewhat) uniform service
interface with similarly namedinterface with similarly named operations (operations (insertinsert,, eraseerase,, sizesize..)..)

the standardthe standard std::stringstd::string was defined first but later extended towas defined first but later extended to
cover STLcover STL--like services (e.glike services (e.g., to provide., to provide iteratoriterators)s)

STL collections do notSTL collections do not directlydirectly support I/O operationssupport I/O operations
istream_iterator <T>istream_iterator <T> andand ostream_iterator <T>ostream_iterator <T> can representcan represent
IO streams as STL compatible iteratorsIO streams as STL compatible iterators
so IOso IO cancan bebe achieved using STL algorithmsachieved using STL algorithms ((std::copystd::copy, etc.), etc.)
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Components of STLComponents of STL
1.1. ContainersContainers, for holding (homogeneous) collections of values: a, for holding (homogeneous) collections of values: a

container itself manages (owns) its elements and their memorycontainer itself manages (owns) its elements and their memory

2.2. IteratorsIterators are syntactically and semantically similar to Care syntactically and semantically similar to C--likelike
pointers; different containers provide different iterators but with apointers; different containers provide different iterators but with a
similar pointersimilar pointer--like interfacelike interface

3.3. AlgorithmsAlgorithms are functions that operate on containers via iterators;are functions that operate on containers via iterators;
iterators are given as (generic) parameters;  the algorithm and theiterators are given as (generic) parameters;  the algorithm and the
container must support compatible iterators (using implicitcontainer must support compatible iterators (using implicit
generic constraints)generic constraints)

In addition, STL provides, for exampleIn addition, STL provides, for example

functorsfunctors: objects to be "called" as if they were functions ("(...)"): objects to be "called" as if they were functions ("(...)")
variousvarious adaptersadapters, for adapting components to provide a, for adapting components to provide a
different public interface (different public interface (std::stackstd::stack,, std::queuestd::queue))
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#include <iostream>#include <iostream> //  std//  std::::cin, std::cout, std::cerrcin, std::cout, std::cerr
#include <vector>#include <vector>                              //  std//  std::vector::vector
#include <algorithm>#include <algorithm> //  std//  std::reverse, std::::reverse, std::sort..sort..

intint mmain ()ain ()  {{

std::std::vectorvector <double> v;<double> v; //// bufferbuffer for input datafor input data
double d;double d;
while (std::cin >> dwhile (std::cin >> d) v.push_back (d);  //) v.push_back (d);  // read elements until EOFread elements until EOF

if (! stdif (! std::cin.eof ()) {::cin.eof ()) { //// checkcheck how input failedhow input failed
stdstd::cerr <<::cerr << "Input"Input errorerror\\n";   return 1;n";   return 1; }}

stdstd::::reversereverse (v.begin (), v.end ());(v.begin (), v.end ());
std::cout << "elements in reverse order:std::cout << "elements in reverse order:\\n";n";
forfor (const auto x  :  v)  std(const auto x  :  v)  std::cout <<::cout << xx << '<< '\\n';n';

}}
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STL algorithmsSTL algorithms
STL algorithmsSTL algorithms are implemented for efficiency, havingare implemented for efficiency, having anan
associated timeassociated time complexity (complexity (constant, linear, logarithmic)constant, linear, logarithmic)
TTheyhey areare defined as functiondefined as function templates, parameterized bytemplates, parameterized by
iterators to access the containers they operate on:iterators to access the containers they operate on:

std::vector <int> v;std::vector <int> v;  .. . .. . //// initializeinitialize vv
std::sort (v.begin (), v.end ());std::sort (v.begin (), v.end ()); //// instantiatesinstantiates sortsort
std::deque <double> d;std::deque <double> d; //// doubledouble--endedended queuequeue

.. . .. . //// initializeinitialize dd
std::sort (d.begin (), d.end ());std::sort (d.begin (), d.end ()); //// instantiateinstantiate, again, again

IIff a general algorithm, such as sorting, is not available for a specifica general algorithm, such as sorting, is not available for a specific
container (since iteratorscontainer (since iterators maymay notnot be compatiblebe compatible),),
it is provided as ait is provided as a membermember operation (e.g., foroperation (e.g., for std::liststd::list))
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the same
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Introduction toIntroduction to STL containersSTL containers
AA container holds a homogeneous collection ofcontainer holds a homogeneous collection of valuesvalues
Container <T> c;    . . .Container <T> c;    . . .       //// initiallyinitially emptyempty
c.push_back (value);c.push_back (value);      //// cancan grow dynamicallygrow dynamically

WhenWhen you insert an element into a container, youyou insert an element into a container, you alwaysalways insertinsert
aa value copyvalue copy of a givenof a given objectobject

the element typethe element type TT must provide copying of valuesmust provide copying of values

HeterogeneousHeterogeneous (polymorphic) collections are represented as(polymorphic) collections are represented as
containers storing pointers to a basecontainers storing pointers to a base classclass

brings out allbrings out all memorymemory managementmanagement problems (C pointers)problems (C pointers)
can usecan use std::shared_ptr (std::shared_ptr (with reference counting)with reference counting)
cancan useuse stdstd::unique_ptr::unique_ptr (with its(with its singlesingle--ownerowner semantics)semantics)

CContainersontainers support constantsupport constant--timetime swapswapss (usually)(usually)
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Intr. toIntr. to STL containersSTL containers (cont.)(cont.)
inin sequence containerssequence containers, each element is placed in a certain, each element is placed in a certain
relative position: as first, second, etc.:relative position: as first, second, etc.:

std::vectorstd::vector <T><T> vectorsvectors, sequences of varying length, sequences of varying length
std::dequestd::deque <T><T> dequesdeques (with operations at either end)(with operations at either end)
std::list <T>std::list <T> doublydoubly--linked listslinked lists
std::forward_list <T>std::forward_list <T> singlysingly--linked listslinked lists

associativeassociative containerscontainers are used to represent sortedare used to represent sorted collectionscollections

std::map <KeyType, ValueType>std::map <KeyType, ValueType> (ordered search tree)(ordered search tree)
std::unordered_map <KeyType, ValueType>std::unordered_map <KeyType, ValueType> (hash map)(hash map)

for afor a mapmap, provide, provide operatoroperator << for the key typefor the key type
for a hash map, providefor a hash map, provide std::hash<Key>std::hash<Key> for the key typefor the key type
alsoalso setsets ands and multimulti--key/value versionskey/value versions
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Intr. toIntr. to STL containersSTL containers (cont.)(cont.)

SStandardtandard containers are somewhat interchangeablecontainers are somewhat interchangeable -- in principle,in principle,
youyou cancan choose the one that is the most efficient for your needschoose the one that is the most efficient for your needs

howeverhowever, interfaces and services are, interfaces and services are notnot exactlyexactly identicalidentical
changing a container may well involve changes to the clientchanging a container may well involve changes to the client
source code (that calls the services of a container)source code (that calls the services of a container)

DifferentDifferent kinds of algorithms require different kinds of iteratorskinds of algorithms require different kinds of iterators

onceonce you choose a container, you can applyyou choose a container, you can apply only thoseonly those
algorithms that accept a compatible iteratoralgorithms that accept a compatible iterator

CContainerontainer adapters are used to adapt containers for the use ofadapters are used to adapt containers for the use of
specific interfaces (e.g.,specific interfaces (e.g., pushpush ( . . . )( . . . ),, poppop ()(),, etc.)etc.)

forfor example,example, std::stackstd::stack andand std::queuestd::queue are adapters ofare adapters of
sequences; the actual container (sequences; the actual container (dequedeque) is) is a protecteda protected membermember
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Iterators (again)Iterators (again)
an iterator provides access to elements in a container;  every iterator itan iterator provides access to elements in a container;  every iterator it
has tohas to support (at least)support (at least)

**itit   itit-->> toto access the currentaccess the current element or its memberelement or its member
++it++it toto move to the next elementmove to the next element
it == it1it == it1 ""pointer" equalitypointer" equality
it != it1it != it1 ""pointer" inequalitypointer" inequality

container classescontainer classes provideprovide iterators in a uniform way asiterators in a uniform way as standardizedstandardized
typedef namestypedef names within the classwithin the class definitiondefinition

std::vector<std::string>::iterator           //std::vector<std::string>::iterator           // isis a typedefa typedef
std::vector<std::string>::const_iteratorstd::vector<std::string>::const_iterator
beginbegin ()() pointspoints to the first element (if any)to the first element (if any)
end ()end () pointspoints beyond the last (end marker)beyond the last (end marker)

const_iteratorconst_iterators are requireds are required forfor constconst--qualifiedqualified containerscontainers
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C::C::iteratoriterator first =first = c.beginc.begin (), last =(), last = c.endc.end ();();

a container holds a set of values, of typea container holds a set of values, of type C::C::value_typevalue_type ((typedeftypedef))
anan iteratoriterator points to an element of this container, or just beyondpoints to an element of this container, or just beyond
thethe last proper elementlast proper element (a(a specialspecial pastpast--thethe--end valueend value))
it can beit can be dereferenceddereferenced by using the operatorby using the operator **
(e.g., "(e.g., "**itit"), and the operator"), and the operator -->> (e.g., "(e.g., "itit-->>op ()op ()")")

Iterators (cont.)Iterators (cont.)
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Iterators (cont.)Iterators (cont.)
IIteratorsterators are syntactically compatible withare syntactically compatible with CC pointerspointers

Container c;Container c;  .. . .. .
Container::iterator itContainer::iterator it;; //// a shorter forma shorter form::
for (it = c.begin (); it != c.end (); ++itfor (it = c.begin (); it != c.end (); ++it)  {    //   for (auto& x : c)  . .)  {    //   for (auto& x : c)  . .

. . .  it. . .  it-->>op ();  . . .  std::cout <<op ();  . . .  std::cout << **it;  . . .it;  . . .
}}

Could use a rangeCould use a range--forfor statement, or an algorithm:statement, or an algorithm: for_eachfor_each,, copycopy
NonNon--constconst iterators support overwrite semantics: can modify oriterators support overwrite semantics: can modify or
overwrite the elements already stored in the containeroverwrite the elements already stored in the container
Generic algorithmsGeneric algorithms are not written for a particular container class inare not written for a particular container class in
STL but use iterators insteadSTL but use iterators instead

ThereThere areare iterator adaptersiterator adapters that support insertion semantics (i.e., whilethat support insertion semantics (i.e., while
writing through an iterator,writing through an iterator, insertsinserts a new element at that point)a new element at that point)
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to allow modifications to the containerto allow modifications to the container
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Using iterators within function templatesUsing iterators within function templates

templatetemplate <<typenametypename ItIt,, typenametypename T>T> //// aa samplesample functionfunction templatetemplate
boolbool containscontains ((ItIt firstfirst,, ItIt beyondbeyond,, TT constconst&& valuevalue) {) {

whilewhile ((firstfirst !=!= beyondbeyond &&&& **firstfirst !=!= valuevalue) ++) ++firstfirst;;
//// notenote implicitimplicit constraintsconstraints onon ItIt firstfirst andand TT valuevalue
returnreturn firstfirst !=!= beyondbeyond;;

}}
//// cancan operateoperate onon anyany primitiveprimitive arrayarray::
intint a [100];a [100];  . . .                                //. . .                                // initializeinitialize elementselements ofof aa
boolbool b =b = containscontains (a, a+100, 42);(a, a+100, 42);
//// cancan operateoperate onon anyany STLSTL sequencesequence::
std::vectorstd::vector <<std::stringstd::string> v;> v;  . . .. . .                        //// initializeinitialize vv
b =b = containscontains ((v.beginv.begin (),(), v.endv.end (), "42");(), "42");
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the same source code

Why not ’<’ comparison?
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Iterators: summaryIterators: summary
VValidityalidity of iteratorsof iterators is not guaranteed  (as usual in C/C++)is not guaranteed  (as usual in C/C++)

especiallyespecially, modifying the organization of a container, modifying the organization of a container maymay
invalidateinvalidate any existingany existing iterators and referencesiterators and references (this depends(this depends onon
the kind of container and modification)the kind of container and modification)

ForFor arrayarray--like structures, iterators are (usually) native Clike structures, iterators are (usually) native C--stylestyle
pointers to elements of the array (e.g.,pointers to elements of the array (e.g., std::vectorstd::vector))

efficient: uses direct addresses andefficient: uses direct addresses and pointerpointer arithmeticsarithmetics
may have themay have the same security problems as other native pointerssame security problems as other native pointers
some librariessome libraries may provide optionalmay provide optional specialspecial checkedchecked iteratorsiterators

FForor other containers (e.g.,other containers (e.g., std::std::listlist),), iterators are provided asiterators are provided as
abstractions defined asabstractions defined as classesclasses

with properly overloaded operatorswith properly overloaded operators ++++,, **,, -->>,, etc.etc.
but traversebut traverse linkslinks between nodes instead of address calculationsbetween nodes instead of address calculations
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SummarySummary

C++ containers are based on genericC++ containers are based on generic templatestemplates

Templates provide compileTemplates provide compile--time polymorphism via typetime polymorphism via type
parametrizationparametrization

STL templates don't use suchSTL templates don't use such objectobject--orientedoriented features asfeatures as
inheritance or late binding of methodsinheritance or late binding of methods

Templates are instantiated, and these instantiations are thenTemplates are instantiated, and these instantiations are then
compiled (in a selected manner)compiled (in a selected manner)

STL providesSTL provides containerscontainers,, iteratorsiterators, and, and algorithmsalgorithms
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