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16.5 Implementing the STL| | St

This sectionimplements the STL li st classdiscussed in Section 7.6. We will
see lots of code, but most of the tedhniques were seen earlier in this chapter.
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/1l nconpletec lassd eclarationsf or

/It heconst_ iterator,i terator,a ndl ist,

//b ecauseallt hesec lassesr efert oe achother.
tenpl ate < cl ass O bj ect >

classConstListltr;

tenpl ate < cl ass O bj ect >
classListltr;

tenpl ate < cl ass O bj ect >
classl ist;

/1T heb asicd oubly-linkedl istn ode.

/1E verythingi sprivate,a ndi sa ccessible
/1o nlybyt hei teratorsandl istc |asses.
tenpl ate < cl ass O bj ect >

classL istNode

{
Obj ectd ata;
Li st Node * prev;
Li st Node * next;
Li st Node(c onstO bject&d=0 bject() ,

ListNode*p=N ULL,L istNode*n=N
:d ata(d) ,p rev(p) ,n ext(n){}

friendc lassConstListltr<Oject>;
friendclassListltr<Oject>;
friendc |l assl ist<Object>;

3

ULL)

Figure 16.23 Lis t Node class and declarations for other classes
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1 tenpl ate<classObject>
2 classl ist

3
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public:

typedefL istltr<Object> i terator;
typedef C onstListltr<Object>const_iterator;

list() ;
~list() ;

list(c onstl ist&r hs) ;
constl ist&o perator=(c onstl ist&r hs) ;

iteratorb egin() ;
const _iteratorb egin()c onst;

iteratore nd() ;
const _iteratore nd()c onst;

ints ize()c onst;
boole npty()c onst;

Qoj ect&f ront() ;
constO bject&f ront()c onst;

Obj ect&b ack() ;
constO bject&b ack()c onst;

voidp ush_front(c onstO bject&x) ;
voi d p ush_back(c onstO bject&x) ;
voidpop_front() ;

voi d p op_back() ;

iteratori nsert(i teratori tr,c onstO bject&x)
iteratore rase(i teratori tr) ;
iteratore rase(i terators tart,i teratore nd) ;

friendc | assConstListltr<Object>;
friendclassListltr<Oject>;

private:

typedefL i st Node<Obj ect>n ode;

int t heSi ze;
node * head,;
node * tail;

voidi nit() ;
voi d makeEnpty() ;

Figure 16.24 lis t classinterface

Implementing the STL list
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Our code dready uses many pages, so to save some space we do rot show all
the include diredives, and we occasionally skimp on the commenting.

Aswe saw previously, we will need a dassto store the basic list node, a dass
for the iterator, and aclass for thelist itself. The STL provides two types of itera-
tors: the const _iterator and iterator, so we will have two iterator
classes, for agrand total of four classes. Aswewill see, const _i t er at or and
i terator will be typedefs representing the two iterator classtemplates. The
technique was ®e in the vect or implementation in Figure 7.10. Because the
iterators are hidirecional, we will need a doubly-linked list. Finally, our imple-
mentation will be safer than the STL’s in that the use of bad iterators (for
instance, advancing past the endmarker) will cause an exception to be thrown.

The four classesare: i st, Listltr,ConstListltr,andLi st Node.
We begin by dscussngLi st Node. Thenwelook at| i st , andfinaly welook
at the two iterator classes.

Figure 16.23 (page 838) shows the Li st Node class Thisis very similar to
the LLi st Node classthat we wrote in Figure 16.7. The main dfferenceis that
since we use adoubly linked list, we have both pr ev and next pointers. Aswe
saw before, we use the technique of making al the members private, and then
making the threeother classfriends. And so we dso see the technique of using an
incomplete classdedaration.

Next we seethel i st classinterface in Figure 16.24. As advertised, lines 5
and 6 are typedefs for thei t er at or and const _i t er at or. At line 42, we
use aother typedef, simply for convenience. When writing member functions,
instead of using Li st Node<Cbj ect >, we @an now use node. We see this
immediately in the dedarationof head andt ai | at lines45 and 46. Notice dso
that the list classkeeps track of its $zein a data member dedared at line 44. We
do this o that the si ze method can be performed in constant time.

Almost al of the member functions use signatures that we' ve seen before. So
for instance, there ae two versions of begi n and end, just likein the vect or
classin Figure 7.10.

Some unuwsual lines of code occur at lines 34 to 39. The threemember func-
tions (i nsert and bdh er ase methods) passan iterator using cdl by value
instead of by the normal (for non-primitive objeds) constant reference. This is
safe, because as we will see, theiterator isasmall object. Also unusual isthat the
friend dedarationsdo not useconst _i t er at or andi t er at or diredly. One
of our compilersdidn’t like it, so we have played it safe. Thisillustrates the typi-
cal C++ problem of combining too many features at the same time. Often, you
will run into compiler bugs.

The implementation o | i st begins in Figure 16.25 (page 838), where we
see a @nstructor and the big three. nakeEnpty and i ni t are private helpers.
i ni t contains the basic functionality of the zro-parameter constructor, but is a
separate function so that the wpy constructor can be implemented by logically
using a zro-parameter constructor andoper at or =. Allinal, thereislittle new
here. We combine alot of the LLi st code with conceptsin Sedion 163.

<
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tenpl ate < cl ass O bj ect >
list<oject>::list()

{
}

init() ;

tenpl ate < cl ass O bj ect >
voidl ist<Object> :init()

{

}

theSize=0 ;

head =n ew node;
tail=n ewnode;
head->next=t ail;
tail->prev=h ead;

tenpl ate < cl ass O bj ect >
list<oject> :~list()

{

}

makeEmpty() ;
del et e h ead;
deletet ail;

tenpl at e < cl ass O bj ect >
voi d | ist<Object>:: makeEmty()

{

}

whil e(! enpty())
pop_front() ;

tenpl at e < cl ass O bj ect >

list<Ooject> :list(c onstl ist<Object>&r hs)

{

}

init() ;
*this=r hs;

tenpl ate < cl ass O bj ect >
constl ist<Object>&
list<oject>: :operator=(c onstl ist&r hs)

{

}

if(t his==&r hs)
return* this;

makeEnpty() ;

const _iteratori tr=r hs.begin() ;

while(i tr! =r hs.end())
push_back(* itr++) ;

return* this;

Figure 16.25 Constructor and big three for list  class

<
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1 //R eturni teratorr epresentingb eginningofl ist.
2 //Mutatorv ersioni sf irst,t hena ccessorv ersion.
3 tenplate<classObject>

4 list<Opject>::iteratorl ist<Cbject>::begin()

5 {

6 iteratori tr(* this,h ead) ;

7 return+ +itr;

8 }

9

10 tenplate<classObject>

11 list<bject>::const_iteratorl ist<Object>::begin()c onst
12 {

13 const iteratori tr(* this,h ead) ;

14 return+ +itr;

15 }

16

17 //R eturni teratorr epresentinge ndmarkero fl ist.
18 //Mutatorv ersioni sf irst,t hena ccessorv ersion.
19 tenplate<classObject>

20 list<Object> :iteratorl ist<Object>::end()

21 {

22 returni terator(* this,t ail) ;

23 }

24

25 tenpl ate<classObject>

26 |ist<Object> :const_iteratorl ist<Object> :end()c onst
27 {

28 returnconst_iterator(* this,t ail) ;

29 }

30

31 //R eturnnunbero fe lenentsc urrentlyi nt hel ist.
32 tenplate<classObject>

33 intl ist<Cbject>::size()c onst

34 {

35 returnt heSize;

36 }

37

38 //R eturnt ruei ft hel isti senpty,f alseotherw se.
39 tenplate<classObject>

40 booll ist<Object> :enpty()c onst

41 {

42 returnsize()= =0;

43 }

Figure 16.26 begi n,end,size ,and empty forl i st class

Figure 16.26 (page 842) contains methods begi n, end, si ze,andenpt y.
begi n looks much likethe LLi st method zer ot h (Figure 16.10), except that
theiterators are mnstructed by passng not only a pointer to a node, but also aref-
erenceto thelist that contains the node. This allows additional error checking for
thei nsert and er ase methods. However, zer ot h returns the header, but we

<
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want the first node, so we advance the iterator with oper at or ++, and use its
new value asthereturn value. end, si ze, andenpt y are one-liners.

Figure 16.27 (page 844) contains the double-ended queue operations. All are
one-liners that combine calls to begi n, end, oper at or*, operator- -,
i nsert,ander ase. Recdl that thei nsert methodinserts prior to a position.
So, push_back inserts prior to the endmarker, asrequired. In pop_back, note
that erase(--end()) credes an iterator correspondng to the exdmarker,
retreas, and uses that iterator to er ase. Similar behavior is £eninback.

i nsert ander ase are shown in Figure 16.28. assert | sVal i d, cdled
at line 6 throws an exception if i t r isnot at an insertable location. This could
occur if it was never initiali zed. At line 7 wetest thati t r belongsto thislist, and
at line 8 we throw an exception if it does not. The rest of the mde is the usua
splicing already discussed for doubly linked list. At line 14, an iterator represent-
ing the newly inserted item is returned.

In the first version d er ase, we seean additional error check. Afterwards,
we perform the standard deletionin adoubly linked list; we return an iterator rep-
resenting the item after the deleted element. Likei nsert, er ase must update
t heSi ze. The second wersion d er ase simply uses an iterator to cdl the first
version of er ase. Note caefully, that we cainot simply usei t r ++ in thef or
loop at line 41 and ignore the return value of erase & line42. Thevalueof i tr is
staleimmediately after the cdl to er ase, and thisiswhy er ase returns aniter-
ator.

Figure 16.29 has the dassinterfacefor Const Li st1tr and Listltr.
The iterators gore the aurrent position and a pointer to the header. Of most inter-
est is the use of inheritance We want to be aleto send ani t er at or to any
method that aceptsaconst _iterat or, butnotvice-versa. Soani t er at or
IS A const _iterator.Asaresult, the private assrt methods only need to be
written once for the two classes. At line 6, the base dassdestructor is dedared
virtual, asis normal for base dasses. oper at or * isalso declared virtual.

However, oper at or ++ and oper at or - - are not virtual, mostly because
their return types change. The versions that do not return references cannat be vir-
tual, while those that return references can be virtual becaise they have compati-
ble return types (the return type dhanges from a reference to a base dassto a
referenceto a derived classSection 4.4.4). However, our compilers did na agree
with the newer rules.

Theiterator classs each dedare oper at or ++ andoper at or - - to mirror
advance andretreat (seeSedion 23.3 for a discusson d operator over-
loading). The puldic comparison operators and the private helperret ri eve are
dedaredinconst _i t er at or andinherited unchanged.

The value of i t T is
stale immediately
after the call to

er ase, and thisis
why er ase returns
an iterator.
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1 //f ront,b ack,p ush_front,p ush_back,p op_front,a ndp op_back
2 //a ret heb asicd oubl e-ended q ueue o perati ons.
3 tenplate<classObject>
4 bject&l ist<Opject>: :front()
5 {
6 return* begin() ;
7}
8
9 tenplate<classObject>
10 constO bject&| ist<Object> :front()c onst
11 {
12 return* begin() ;
13 }
14
15 tenplate<classObject>
16 Object&!l ist<Object>::back()
17 {
18 return* --end() ;
19 }
20
21 tenplate<classObject>
22 constO bject&| ist<Object>::back()c onst
23 {
24 return* --end() ;
25 }

NN
N O

tenpl ate < cl ass O bj ect >

28 voidl ist<Object>::push_front(c onstO bject&x)
29 {

30 insert(b egin() ,x) ;

31}

32

33 tenplate<classObject>

34 voidl ist<Object>::push_back(c onstO bject&x)
35 {

36 insert(e nd() ,x)

37 }

38

39 tenplate<classObject>

40 voidl ist<Object>: :pop_front()
41 {

42 erase(b egin()) ;

43 }

44

45 tenpl ate<classObject>

46 voi dl ist<Onject>::pop_back()
47 {

48 erase(- -end()) ;

49 }

Figure 16.27 Double-ended queue list  operations
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/1l nsertxb eforei tr.
tenpl ate < cl ass O bj ect >
list<oject>: :iterator
list<pject> :insert(i teratori tr,c onstO bject&x)

{
itr.assertlsValid() ;
if(i tr.head! =head) /1i tri snoti nt hisl ist
throw! teratorM smat chException() ;
node* p=i tr.current;
p->prev->next=n ewnode(x ,p ->prev,p) ;
p->prev=p ->prev->next;
t heSi ze++;
returni terator(* this,p ->prev) ;
}

//E rasei temati tr.
tenpl ate < cl ass O bj ect >
list<Ooject>: :iteratorl ist<Cbject>::erase(i teratori tr)

{
itr.assertlsVvalid() ;
if(i tr==end()) /lc an'te rase e ndnmarker
throw | teratorQut Of BoundsException() ;
if(i tr.head! =head) /i tri snoti nt hisl ist
throw ! teratorM smat chException() ;
node* p=i tr.current;
iteratorr etVal (* this,p ->next) ;
p->prev->next=p ->next;
p->next->prev=p ->prev;
deletep;
t heSi ze--;
returnr etVal;
}

//E rasei tensi nt her ange[ fromto).
tenpl ate<classObject>
list<oject>: :iterator
list<oject>: :erase(i teratorf romi teratort o)
{

for(i teratori tr=f romi tr! =t o;)

i tr=e rase(i tr) ;
returnt o;

Figure 16.28 Methods for insertion and removal from the | i st

845
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1 tenmpl ate<classObject>
2 classConstListltr

3

0o NONOA

46
47
48
49
50

{

b

public:

ConstListltr() ;

virtual~ ConstListltr(){}

virtualc onstO bject&o perator*()c onst ;

ConstListltr&o perator++() ;

ConstListltro perator++ (i nt) ;

ConstListltr&o perator--() ;

ConstListltro perator--(i nt) ;

boolo perator==(c onstC onstListltr&r hs)c onst;

boolo perator!=(c onstC onstListltr&r hs)c onst;
pr ot ect ed:

typedefL i st Node<Obj ect >n ode;

node * head;

node * current;

friendc lass| ist<QObject>;

voidassertlslinitialized()c onst;

voida ssertlsValid()c onst;

voi d a ssert CanAdvance()c onst;

voi da ssert CanRetreat ()c onst;

Obj ect&r etrieve()c onst;

ConstListltr(c onstl ist<Cbject>&s ource,n ode* p) ;

tenpl ate < cl ass O bj ect >
classListltr:p wublicConstListltr<Object>

{

b

publi c:
Listltr() ;
Qbj ect&o perator*() ;
constO bject&o perator*()c onst;
Listltr&o perator++() ;
Listltro perator++(i nt) ;
Listltr&o perator--() ;
Listltro perator--(i nt) ;
protect ed:
typedefL i st Node<Obj ect>n ode;
friendc lass| ist<QObject>;
Listltr(c onstl ist<Cbject>&s ource,n ode* p) ;

Figure 16.29 Class interface for two list  iterators

<
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1 //P ublicc onstructorf orc onst_iterator.
2 tenplate<classObject>

3 ConstListltr<Object>: :ConstListltr()

4 :h ead(N ULL) ,c urrent(N ULL)

5 {

6}

7

8

/P rotectedc onstructorf orc onst_iterator.

9 //E xpectst hel istt hato wnst hei teratora nda

10 //p ointert hatr epresentst hec urrentp osition.

11 tenplate<classObject>

12 ConstListltr<Object>::

13 ConstListltr(c onstl ist<Chject>&s ource,n ode* p)
14 :h ead(s ource.head) ,c urrent(p)

15 {

16 }

18 //P ublicc onstructorf ori terator.
19 //C allst heb ase-classc onstructor.
20 //Mustb eprovidedb ecauset heprivatec onstructor
21 //i swritten;o therw sez ero-paraneterc onstructor
22 //w ouldb edisabled.
23 tenplate<classObject>
24 Listltr<Object>::Listltr()
25 {
% 26 }
27
28 //P rotectedc onstructorf ori terator.
29 //E xpectst hel istt hato wnst hei teratora nda
30 //p ointert hatr epresentst hecurrentp osition.
31 tenplate<classObject>
32 Listltr<Opbject>::
33 Listltr(c onstl ist<Cbject>&s ource,n ode* p)
34 :C onstListltr<Object>(s ource,p)
35 {
36 }

Figure 16.30 Constructors for list  iterators

The iterator constructors are shown in Figure 16.30. They are straightfor-
ward. As we mentioned ealier, the zeo-parameter constructor is public, while
the two parameter constructor, that sets the aurrent paosition and the healer posi-
tion, is private. Various assertion methods are shown in Figure 16.31. These dl
test the validity of an iterator and throw an exception if the iterator is determined
to be invalid. Otherwise, these methods return safely.
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1 //T hrowsa ne xceptioni ft hisi teratori so bviously
2 //u ninitialized.O therwi se,r eturnss afely.
3 tenplate<classObject>
4 voidConstListltr<CObject>::assertlslnitialized()c onst
5 {
6 if(h ead==NULL| |c urrent= =NULL)
7 throwl teratorUninitializedException() ;
8 }
9
10 //T hrowsa ne xceptioni ft hecurrentp ositioni s
11 //n ots onmewherei nt her angef rombegint oe nd,i nclusive.
12 //O therwise,r eturnss afely.
13 tenplate<classObject>
14 voidConstListltr<Ooject>::assertlsValid()c onst
15 {
16 assertlslinitialized() ;
17 if(c urrent= =head)
18 throw | teratorQut Of BoundsException() ;
19 }
20
21 //T hrowsa ne xceptioni fo perator++c annotb es afelya pplied
22 //t ot hecurrentp osition.O therw se,r eturnss afely.
23 tenplate<classObject>
24 voidConstListltr<Object>::assertCanAdvance()c onst
25 {
26 assertlslnitialized() ;
27 if(c urrent->next= =NULL)
28 throw | teratorQut Of BoundsException() ;
29 }
30
31 //T hrowsa ne xceptioni fo perator--c annotb es afelya pplied
32 //t ot hecurrentp osition.O therw se,r eturnss afely.
33 tenplate<classObject>
34 voidConstListltr<Cbject>::assertCanRetreat()c onst
35 {
36 assertlsVvalid() ;
37 if(c urrent->prev==head)
38 throwl teratorQut Of BoundsException() ;
39 }

Figure 16.31 Various assertions that throw exceptions if the assertion fails

In Figure 16.32, we seethree versions of oper at or *, which is used to get

the Cbj ect stored at the current position. Recdl that we have an accessor
method that returns a cnstant reference, and a mutator method that returns a ref-
erence (throughwhich the Obj ect can be changed). The mutator method cannot
be made available for const _i t er at or, so we have only three methods. All
areidentical except for thereturn type, and simply cdl ther et r i eve method.
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Implementing the STL list

/IR eturnt heo bjects toredatt hecurrentp osition.
/IF orc onst_iterator,t hisi sanaccessorwitha

/lc onstr eferencer eturnt ype.

tenpl ate < cl ass O bj ect >

constO bject&C onstListltr<Object>::operator*()c onst

{
}

returnr etrieve() ;

/IR eturnt heo bjects toredatt hecurrentp osition.
/IF ori terator,t herei sanaccessorwitha

/lc onstr eferencer eturnt ypeandam utatorwith

/lar eferencer eturnt ype.T heaccessori ss hownf irst.
tenpl ate < cl ass O bj ect >

constO bject&L istltr<Object>: :operator*()c onst

{
}

returnConstListltr<Cbject>::operator*() ;

tenpl ate < cl ass O bj ect >
Obj ect&L istltr<Object>::operator*()
{

}

returnr etrieve() ;

/I/P rotectedhelperi nconst_iteratort hatr eturnst heo bject
/ls toredatt hecurrentp osition.C anbecalledbyall

/It hreeversionso fo perator*withouta nyt ypec onversions.
tenpl ate < cl ass O bj ect >

Obj ect&C onstListltr<Object> :retrieve()c onst

{
assertlsvalid() ;
if(c urrent->next= =NULL)
throw | teratorQut Of BoundsException() ;
returnc urrent->data;
}

Figure 16.32 Various operator*  implementations
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Figure 16.33 Four versions of operator++

tenpl ate<classObject> [1p refix
Const Li stltr<Object>&C onstListltr<Object>::operator++()
{

assert CanAdvance() ;

current=c urrent->next;

return* this;

}

tenpl ate<classObject> /[1p ostfix
Const Li stltr<Object>ConstListltr<CObject>::operator++(i nt)
{

ConstListltr<ohject>old=* this;

++(* this) ;

returnold;

}

tenpl ate<classObject> I1p refix
Listltr<Object>&L istltr<Object>::operator++()

{
assert CanAdvance() ;
current=c urrent->next;
return* this;

}

tenpl ate<classObject> /1p ostfix
Listltr<Object>Listltr<Object>::operator++ (i nt)
{

Listltr<Object>old=* this;

++(* this) ;

returnold;

}

tenpl ate<classObject> I1p refix
Const Listltr<Object>&C onstListltr<Object>::operator--()

{

assertCanRetreat () ;
current=c urrent->prev;
return* this;

}

tenpl ate<classObject> /1p ostfix
Const Listltr<Object>ConstListltr<Cbject>::operator--(i nt)

{
ConstListltr<Object>old=* this;

--(* this) ;
returnold;

}

(two for each iterator), and two
versions of operator-- (for Const Listltr ); two additional ver-
sions of op erator-- are similar and not shown

<
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tenpl ate < cl ass O bj ect >
bool C onstListltr<Object>::
operator==(c onstC onstListltr&r hs)c onst

{
}

returnc urrent= =r hs.current;

tenpl ate < cl ass O bj ect >
bool C onstListltr<Object>::
operator!=(c onstC onstListltr&r hs)c onst

{
}

return! (* this==r hs) ;

Figure 16.34 Equality operators for list iterators; these are inherited unchanged

by Li stltr

The various implementations of opera t or ++ are shown in In Figure 16.33

(page 850). The postfix version (i t r ++) is implemented in terms of the prefix
version (++i t r), the derived classversions are identicd to the base dassver-
sions (except for class name), and operat or-- uses the same logic &
oper at or ++. Consequently, we omit two versions of oper at or - - . Finaly,
% Figure 16.34 shows a straightforward implementation of the equality operators.

Allinal, thereisalarge amount of code, but it simply embelli shes the basics

seen in the original implementation of LLi st in Section 16.2.



