Lecture <€: Case Study: » e Java Collections API

You can®be a competent Jva programmer without understandingthe crucial parts of
the Javalibrary.!'e basic typesare all injava.lang, and ae part of the language poper.
le packagejava.util provides mllections b &ts, listsand mgsb and you kould know
it well. I e package java.io is aso important, but you @n ge away with only a rough
famili arity with wha®in it, ddving in as needed.

In thislecture, weOll tik & the design of java.util, often called the Java ébllections APIO
1t® worth undersianding not only because the mllection classes are extremdy useful,
but also because the API is a ni@ example of wdl-engineered code. t&fairly easy to
understand,and is vely wdl documented. It was designed and witten by Joshua Blach,
author of your recommended text Eeective ava.

At the same time, though, almost all the mmplexities of object-oriented programming
appear somewherein it,  if you sudy the API carefully, youOlyet a broad understand-
ing of programming issues that you probably haverDyet considered in your own code.
In fad, it wouldn®be an exaggersion to sa that if you bgure out how just one of he
classes (eg, ArrayList) worksin its ertir ety, then you will have mastered all the ancepts
of Jva. We worDhavetime to look & all the issues today, but weOllduch on mary of
them. Some of hem, sud as srialization and gnchronization, are beyond the <ope
of the murse.

«€.] Type Hierarchy

Roudnly, the API 0"ers three kinds of collection: sets, listsand maps. A set isa mllec-
tion of eements that maintains only wheher an demert is present, with no notion of
order or repetition count B each elemernt is either in the st or not. A list is a gquence
of demerts, and thus maintains oth orderand count. A map is an &ciation between
keys and \alues: it holds a st of keys, and maps each key to a sinde value.

le API organizes its dasses with a hieraxchy of interfaces b the specibations of he
varioustypes b and a gparate hierarchy of implemertion classes.! e diagram shows
some flect clasesand interfacestoillustratethis. e interface Colection capturesthe
common properties of listsand sts, but not maps, but weOll se the informal term Col-
lectionsOd refer to maps aryway. SortedMagand SortedSetre used for maps and ts
which provide additional operations to retrieve the demerts in ©me order.

le concrete implemertation dasses, sut as LinkedList are built on top of Kkeletal
implementations, such as AbstractList, from which they inherit.!i s paralld structure
of interfaces and dasses is an important idiom that is worth studying. Marny novice
programmers ae tempted to use abstrad classeswhen they should be wsing interfaces.
But in general, yousould prefer interfaces to abstract classes. You candeasily retrobt

107



INTERFACES CLASSES

Collection Abstrapt
Collection
Set Abstract
Set
A A
List Ab;tract
List
A
SortedSet TreeSet HashSet
Abstract
extends SeqlList
(interface or class)
implements / \
LinkedList ArrayList

an isting dass to extend an dstract class pecause a ¢ass @n have @ most one sugtr-
class), but iBusually easy to make it implemert a new interface.

Bloch shows (in Item 16 of his book: ORafer interfacesto abstract classesphow to com-
bine the adwantages of both, using keletal implemertation dasses, as he das herein
the Collections API. You gd the adwantage of inerfaces for specibation-based decou-
pling, and the adwantage of &astract classesto factor out shared code amongst related

implementations.

Each JBva interface mmes with an informal specibcation in the &va APl documenta-
tion. ! isisimportant because it tells a wer of a class that implements an irterface

108



what to expect. If you implemert a dass and ¢aim that it meetsthe specibation List,
for example, you have © ensue that it meets the informal specilcation too, otherwise
it will fail to behave acording to programmersOxgectations.

le sespecibcations are intentionally incomplete (asmany specibcations often are). ! e
concrete classes also have specibations, and these Rl in some of he dedails of the in-
terface specibations. le  Listinterface, br example, doesn®say whether null elemerts
can bestored, butArrayListand LinkedListsay explicitly that nullsare allowed. HashMap
allows both null keysand rull values, unlike Hashable, which allows neither.

When you write mde that uses llection classes, you $iould refer to an objct by the
most general iterface or dass possible. or example,

2011 List p = new LinkedList ();
isbetter style han
2012 LinkedList p = rew LinkedList ();

If your code compiles with the former, then you @n easily change bt a di"erent list
implementation later:

2013 List p = new ArrayList ();

since all the following code relied only on p being aList. With the latter, however, you
may bPrd that you an®make the change, lecause some other part of your program
performs an ograion on x that only LinkedListprovides B an opraion that in fad
might not be needed.! isisexplained in more deail in Item 34 of Bloch®book (ORef
to objects by their interfaces))

*€.« Optional Methods

le collections API allows a tass to daim to implement a mllections interface without
implementing all of it mehods. For example, all the mutators ofList are specibal as
optional. ! ismeans you @n implemert a dass that s&iskesthe List specibation, but
which throws an UnsupportedOpeationExceptionwhenever you @ll a nutator, sud as
add

li s intentional weakening of the List specibPation is problemaic, because it means
that if you@e writing some @de that receives a Ist, you dordknow, in the @sence of
additional information about the list, whether it will support add

But without thisnotion of optional operaions, youd haveto declare a gparateinterface
ImmutableList ! ese interfaceswould proliferae. Sometimes, we want to require some
mutators but not others. For example,the keySet method of HashMapeturns aSetcon-
taining the keys of the ma. ! isset is a wew: ddeting a key from the st causes a key
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and its ssciated value © be ddeted from the ma. S remove is supported. But addis
unsupported, since you @n®add a ley to a ma without an aciated value.

So the use of optional ogeraions is a reasonable engneering judgment. It meansless
compile-time checking, but it reduces the number of interfaces. One way to view the
idea of an optional ogration is as a wolkaround to enale subtying when it would
not otherwise be present: a collection classwhose add operation throws Unsupported-
OpeationException subtypes the Setinterface because the spec of addin that interface
explicitly permits the raising of his exception as an pssible outtome. Of @urse, in
practice the dient of sud a type will need to know that this does not happen, © there
isa need for programmerprovided annotations and ®me discipline to overcome the
lack of hdp from the cmmpiler.

*€.« Polymorphism

All these mntainers D ats, listsand masb take elements of type Obgct. | ey are said
to be polymorphic, meaning Many shaped{because they allow you b make di"erent
kinds of containers: lists of Integers, lists of URLS, lists of lists, and © on.

li s kind of polymorphismiscalled subtype polymorphiam, becauseit relieson the type
hierarchy. A di" erent form of polymorphism, called parametric polymorphism, allows
you to delne containers with type parameers, so that a dient can indicate what type of
element a particular containers wil contain:

2031 ListflURL] bookmark; // n ot legal Jaa

Java doesndhavethis kind of polymorphism,although there have been many proposak
to add it. Parameric polymorphismhasthe big advantage hat the programmer @an tell
the compiler wha typethe elemerts have. ! e compiler can then catch errors in which
an demen of the wrong type is inserted, or an éemert that is extracted is treated as
having a di"erent type.

With subtype polymorphism, you hae to explicitly castthe demerts on etradion.
Consider his mde:

2032 List bookmarls = new LinkedList ();
2033 URL u=E;
2034  bookmarls.add (u);

20.3.5 E

2036  URL X = bookmarkget (0); // compil er will reject this

le statement that addsu is bne, sine the add method expects an Obgct, andURLisa
sulclass of Obgct. | e statement that gets X, however, is broken, sin@ the type of the
expression on the RHSisObgct, and you eanassigr an Obgctto avariable of type URL,
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sincethen you muldn®rely on that variable holding aURL S a downcast is needed, and
we have 0 write insiead:

2037 URL x = (URL) bookmaslget (0);

le €"ect of the downcast is o perform a runtime check. If it succeeds, and the result
of the mehod call is of type URL, execution continues nomally. If it fails, because the
result is not of he @rrect type, a ClassCastEgption is thrown, and he asigyment is
not performed. Make sue you undersand this, and dorget confused into thinking (as
studerts often do) hat the cast smehow mutates the obgct returned by the mehod
invocation. Objects carry their type at runtime, and if an obgct was aeated with a
constructor from the dass URL. it will have that type, and hereisno need to somehow
Change iDd gve it that type.

le sedowncasts can be anuisan@ and @casionally it®worth writing a wapper dass
justto factor them out In a bowser, youd probably want a sgecial abstract data type for
a list of bookmarks anyway (to support other functionality). If you did tis, you would
perform the cast within the dstract type, and dientswould see mehods such as

20.3.8 URL @tURL (irt i);

which would not require the cast in their calling contexts, thus limiting the sope in
which cast errors an accur.

Subtype polymorphism does gve ome [Exibility that parameric polymorphism does
not. You can form heterogeneous containers that contain di" erent kinds of dements.
And you @an put ontainers inside hemselvesb try and yure out how to expressthis &
a polymorphic type B alhough this is not usually a wise thing to do. In fadt, s we men-
tioned in our earlier lecture on equality, the &va API dasses will break if you do tis.

Writing down wha type of an demert a container has is oten the most important part
of an @stract type®rep invariant. You should ge into the habit of writing a @mmert
whenever you delare a mntainer, either using a peudo-parameric type declaration:

2039 List bookmarls; // List [URL]
or as part of the rep invariant proper:
20310  RI: bookmarls.elemsin URL

«€.« Skelgal Implementations

le concrete implemertations of he mllections build on keletal implemertations.
le se use the Template Method design pattern (see Gamma € al, pages 325D330).
le se abstract classes have no instance variables of there own, but defne @mplate
methodsOhat call other Ohok methodsCthat are declared to be abstract and have no
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code. In the inheiiting subclass the haok methods are overidden, and the template
methods ae inheiited unchanged.

AbstractList, for example, makes iterator a template method that returns an iteraor
implemented using the get method as a hak. 'e equak method is implemented as
another template in termsof iterator. A sulxlass sud asArrayList, then provides a ep-
resentation (sud as an aray of demerts) and an inplemendion for get (such asgetting
theith element of the aray), and @n inheiit iterator andequas.

Some mncrete classes replace the astract implementations. LinkedList, for example,
replacestheiteraor functionality, since, with using the representation of list ertries di-
rectly, it®possible © write a much moree" cient traversa than using the haok method
get, which doesa squertial sarch for each call#

*€. Capadty, Allocation & GC

An implementation that uses an aray for its representation b sud as ArrayListor Hash-
Mapb must select a size Pr the aray when it is allacated. Choosing a god size can be
important for performance. If it &too small, the aray will have © be replaced by a nev
array, incurring the st of alocating the new one and @rbagecollecting the old one.
If it &too large, space will be wasted, which will be a poblem especially when here are
many instances of the wllection type.

Such implementations therefore provide constructors in whic the dient can set an ini-
tial capadty, from which the allocation sze @n be deermined. ArrayList, for example,
has the cnstructor

2051 public ArrayList(int in itialCapaity)

205.2 Corstructs an empy list with th e speciked initial capecity.

2053 Parameters:

205.4 initialCapecity - th e initial capacity of the list.

2055 Throws;

2056 lIlegalAgumentException - if the speciked initial capacity is negative

le rearealso methodsthat adjust the allccation: trimToSize which setsthe apacity

that the ontainer is just largeenoud for the demerts arrently stored, andensureCa-
pacity, which increases capacity to some gven amourt. Note that these methods have
no abstract e$ect at all; they are executed solely for their beneleent side efcts. Sightly

oddly, the decision to produce these side e%ctsis made by he dient of the type, not

internally. ! ere is therefore some violation of abstraction here,but it seans inevitable
if the dient is to be ale to tweak the performance of the type.

Using the apacity features is tricky. If you dor®have precise knowledgeof how big your
collections are for the particular goplication, you @an run a probler to bnd out.
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Note that this notion of capacity trandates a behavioural problem into a performance
problemb a vey desirabletradeo! . In many old programs there are bxed resource lim-
its, and when hey are reached, the program just fails. With the capacity approad, the
program just dowsdown. It® a god ideato design a program  that it workse" ciently
almost all the time, even if there®a rformance hit occasionally.

If you sudy the implemertation of the remove method in ArrayList youDll ee this
code:

2057 public Obgct renove(int index) {

2058 E
2059 elementData[--size] = rull; // Let g ¢ do its work
20.5.10 E
20.5.11 }

What®going on? Isgarbage wllection automatic? Herein lies a mmmon mistake of
many novice programmers If you have an aray in your representation, with a distinct
instance variable holding an inde to indicate which elements of the aray areto be con-
sidered part of the astract collection, it®tempting to think that to remove demerts all
you need to do is deeremert this index. An analysisin terms of the astraction function
will support this onfusion: dements that fall above the index are, afer all, not consid-
ered part of the astrad collection, and their values are irrelevant.

#e re®a snaghowever. If you fail to assign null to the urused dots, the demerts whaose
references sit in those dotswill not be garbagecollected, even if there are no other ref-
erences to those elements dsewhere in the program. # e garbage llector can®read
the abstradion function, it doesn®know that those elements ate not really reachable
from the mllection, even though they are reachable in the representation. If you forget
to null out these dots, the performance of your pogram may suler badly.

*€.» Copies, Conversions, Wrappers, €c

All the @ncrete collection classes provide constructors that take wllections as agu-
ments. #e se allow you b copy ollections, and to convert one ollection type to an-
other. For example, LinkedListhas

2061 public LinkedList(Coléction c)

20.6.2 Corstructs a list containing the elermrents o th e speciked colkection, in
the order they are returned by the collection®iterator.

2063 Parameters:

206.4 ¢ b the collection whose eéments are to be placed into this list.

which can be used for copying:
2065  List p = new LinkedList ()
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20.6.6 E

2067  List pCoy = new LinkedList (p)
or for creating a linked list from some oter ollection type:

2068  Sets =rmew HashSet ()
20.6.9 E
20610  List p = new LinkedList (s)

Since constructors annot be declared in interfaces, the specibation List doesn®say
that all of its implementations $would have sud constructors, although they do.

le reisa special dassjava.util .Coll ectionsthat contains a bund of static methodsthat
operaeon, or return collections. Some of these ale geneic algorthms(eg, for sorting),
and ©me ae wappers. For example, the method unmodibableList takes alist and re-
turns a lst with the same kemerts, but which is immutable:

20611 public static List unnmodibableList(List list)

206.12 Returns anunmodibable view of th e speciked list. This method allows
modules t provide useis with Oead-onlyO acess ¢ internal lists. Query opeations
on the returned list Oead throughO o the specited list, and attempts to modify
the returned list, whether direct or via its iterator, result in an UrsupportedOpe-
tionException.

20.6.13 The returned list will be serializabe if the speciked list is serializabk.
20.6.14 Parameters:

206.15 list - th e list for which an unnodibable view is to be returned.

20.6.16 Returns:

206.17 an unmodibable view of th e speciked list.

le list returned isnDexacly immutable, sin@ it®value @an change tecause of modib-
cations to the undelying list (see Sction 19.8 kelow), but it can®be madibed directly.
le re are similar methods that take wllections and eturn wrapped versions hat are
synchronized.

€.+ Sorted Collections

A sorted collection must have sme way to compare demerts to deermine their order.
le Collections APl 0"ers two gproaches to this. You can use the @atural ordering®
which is determined by wsing the compaeTo method on the demert type from the in-
terface java.langComparable:

2071 public int compaeTo(Obgct 0)

which returns a negative integer, zero, or a positive integer as this object is lessthan,
equal to, or geater than the gven obgct 0. When you add anlemert to a orted col-
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lection that isusing the ndural ordering, the demen must have keen constructed in a
class hat implements the Compaable interface. ! eaddmethod downcaststhe elemert
to Compaable in order to compare it with the existing demerts in the wllection, so if
this was not the @ase, it will throw a dass cast exception.

Alternatively, you can use an ordering given independently of the dements, asan object
that implements the interface java.util.Comparator, which has the method

207.2 public int compae(Obgct 01, Obgct 02)

which is just like compaeTo, but takes both elements to be compared as aguments.
li sis an insance of the Strategypattern, in which an algoithm isdecoupled from the
code that usesit (see Gamma, pp. 315D323).

Which approach is used depends on which constructor you useto create the wllection
object. If you use the constructor that takes a Compaaitor as an argument, that will be
used to deermine the ordering; if you use the no-argument constructor, the ndural
ordering will be used.

Comparison suers from the same poblems & equality, which we discussed in detail
in a previous lecture on euality and @mpying. A orted collection has a ep invariant
that the dements of the representation are rted. If the ordering of two demens @an
be changed by mutating one of hem through a public mehod call, a ep exposure oc-
curs.

€.+ Views

Views are a ophisticated mechanism, very useful now and then, but dangeous. le vy
break mary of our kasic conceptions aout what kinds of behaviour can occur in a wel-
formed object-oriented program.

Ir eekinds of vews can be idertibed, aacording to their purpose:

a Functionality extenson. Some Jvews ae provided to extend the functionality of an
object without adding nev methods to its class lterators fall in this category. One
could instead put the mehods next and hasNet in the wllection class itself. But
this would @mplicate the API of the dass itself. It would alko be hard to support
multiple iteraions over the same ollection. We @uld add areset method to the
class whid is alled to restart an iteration, but thiswould only allow one ierdion at
a time. Sich a mehod would ako leadto errors in which the programmer orgetsto
reset.

Decouplilg. Some views provide a sulset of the functionality of the undetying col-
lection. ! e keySet method on Map for example, returns a st that consists of the
keys of he ma. It therefore allows part of the ade that isonly concerned with the

[OON
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keys, and not with the values, to be decoupled from the rest of the specibation of
Map

a Coordinate Transformation. ! eview provided by the subListmethod of List givesa
kind of aoordinate transbrmation. Mutations on the view produce mutations on he
underlying list, but allow acess to the list by an indeing that iso" set by the param-
eter passed to the subListmethod.

Views are dangerous for two reasons. First, things change undeneath you: all remove
on an iteraor and its undelying collection changes; call remove on a map and its key
set view changes (and viceversa). ! isisaform of abstract aliasing in which a nmutation
to one obpct causes anoter object, of a di"erent type to change. ! etwo objects need
not even within the same lexical scope. Note that the meaning of our malibes clausein
specibcations must be rebred: if you sgy modibes c and ¢ has a vew v, doesthat mean
that v can change ato?

Second, the specibation of a mehod that returnsa view often limits the kindsof muta-
tion that are allowed. To make sure that your code works, youdll ned to understandthis
specibcation. And not surprisingdy, these specibations ae oten obscure. ! e post-re-
quires dause of the Liskov text isone way to extend our specibction notion to handle
some of the wmplications.

Some \views allow only he undetying collection to be mutated. Others allow only e
view to be mutated D iterators, for example. Some allow mutations to both the view
and the undelying collection, but place complex stipulations on the mutations. 'e
Collections API, for example, says that when a sublst view hasbeen takenon a list, this
underying list must not su"er any €tructural modibcationsQ; ibglains histerm rather
obliquely as follows:

2081 Structural modibcations are those that change the size d this list, or oth-
erwise perturb it in sich a fashion that iterations in progress may yial incorrect
results.

It® not dear exactly wha this means My indination would be to avoid ary modibca-
tions of the undelying list.

le dituation is wmplicated further by he possibility of multiple views on he same
underying oollection. You can have nultiple iterators on the same kt, for example. In
this ase, you hare o ako consider interacions betweenviews. If you madify the list
through one of its iteraors, the other iterators will be invalidated, and nust not be used

subsequertly.
le rearesome wseful strategiesthat mitigate the complexity of views. If you are using
a\view, you dhould think carefully about whether these will help:

a You can limit the <ope in which the view is accessible. Br example, by using a or-
loop rather than a while-lap for an iterator, you can limit the sope of the iterator®
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declaration to the loop itself. ! is makesit much easier to ensue that there aren®

any unintended interadions during iteration.
A You can prevent mutation of a wew or underying object by wrapping it using a
method of the Colkectionsclass. For example, if you take akeySet view on a ma, and

don®intend to modify it, you ®uld make the st immutable:

w082  Sets=map.kySet ();
Set safe_s = Cattions.unmodibableSet (s);

20.8.3
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