Lecture «: Abstract Types

Iislecturelislithelbrstlinlakerieson!datalabstradion. !lt!explainsthemotivationfor!datal
abstraction,!andthekeylideasloficharaderization!byloperaions,landrepresentation!in-
dependene.In!subsequent!lectures,welltlelveimoredeeplylintoltheltheoryloflabstract!

types.

».! User-Debned Types

In'thekearly!daysloflcomputing,'airogramminglanguagetameit hlbuilt-in!ty pesi(sud!
aslintegers,!booleans!strings,!etc.)!and!built-in! procedures,!eg.!forlinput!andloutput.!
Users!ould!detneltheirlown!procedures:ithat@how!large!plograms!wee!built.

Almajorladvancelin!software development!waslthelidealbbflabstract!types:ithat!onetould!
design!alprogramming!languageto!allow!user-delned!typesltoo.! ! islidealcame!out!
oflthelwork!of!many!researchers,!notably!Dahl!(thelinvertor! oflthe!Simulallanguage),!
Hoarel (who!developed! many!ofltheltechniques!we!now!usel to! reason! about! abstract!
types),!Parnas!(wholcoined!thelterm!@formation! hidingGindBrst! articulated!thelideal!
oflorganizingprogrammoduleskroundithelsecretsitheylencapsulated),landheregt!MIT !
BarbaralLiskoviandbohn!Guttag,who!did!seminalworklin!thespecibca-tion!of'abstract!
types,!and!in!programming!language!supmrt!for!them!(and!dedoped!6170").

I elkeylidealbfldatalabstradion!islithat!atypelisicharacterized!bylthelbperationslyoulcan!
performlonlit.!Alnumberlislsomething!youlcan'addiand'multiply ;!alstringlislsomething!
you!can!lconcatenate! and!take!substrings!of;!alboolean!islsomething!you!can!negate,!
and!solon.!Inlalsense, usersicould!already!deltneltheirlown!typeslinlearly!programming!
languages:!youlcould!createlalrecord!typeldate, forlexample,withlinteger!Beldsifor!day,!
monthlandyear. Butiwhat!madebbstract!typesihew!anddi#erent!'wasithefocusbnloper-
ations:theluserlofltheltypelwould!not!need!tolworry!about!howlitsvalueswerelacually!
stored,linlthelsamelay!that!alprogrammerktanignorehow'thelcompilerlacually!stores!
integers.!All'that!matterslis!theloperaions.

In! Java,!aslin!many!modermn!programming!languages,!'the!separation!between!built-in!
typeslandluser-detned!typeslislabit!blurry.!  elclasseslinljava.lang,!'such!as!Stringland!
Integerlarelregarded!asibuilt-in! (especially!String!sincelit! hasit slown!speciallsyntax!for!
literals); whether!youlregard!alllthelcollections!ofljava.util las!built-in!isllessktlear!(and!
not!verylimportant!anyway).\Javalcomplicateslthelissueby!having!primitive! ty peslthat!
arelnot!objects.! ! elset!of'theseltypes,!suchlaslint!and!boolean !cannot!belextended!by!
theluser.
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€ Classifying Types and Operations

Types, whether built-in or user-defned, can be classbel as mutable or immutable.
le objects of a nutable type can be changel: that is, they provide operaions which
when executed cause the results of other operations on the same olgct to give di"erent
results. S \Vector is mutable, because you can all addEkement and observe the change
with the size operdion. But String is immutable, because its operations create new
string objectsrather than changng existing ones. Sometimes a type will be provided in
two forms, a nmutable and an imnutable form. StringBuffer, for example, is a mutable
version of String (athough the two ae certainly not the same ava type, and are not
interchangesble).

Immutable types are generally asier to reason about. Aliasing s not an ssue, sine
sharing cannot be observed. And sometimes using immutable types is more e# cient,
because more daring ispossible. But may problems ae more ndurally expressed us-
ing mutable types, and when leal changes are needed to large stuuctures, they tend
to be more e# cient. Often, when you deign an astract type, it wordbe immediately
obvious wheher the type should be mutable or immutable. You should generally eron
the side of makng it immutable; novces male much too much use of mutable types
(and pay the price in @mmplexity and poor performance).

le operdions of an dstract type are dassibed asfollows:

a Creatorscreate naew objects of the type. A creator may take an objct asan argument,
but not an obgct of the type being aeated.

a Producerscreate new objects from old objects. 'e concat method of String, for ex-
ample,isa producer: it takes two stiings and produces anew one representing their
concatendion.

a Mutatorschange obgcts. le addEkement method of \ector, for example, mutates a

vector by adding an lement to its high end.

Obsewerstake objects of the astract type and eturn objectsof adi" erent type.! e

size mehod of Vector, for example, returns an integer.

D

We can summaitize these distinctions schematically like this:

6.2.1 creator:t->T

6.22 producer: Tt->T
6.2.3 mutator: T, t -> void
6.2.4 obserer: T, t->t

le seshow informally the shape of the sighatures of operaions in the various dasses.
Each Tisthe astract type itself; each t issome other type. An occurrence of at on the
left hand side $ dort for zero or more accurrences of oher types (which may di" er
from one anoher); an @currence of Ton the let is $ort for one or more cccurrences
of the dstract type.
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For example, stiing concatenation has the siguature
6.25 concat: String, String -> String
matching the hape

6.26 concat: TT->T
627 and is therefore a pioducer. The size nethod has the signatue

6.2.8 size: Strirg -> int
matching the hape

6.2.9 size: T ->t
and is therefore an olserver.

Rememler when examining a mehod to include the receiver agument; a mehod like
concat appears in &vawith a siqature with oneargument and one esult because the
receiver i implicit.

li s dassibcation gives some useful terminology, but it@not perfect. In mary of the
Jva ollection classes (in java.util), for example, mutators often return a reference to
the abstrad object or to a previousvalue hdd inside it. and my thus also be classiked
asproducersor observers Some people usetheterm @roducer Od imply that no muta-
tion occurs.

Note that our terms don®line up nestly with Java notions Constrctors and ceators
are not the same, dr example: a ®py mnstructor is not a aeator (because it takes a
value of he astract type), and adicdory method isa aeator but not a onstructor. ! is
can be a bit confusing, but it®useful to make more general dstinctions than Jva, and
not to be tied to one pogramming language.

le re® a bit of a érminological mess surounding iteration. Some languages, sut as
CLU, provided a special kind of procedure for iteraion that returned demerts one &a
time, and etained its program counter between calls; it was called as iterator. In Jva,
aniterator is an object that provides methods for iteraing over a ollection. ! eterm
geneator used to be a gynonym of producer, but our @murse text uses it to refer to a
method that returns an iteraor"

«€ Example: List

Let® look & an example of an dstract type: te list. A list, in Java, is like an aray. It
provides methods o extrad the elemert at a particular index, and b replace the ele-
ment at a particular index. But unlike an aray, it also has methods to insert or remove
an demern at a particular index. In Bva, Listisan interfacewith many methods, but for
now, let®imagne it®a sinple dass with the fllowing methods:
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6.3.1 public class List {

632 public List ();

633 public void add (int i, Object e);
6.3.4 public void set (int i, Object e);
635 public void remove (int i);

6.36 public int size ();

6.3.7 public Obgct get (int i);

6.3.8 }

I eladd Isetand!removelmethodslaremutators;ithelsizeland!get Imethodslare bbservers.!
It&commonlforlamutableltypeltolhaveholproducers{andanimmutableltypelcertainly!
cannot!have!nutators).

Tolspecifythesemethods,weQlileed!someway'toltalklaboutwhat!alistlookslike.Weldo!
thiswithlthelnotion!of!specibcation belddorlabgract Pdds.Youlcanthink!oflanbbject!of!
theltypelasliflitthadthesebelds, lbutlrememter'that!they/don®actually!need!tolbelbelds!
inlthelimplemertation,landitherelisino!requiremert!that! alspeciication!ield@valuelbe!
obtainable!by!'someimethod.!In!thislcase, weOllescribelli stswit hlalsinge!specibcation!
Peld,

6.3.9 seq [Obgct] elens;

whereforlallist!l,thekexpressionll.elensiwillldenotethelsequence bflobjectsstored!linlthe!
list,!indexed!from!zem.!Now!we!lan!specify!some!mehods:

6310  public void get (int i);

6.3.11 /I thr ows

e312z /[ IndexQutOfBourdsExeption if i < 0 or i > length (this. elens)
6313 [/ r eturns

6.3.14 /I this.elems [i]

e315  public void add (int i, Object e);

6.3.16 /I m odibes this

6.3.17 /I effect s

6.3.18 1 throws

6319 /I IndexQutOfBourdsExeption if i < 0 or i > length (this. elerns)

s320 /[ NullRointerException if e is null

6321 [/l else thiselenms = this_pe.elens [0..i-1] * <e> ~ this_pre.elens [i..]

6322  public void set (int i, Object e);

6.3.23 /I m odibes this

63214 Il effect s

6325 /[ throws IndexQutOfBourdsExeption if i < 0 or i >= length (this. elens)
s32s /I NullPointerException if e is null

6327 [l else thiselens [i] = e and this.elerms uncharged ekewvhere
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In the postcondition of add, 1@e wsed s i..j] to mean the sulsequence of sfrom indicesi
toj, ands[i..] tomean the su! x fromionwards." e caret means gquenceconcatena-
tion. So the postcondition saysthat, when the index is in bounds or one dove, the new
element is pliced inO tthe gven index.

«.€ Designing an Abstract Type

Designing an abstrad type has two aspects: specibation (ie, dhoosing operaions and
determining how they should behave) and inplementation (slecting a epresentation).
"e specibation aspect isalmost alwaysthe more challenging and important, because
it® less asily change later.

«€.! Specibcation Design

A few rules of humb:

& 1t better to have a &éw, smple operations that can be wmbined in powerful ways
than lots of @mmplex operaions.

a Each operaion should have a wé-debned purpose, and $iould have a oherent be-
haviour rather than a @noply of sgcial cases.

a "e set of operaions should be adeguate; there must be enoudp to do the kinds
of computations dients ae likely to want to do. A gaod test is to check that every
property of an obgct of the type can be extracted. For example, if there were no get
operdion, we would not ke ele to bnd out what the demerts of he list are. Basic
information should not be inordinately di!c ult to obtain. " e sizemethod is not
strictly necessaty, because we could apply get on increasing indices, but thisisinef-
Pdent and inconveniert.

a "e typemaybegenerc: a list or a &t, or agraph, for example. Or it may be domain-
gpecibe: a sted map, an enployee database, aphone ook, etc. But it hould not mix
geneic and domainspecibc features.

a Although functionality isyour brst concern, e! ciency isimportant too. You need to
ensure that the operations allow a dient of the typeto work e! ciently."i s impacts
the choice of operations in two ways. you hare o include the right operations so the
client doesndhave o do smething convoluted, and you nrust design the operations
so they can be implemented e! ciertly.

«€." Implementation: Choice of Reresentation
So far, we hae ocused on the dharaderization of abstract types by their operations. In

the code, a tass that implements an &stract type provides a epresentation: the adual
data stiucture that supports the operdions. " e representation will be a ollection of
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pddseach of which has ©me other &vatype; in arecursive implemertation, a keld may
have the @strad type but this is rarely done in dva.

Linked lists are a ommon representation of lists, for example. le following object
modd shows a linked list implementation similar (but not identical to) the LinkedList
class in he sandard Jvalibrary:

le list object has a Feld header that references an Ertry object. An Ertry object isa
record with three Felds: next and prev which may hold references to other Ertry objects
(or be null), and element, which holds a eference to an demert object. ! e next and
prev belds ae links that point forwards and badkwards along the list. In the middle of
thelist, following next and then prev will bring you kadk to the object you started with.
Let® assume hat the linked list does not store null references & demerts. le reisal-
ways a dumny Enrtry at the beginning of the list whose element bdd is rull, but thisis
not interpreted as an dement.

le following object diagram shows a Ist containing two dements::

Note how the last entry pointsto the header erry: thisis why the next and prev belds
are maked as one-to-one in the obgct moddl.

Another, di"erent representation of lists uses an aray. ! e following object mode
shows how lists ae represented in the dass ArrayListin the sendard Jvalibrary:

Here® a lst with two demernts in this representation:

le serepresentations have di"erent merits. !le linked list representation will be more
e# cient when there are many insertions & the front of the list, sinceit can splie an de-
ment in and just change a ouple of inters.!le array representation has to bubble all
the elemerts @ove the inserted element to the top, and if he aray istoo small, it may
need to allocate afresh, largerarray and cpy all the references over If there are many
ge and %t operdaions, however, the array list rep-resentation is better, since it pro-
videsrandom acess, in constant time, while the linked list hasto perform a squential
search.

Anotherimportant consideraion isease of implemertation. ! earray representation is
probably easier to implemert (and ertainly easier to gd right). It usesfewer objects and
has fewer invariants. We look at rep invariants in deail in a kter lecture.

We may not know when we wite mde that uses lists which operations are going b
predominate. ! e crucia question, then, 5 how we an ensue that it® easy to change
representations kter.
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€ Representation Independence

Representation independencaneans hat the use of an &stract type is independent of
itsrepresentation, 9 that changesin representation have no elect on code outside the
abstract type itself. Let® examine wha goeswrong if thereisno independence,and then
look a some language mechanisms br helping ensure it.

Suppose we kow that our list is implemerted as an aray of demerts. We@e trying to
make use of some mde that creates a gquence of objects, but unfortunately, it creates
a\ector and not aList. Our List type doesn®o! er a producer that does the conversion
from Vector. But we dscover that Veector has a méhod copylnto that copiestheelemerts
of the vector into an aray. Rdying on our knowledgethat Listisrepresented asan array
with the Feld elementData, we now wite:

65.1 List I = new List ();
652 v. copylnto (l. elementData);

What a dever hadk" Like many hads it worksfor alittle while. Sippose the implemen-
tor of the List classnow changesthe representation from the aray version b the linked
listversion. Now he list| won®have a leld elementDataat all, and the cmpiler will re-
ject the program. # isisafailure of representation independence: weOll hae o change
all the places in the mde where we did his.

Having the compilation fail is not sud a disaster. [t® much worse if it succeeds and he
change ha still broken the program. Here®&how his might hgppen.

In general, be sie of he aray will have o be geater than the number of demerts in the
list, sine otherwiseit would be necessaty to create afresh array every time an dement
isadded or removed. S there must be some way of marking the end of he ssgment of
the array containing the demerts. Suppose the implemertor of the list has designed it
with the wnvertion that the segment runs to the brst null reference, or to the end of he
array, whichever is brst. Unluckily, our hak works under hese circumstances.

Now our implemertor realizes that this was a bad decision, sine ddgermining the size
of the list requires a linaar sarch to brd the bst null reference. So she adds a sizebeld
and updates it when ary operdion is performed that changes the list. #i s is much
better, because Pnding the skze now akes mnstant time. It also naturally handles rull
references as list dements.

Now our dever hadk is likely to produce some strange Bhaviours. #e list we ceated
has a bad ske Feld: it will hold zero however mary demerts there arein the list (sin@
we updated the array alone, and not he sizebeld). Get and st operaions will probably
fail (assuming hat they reject an index greater than the size), and a all to sizewill cer-
tainly return the wrong value.
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Here® anoher example. Suppose we hae the linked list implementation, and we in-
clude an operation that returnsthe Ertry object corresponding to a particular index.

653 public Ertry getErtry (int i)

Our rationale is that if there are many callsto set on the same indg, this will save the
linear search of repeatedly obtaining the demert. Instead of

6.5.4 l. set (i, X);
6.5.5 E
656 l. set (i, y);

we @an now wite

657 Ertry e = I. getEntry (i);
6.5.8 e elenent = x;

6.5.9 E

6.5.10 e element = y;

li s abo violates representation independence, because when we witch to the array
representation, there will no longer ke Ertry objects. !i s is the obvous problem, but
there are more subtle problems Suppose we assign null to the dement of an ernry.
le specibation of add (see6.3.15 dove) rejects attempts to insert a null value & an
element. ! eimplementor may rely on this, and bnd the header erry on a traversal
around the ring by decking to seewhether the element beld isnull. ! is assignment
causes an entry that is not the header © have a nll element beld, © the @mde is now
likely to break.

We can illustrate the problem with a @odule dependency diagamO:

le reshould only be a dpendence of the dient type Cliert on the List class (and on he
class of he demert type, in thiscase Obgct, of murse).!le dependence of Cliert on En-
try isthe cause of our poblems Returning to our object model for thisrepresentation,
we want to view the Ertry classand its asciations & internal to List. We can indicate
this informally by mlouring the partsthat should be inacessible b a dient red (if you®e
reading a bhd and white printout, that®Ertry and all its incdoming and outgoing acs),
and by adding a sgcibcation beld elernrs that hides the representation:

. Language Mechanisms

To prevert aacess b the representation, we @n male the bFelds private. ! iseliminates
the array had; the setement

66.1 v. copylnto (l. elementData);

would be rejected by the compiler because the expression l.elementDatawould illegally
reference a private beld from outside its dass.
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I elErtry Iproblemishot!soleasily!solved.! ! erelisinoldirect!accesstolthetepresentation.!
Instead, thelList!class!returnslan!Ertry lobject!that!belongsito!thelrepresentation.! ! il
islcalled!represenation exposure,'andlit! cannotbelprevented!byllanguagemechanisms!
alone.Welheed!to!check!that!referencesto!mutable!lcomponentslofithelrepresentation!
arelnot! passed! out! to!clients,!and!that! the! representation! is!not! built! from! mutable!
objectsithat!arepassedlin.!Inlthearrayrepresentationtforlexample, we tanBallowlalcon-
structor!that!takes!an!arayland!assignslit!to!thelinternal!lteld.

Interfaces providelanother!method!for!achieving!representation!independence.!In! the!
Jvalstandardllibrary,!'theltwo!representationsloflliststhat'wediscussed!arelactually!dis-
tinct! classes,! ArrayListtand!LinkedList!Both!are!declared!to!extend!the!List!interface.!
List!declareslonly!theloperations!and!doesnigive!representations!or!ade:

662 public interface List {

6.6.3 void add (int i, Object e);
6.6.4 void set (int i, Object e);
665 void remove (int i);

6.6.6 int size ();

6.6.7 Obegct get (int i);

6.6.8 }

and!theltwo!dasseslare!declared!as!limplemertations!ofList:

6.6.9 public class LinkedList impements List {

6.6.10 private Erry healer;
6.6.11 E
6.6.12 }

6613 public class ArayList implenents List {

6.6.14 private Obgct[] eltData;
6.6.15 E
6.6.16 }

Wheneverlpossible,klientskeferlonly'tolthelListlinterface, so'thelclasseslcontaining!the!
representationsiarenotlacessible. Here€alstandardlidiom!for!creating!andimanipulat-
ing'objects:

6.6.17 List I = new LinkedList ();

6.6.18 E;

6.6.19 |.add (i, e);

Note!that!the!interface!carﬂbe!used!to!construct!the!object;!an!interface!has!no!con-
structors,!landjit!islat!thelpoint! oflcreation!that!weheed!to!specifyithelimplementation.!
But!'we'have!carefully! declared! the!result! oflthe!constructor! call! as!alList!and!not! a!
LinkedList!Alsubsequent! referencelto!l.header!would!now!belillegal,!evenlifl the!beld!
wereldeclared!public.
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I eldepedendenas!on!thelconcrete! classes! duelto! constructor! call slare!localized! as!
much!as!possible,but!'sometimesiwelwould!likelto!mitigatelthemlfurther.! ! elFactory!
pattern,!'which!we!willldi scuss!later!in!the!@murse,!laddesses!this!particular!problem.

€ Summary

Abstract! types! are!characterized! by!their! operations.! Representation! independence!
makes!it! possible!to! changelthe!representation! of! altype! without! its!clients!being!
changed.!In! Java,laccess!contr ol!mechanismshndlinterfaces!can!help!ensurelindepen-
dence.Representation!exposurelisitrickier'though,'andneeds!to!be!handled!by!careful!
programmer!discipline.
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