Lecture «: Object Semantics

I eselnotesicoverttwollectureslon!theltopicloflobject semantics! ! elmateriallisichosen!
with!thredpurposeslinimind:

4 to'help!youlbecomelfamiliarlwith!thelbasic!runtime!mechanism!common!to!alllob-
ject-oriented!languages(but!with!alparticularifocuslon!Java): \variables,!object!refer-
enges,lassignments,!mutability,!land!®!on.

a tolintroduceltwoldiagammatic!notations,lobject diagramsifor!describing!@ngpshotsd
(thatlis,particularlcontgurationsbflobjectsin!theheap),landNfar'morelusefulN ob-
ject madels, for!describing!setsloflsngpshots.

4 to'makelyoulaware,in!passing,loflsometrickylissuethat'weOHeturnitollaterlinimore!
detail,'andwhich'turnlout!tolbelofifundamertallimportance:lequality,replinvariants!
and!exposure,!land!subtpelpolymorphism.

Whenlyou®@el completed!thisimaterial,lyou!should!havelalsolid! grasploflwhat! happens!
whenlavalcodelexecutes,!so'that!youlcanlpredict!what! somelcodelwill! dowithout!run-
ninglit.!You!should!belablelto!read!object!models,!but!it! will! take!lsomelpracticebefore!
you@elconkdent!writing!them.

».! Variables, Reference and (bjects
Some!typesloflobjects!can!be!aeated!with!literals.!What!happens!when!youlun!this?

211 String a = OzeebO;
212 Sytem.out.printin (a);

Itlprintsizeeb!Satemert!2.1.1islaldeclaration! (of!'thelariablela)!landanlassigiment! (to!
a)linlone.! ! elexpression!Ozeeli3called!alstringlliteral. Statemert!2.1.2islalprocedure!
calllthat!printslalrepresentation!oflaltolstandardlout; don@worry!forlnow!about!itside-
tails.

Welcan!draw!thelresult!ofltheBrst! statement!aslanlobject diagram,!showing!that!alislal
referencio!an!obgct!of!type!String:

\

a

"zeeb"
(String)

I at!alislalreferenceltolthelstring!(andhot!thelstringlitself, lorlalslot! that!holdsit)!isim-
portant!to!lunderstind,!butacdually!not!very!signiBcant!in!this!ase.
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What happens when youun this?

213  String a = OzeebO;
2.1.4  String b = a.bUpperCase ();
215  Sytem.out.printin (b);

It printsZEEBSatemert 2.1.4 § a @ll to the mehod toUpperCase! e method hasone
argument, a, which sits in a sjcial position: it@called the @eceiverd e call resultsin
the creation of a fesh string that isthen bound to the variable b. Here®the obgct dia-
gram:

\ \

a b

"zeeb" "ZEEB"
(String) (String)

216  String a = OzeebO;
217  a.toUpperCase ();
2.1.8  System.out.printin (a);

What doesthis do?

It prints zeeb Satemert 2.1.7 ceates a fresh string that gets thrown away sinceiit is
bound to no variable. ! e string object referenced by ais not changed: strings ae im-
mutable.

What about this?

219  String a = OzeebO;
2110 a = a.bUpperCase ();
2.1.11  System.out.println (a);

Again, no object changes. Buta is made t refer to the new object by the assigiment
2.1.10, s the result isZEEB

"zeeb" "ZEEB"
(String) (String)
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».» Aliasing, Mutability and Reference Eqality

Jva provides a \ariety of oollections as part of its sndard library. A vector is like an
array, but it can gow and sirink dynamically. An example of wsing a vetor:

221 \ector v = new \ector ();

222  String a = OzeebO;

223 v.add (a);

2.2.4  System.out.printin (v.lastEement ());

li s plintszeeh because statement 2.2.3 ingrts (a eferenceto) the sting (referred to
by) ainto the vector (referred to by)v:

\ AN

\' a

"zeeb"

and stetement 2.2.4 tkes thiselement and prints it. ! e method lastEement islike the
string method toUpperCaseit takes a sinde agumert, the receiver, hasno e"ect on it,
and returns areference to an obgct (in this case, he last elemert of the vector v). | e
method add, on the other hand, akes two agumerts: the brst is the receiver v, and he
second is the stiing amument a. (Smetimes weQll gahat such a method takes only
one argument, ignoring the receiver.) Unlike toUpperCasethe mehod add does not
return an object, but changes or mutatesits receiver object. Vectors, unlike strings, can
change, and ag thus said b be mutable.

To see this, consider.

225  \ector v = new \ector ();

226  \ectork=v;

227 String a = OzeebO;

228 Vv.add (a);

229  k.add (a.toUpperCase());

2210 System.out.printin (v.lastEenment ());

li s prntsZEEBsine ater statement 2.2.6 he two \ariablesk and v are names for the
same vetor object: they are said b be aliases. ! e callsto add mutate the one vetor
object, prst adding he obgct for the lower @se string, then the upper case string. !e
changes are visible through both names, © in statements 2.2.8¢ 2.2.10 we auld adu-
ally permute the namesk andv without any change in lghaviour.
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\ / AN

% k a
"zeeb" "ZEEB"
elts[1] ¢

Aliasing s pervasive in languageslike Java, and very useful. But it adds a lot of omplex-
ity. For one thing, it breaks the rule that a setement @ ects only the \ariables it men-
tionsQust because v isn®mentioned in statement 2.2.9 desn®meanthat it wonda! ect
the result of setement 2.2.10 whit mentions onlyv and notk.

How can we olserve the alasing more directly? By ésting equality:

2.211  \ector v = new \ector ();

2212 \ectork =v;

2213 if(v==Kk)

2.2.14 System.out.println (OsaneO);

2215 else
2.2.16 System.out.printin (OdifferentO);
2217

which results in sane being printed. " e built-in ==test tells you whéeher two refer-
ences ae for the same olgct, o it@often alled a st of Gference equality O

What doesthis do?

2218 \ector v = new \ector ();

2.219 \ector k = new \ector ();

2220 If(v==Kk)

2221 System.out.printin (OsaneO);
2222 else

2.2.23 System.out.printin (OdifferentO);

It prints different, because v and k are distinct objects. [t®a fundamertal property of
constructors that the objects they return really are fresh. In fadt, the garbagecollector
can recycle an obgct, but only if thereisno referencetoit still around. " isensures that
even if objects ae recycled, we @n never tell. Here are the object diagamsfor the two
cases:

A puzzle: wha doesthis do?

2224 String a = OzeebO;
2225 String b = OzeebO;
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2226 if(a==Dh)

2.2.27 System.out.printin (OsaneO);
2228 else

2.2.29 System.out.printin (OdifferentO);

Strangdy, this prints sane, because the dva virtual madine aitomatically thternsO
string literals: if it can tell that two string literals have the same squence of charaders,
it only allocates one obgct. You@ be right to think thisis a bit mnfusing; it®a perfor-
mance optimization.

In fact, it®very bad form to test reference equality of immutable objects, unlessyou@e
doing omething suble with memory managemen. Arguably it@a design defect of Jva
that you can even olserve wheher two immutable obgcts ae the same or natS how
should you mmpare two immutable obgcts? With anequabk method.

le String classprovidesa mehod equabkthat tellsyou wheher two strings contain the
same squence of dharaders or not ! iscode

2230 String a = OzeebO;

2231 String b = a.bUpperCase ();

2232 if (b.equak (OZEEBO))

2.2.33 System.out.println (Osane chaectersO);
2234 else

2.2.35 System.out.prirtln (Odifferent charactersO);

printssame chaecters.

When we stidy inheritance, yolOll larn that every class aitomatically inherits anequak
method, so you might think you dor®need to write one. But i®almost never what you
want, so whenever you dsign a dass, one of he brst things youOlheed to Pgure out is
when two obgcts of the dass $ould be considerd equal to one anoher.

Break for questions.

a Would you epect that generallyx == yimplies x.equak (y)? ‘s, it should. Because
the equak method can be user-dened, just like any other method, you wmuld make
it behave in ary way you wanted. On amutable type, it might even mutate the object”
But that would be disastrous: there®a gendc contract that clients expect equalsto
obey. More on tis later.

Why would a bnguage hae immutable types? Because aliasing is omplicated, and
when you se immutable types, the issue desn®arise. Also, code built with immu-
table types can sometimes be more e#cient.

So if immutable types are © much simpler, why have nutable types? Because muta-
tion gives a very useful form of modularity: it allows you b make local changesto a
structure. And mutation is often a natural way to moded entitiesin the real world: a
transadion on a ank acount changes it; it doesn®produce a nav bank acount.

[OON

[OON
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(Bob Harper of Carnegie Méellon, one of he designers of the programming language
ML, pointed out to me that people have a msconception that mutation is all dout per-
formanceNb ecause often it®moree! cient to mutatealargestructure in one phoethan
to replace the ertire stuctureNbut it ®adually about expressivenss)

*.€ Null References
What doesthis do?

231 String a = rull;
232  Sytem.out.printin (a);

It printsnull. " ekeyword null denotes a \alue hat can be taken on by an object refer-
ence. It meansthat the reference does not in fad refer to any object. " ere is no null
object#

But note that this code

233  String a = rull;
234  String b = a.bUpperCase ();
235  Sytem.out.printin (b);

behaves quite digerently. It throws a NullRointerException on line 2.3.4. VéOIl ke
about exceptions later, but for now, all you ned to undersiandisthat line 2.3.4 &iled,
when the expression a.toUpperCase(yas evaluated.

What®the di$erence?" e receiver to a mehod call can never be rull, becauseit identi-
Pes the object that @eceives@he callNand t hat hasto be some obgct. S a.toUpperCase()
failswhenaisnull. But in the previous example, System.out.printin(a) isOK whenais
null, since reference is an agument, and hisis a special kind of method (really just a
plain old procedure) that doesn®have areceiver.

You can write a mehod that tests whether an agument isnull and does something ap-
propriate. Dereferendng null is a @mmon programming mistake in &va. To avoid it,
you can check whether a eference is rull before you atempt to call a mehod:

236 if (arg == rull)

23.7 System.out.printin (CerrorO);
238 else{

2.3.9 String x = alg.toUpperCase ();
2310 E

i s is howSystem.out.printin works; it does ssmething like this:

2311 if (arg == rull)
2.3.12 print (OrullO);
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2313 else {

2.3.14 E
2.3.15 }
2316 E

In general, réher than atching nulls and teating them sgecially, it® better to avoid
creating rull references in the brst place. YouOll larn about that when we dscuss repre-
sentation invariants. Sometimes you @n®avoid it, and hen it®important to document
where the null references may occur. !'a t®one reason specibPations ae important:
they can spare you untime errors and unneessary checks.

Questions:

a In general, would you xpect a.equas (b) to be substitutable for b.equalks (a)? No,
because whenaisnull and b isnot, the brst will throw an exception, and the scond
will (usually) return false.

a OK, smarty pants, leave nulls alone. Vuld you then expect a.equas (b) and b.equalk
(a) to have the same ekct? Yes, you would. In fadt, thisproperty of the equak meth-
odN called symmetryNi s demandel by Jva® Object contrac ONed seelater when
we sudy equality in depth what other properties ae required, and how asy it isto
mess up and wite anequabk method that does not have these properties.

*.€ User-debned Classes & Fields

Let® male ssme objcts of our own:

241  class Tans {

2.4.2 int amount;
2.4.3 Date date;
2.4.4 }

2.45

li s omdedeclaresadass a knd of template for making objects. !e se objectsare go-
ing to represent transadions in a banking system. Each object has an integer amourt
(which may be negative or a withdrawal), and a dte/time stamp to mark the moment
at which thetransadion occurred. WeQll sethese transadion objectswithin an acount
an objct, 0 we dorPneed to asciate an acount explicitly with each transadion.

le classdeclarestwo bddsor ingance vaiables, anmount and date. Each object of the
class wil contain two references, one o an integer and one ¢ a dite. ! etypeDateisa
class fom the &valibrary; it® predebred like String (but not part of the language dei-
tion the way String is).

le typeint isarather strange least. [t® not a tass 4 all, but aprimitive type. Variables
or beldsof typeint don®hold references to integer objects; they hold the integers hem-
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selves. You may think it a bit jarring that an obgct-oriented language ha this rather
unobject-oriented notion in it (and mary people share your opinion). ©metimes weOll
actually need an integer that®an objpct, and in hat case we @n wse the class Integer
from the Jwvalibrary. How do you ge from an int to an Integer and badk?Well, that®a
little obscure, and hat®one reason people dorDlike this design.

If we run this mde:

246  Transt=new Trans ();
247 t.amount = 20;
248  t.date = new Date ();

a fresh object gets aeated, and its Felds are st, resulting in this cwnbguration:

\ date /
amount

T 20

le expression on he right-hand side of sitement 2.4.6 8 a @ll to a corstructor: it
makes a nev object with default values for the kelds. In this case, it aeates a Trans ob-
ject with zero for the amount and null for date. ! e statement 2.4.7 & alled a setter it
setsthe value of he keld amount of the obgct referred to by t. Satement 2.4.8 ha an-
other constructor call on the right; creating a nav Dateby default creates a Dateobject
representing the momert at which the the object isitself created. But it®also a tter: it
setsthe date beld of t to point to this new date.

€ User-debned Constructors

So wee suaceeded in making a Trans object representing a deposit of twenty dollars
a this momert in time. ! e way we did it B aeating an uninitialized object and then
setting its Felds B is not a god one, however. Wed want our transadions to be wél-
formed; for example we worDwant to have transations that don®have dates. And
perhaps weOll ant every transadion to havea nonzero amourt. Later, weOll sidy these
kinds of invariantsin much more depth.

For now, just observethat immediately ater statement 2.4.6 we hee a transaton ob-
ject that isnot well formed. When an obgct iscreated, its Feldsareiniti alized to default
values: null for object references, and zeo for integers. So t.amount will be zepo, and
t.date will be rull. ! ese detult valuesare rarely what you want; ater all, which values
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make sense will depend on the problem wef@ trying to olve. In thiscase, youd haveto
know something aout banking to know that a transation of zero dollars & ill-formed.

Is it a big del that there® a ogus transation object hangng around between state-
ments 2.4.6 and 2.4.72¥it is, and hee®why. We®like the responsibility for ensuring
that objects of the dass Trans are wdl formed to be handlel ertir ely within the Trans
class In our program, you ned to check not only the wde of the dass, but also the
code that uses the dass. At this sale, it®not a disaster. But in a much larger program,
you need asmuch modularity asyou can ge, conbning tricky aspectsof the program &
much as possible to small aeas of the wde.

To solve this problem, we delare our own constructor:

251  class Tans {

25.2 int amount;

253 Date date;

2.5.4 Trans (int a, Date d) {anount = a; date = d;}
255 }

li s @mnstructor takes an amount and a dite as arguments, and aeates a transadion
object with that amourt and date. If 1@ wanted to ensure that the amourt of a transae
tion is nonzero, | could have addel a deck that threw an eception if the amoun was
zero; weOlleehow to do that later.

A peculiar, but useful, property of constructors is that having debned our own con-
structor, the detult constructor Dthe one hat justiniti alizes each bPdd to default values
b becomes no longer aailable. $ statement 2.4.6 wil no longer emmpile. Instead, we
can write

256  Transt = new Trans (20, new Date ());
and that one line of @de will have the e"ect that lines 2.4.6 © 2.4.8 had pavioudly.

(We haven®fully solved the problem of madularizing the invariant of Trans, by he way.
You can still mess up alrans object by setting its date beld to null from outside, br
example. ! ebrst sip to prevent this is to make use of va®aacessibility mechanisms
we @n male the Felds private so they can®beread or written from outside he dass. In
fact, this turns out not © be enoud, as weOll &&n when we stidy data abstradion.)

€ Method Call

Here® a ¢ass representing a ank acount, with bdds for the name of he acount, a
vector of transadions, and he acount balance:

261  class Acourt {
2.6.2 String name;
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2.6.3 \ector transv;

2.6.4 int balance;

2.6.5 Account (String n) {

2.6.6 transv = rew \ector ();

2.6.7 balarce = 0;

2.6.8 name = n;

2.6.9 }

2.6.10 bookan cteckTans (Transt) {
2.6.11 return (balance + t.amount = 0);
2.6.12 }

2.6.13 void post (Trans t) {

2.6.14 transvadd (t);

2.6.15 balarce += t.anount;

2.6.16 }

2.6.17 }

I erelaretwo!methods:!to!postlatransadion,!andto!check!whether!altransadion!isle-
gal!(or'would'resultlinlahegativebalanceiflposted). et Sinvestigatelwhat happensivhen!
such!methodslare!alled.

Consider'his!@mdelfragment:

2618 Account a = new Accourt (O2ebO);
2.6.19 Transx = new Trans (20, new Date ());
2.6.20 if (a.checkTans(x)) {

2.6.21 a.post (x);

2.6.22 }

Let@look!at!thele'lectsloflitheimethod!calls.| ust!beforelthelcalllonlline!2.6.20 weélin!
this!lonkguration:

\ \

a X
(String)
\\ name/ \\ date —7
@ balance amount
— 0

transv e 20

|
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I elBrstisteplin!thelcalllisito!bind!thelarguments:!ithelargument! t!islmade, Within!the!
method,to!referencelthelobject!called!x!outsideltheimethod,!andthelspeciallargument!
this,!representing!the!receiver,lislmadelb!reference!the!obpct!a:

\ 2 \ L

a this "Zeeb" X
\ / / (String) \ /
v name 2 date 7
@ balance amount
0

transv =20

|

Severallthings!to!note!hele:

4 Javalslexically!scoped!(like!Scheme),so'thelariableslaland!x!arehotlavailablelinside!
the!method!call.

a Likelnylprocedurekall,ithelargument!variableshrehllocatedlonithektad,soltheylare!
onlylavailablelforltheduration!of'theimethod!call.! ! elvariablethis!mayloflcoursebel!
available!outside,!butwill'r eferlto!aldi’erent!object.

a ! efformalargumentslareboundlasifreshlreferencestolthelobjectsreferenced!bylthe!
expressionspassedlasladual larguments,!solthat!they'Ghare@bjects.! ! eloutsideVari-
ablex!and'theformallargument!t, forlexample, sharelaMranslobject.!For!thisreason,!
theltermlcall by $haringlislsometimesused!forlthisform!oflparameerlpassing.!Alt er-
natively,!you!caniewlitlisicall by vdue,linlwhichlreferencdare!passed.

Tolexecute!the!bodyloficheckTans,!'we!lnow!e&ecute!the!setement
2.6.23 balarce + t.amount=0

inlthelcontext! oflthelbindingsiwe@ejust!created.'When!thelnamebflalbeld!f! appears!
within!thelcodeloflitskclasslunqualitbed!bylanlobject!referencelitlisitaken!tolbelshort!for!
this.f.!Solherebalarceislshort!for!this.balarce \which!evaluateslto!thelvaluelof!ithebal-
ancepeld!of'thelobject!called!aloutside.! ! elexpression!t.amount!gets!thelvalue!oflthe!
amount!peld!of!'thelobject!called!x!outside.! ! elresult! oflthelentir elexpression!isitrue,!
andlis'returned!as'thevaluebflthe!method!call,'andthe!body!of!thelif-statement! now!
executes.

I elcall' onlline!2.6.21proceeds!by!exadly!the!lsamemechanism.! ! isltime,!however,!
two!objectslare!mutated:!the!Account!object,'whose!balarce beldlislincremented,!and!
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the \eector object in itstransv beld, to which the transation is addel as a nev demert.
le result of the all by $aring is that, after the all, the obgct a has dhanged:

\a "Zeeb"
\ / (String)
name
t
@ balance
= 20

transv

¢ date /
elts[0] -
amount

=20

You may be wondeing wha signibcance there is to the special €eceiverGargument.
So far, it really has no signibcance; method call is really just procedure call, with some
syntactic shorthands. ! e signibcance arises when we lmk & subclassing in our net
lecture, whee ®veral methods can have the same name, and whicges called will de-
pend on properties of he receiver agument alone.

*.€ Conclusion

Now we@ sen all the key notions for how objects ae manipukted in an obpct-orient-
ed language. Wee seen how they@e created; how references ae bound to objects; and
how their belds are set. Wedde mentioned the two fundamertal kinds of quality D refer-
ence equality (tested with ==) and obgct equality (tested with anequakmethod B dout
which weQll hae much moreto say later. And wee looked a parameers ae passed in
method calls.! ese mechanismscomprise one important part of what it means b be
Object orientedd
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