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Abstract

Wegiveaformalsemanticsfor dynamiclinking andre-linkingof code.Thesemantics
is at sourcelanguagelevel, andallows linking at a finer grain thancurrentJava or C#
implementations:Besidessupportingthe loadingandverificationof classesinterleaved
with programexecution, it also allows type-saferemoval and replacementof classes,
fieldsandmethods.Suchextendedfeaturessupportunanticipatedsoftwareevolution.

1 Introduction

Dynamic linking was introducedinto programminglanguagesto supportimplicit linking
of the newest versionof libraries. Partially linked code links further codeon the fly, as
needed,andthus,mostrecentupdatesareautomaticallyavailableto end-users,without the
requirementof furthercompilationsor re-linking.

The remit hasrecentlybeenextended,to supportrequirementsfrom unanticipatedsoft-
wareevolution,wherebycodemayneedto beupdatedduringprogramexecution.To address
suchrequirements,new featuresof theJVM allow thereplacementof aclassby aclassof the
samesignature,asa “fix-and-continue”feature[5], while in [11] dynamicsoftwareupdates
supporttypesafedynamicreloadingof codewhosetypemayhavechanged,while thesystem
is running. Also, [2] suggestdynamiclinking of modules,with thesupportof multiple ver-
sionsof thesamemodule.Finally, [1] suggesta calculusfor dynamiclinking independently
of theprogramminglanguageandenvironment.

We presentthe semanticsfor a high level languagesimilar to Java or C# with extended
dynamiclinking. In contrastto earlierformalizationsof dynamiclinking [12, 8], our model
is purely at sourcelanguagelevel. Namely, althoughdynamiclinking is usuallydescribed
at a “low level” [10], in termsof generated*.classfiles, its effectsarevisible to the source
languageprogrammer, asshown e.g., througha sequenceof examplesin [6, 9]. This is why,
in our view, anexplanationat sourcelanguagelevel is very important. In orderto simplify
theexposition,we donot dealwith overloadingor field shadowing.

In moredetail,themodelwe suggestallowsdynamiclinking ata veryfinegrain:

DL1 Methodsignaturesmaybeloadedbeforeverificationof their correspondingbodies,

DL2 Methodbodiesneedbeverifiedonly beforeexecution1,

DL3 Classesmaybeloadedbeforetheir fields/methods,

DL4 Classes,methodsandfieldsmaybeloaded“piecemeal”,

DL5 Classes,methods,andfieldsmayberemoved,if not needed,

DL6 Methodbodiesmaybereplaced.�
This work partly supportedby DART, EU projectIST-2001-33477.

1This is similar to C#dynamiclinking.
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Figure1: Execution.

DL1-DL4 representa refinementof dynamiclinking ascurrently implemented.DL5-
DL6 areeven more“dynamic”, andcomeat a higher implementationcost,asthey require
re-checkingtheentireprogram.DL5-DL6 havebeensuggestedin orderto supporton-the-fly
codereplacement,andthus,unanticipatedsoftwareevolution.

Furthermore,the fact thatwe modeldynamiclinking at sourcelanguagelevel, imposes
the requirementfor DL1andDL2: Namely, whenverifying a methodbody, � , we needto
find the signaturesof any methodscalledwithin � ; for this, we load the methodsignatures
for all calledmethods.But, we do not verify their correspondingmethodbodies,becauseif
wedid, wewould obtaintotal,eager, verificationbeforeexecution.2

Notation All mappingsin ourmodelarepartial,and � representsundefined.A function � �
extendsanotherfunction � at � , formally � � 5 � @ � , if � � is definedon onemoreelement
than � , i.e., if f � �����K�������G� W � and �#� {�@ � � B$W �#� {�@ � B
��� � � .
2 Syntax, runtime model, and execution

Expressionsin our minimal languagearemethodcall, field assignment,field access,object
creation,the receiver

E�F�HVI
, a parameteridentifier > e ( jm�¡  ) or null indicatedby � . Class

namesareindicatedby , , ,R� etc, methodnamesare t , t � , etc, andfield identifiersare U , U � .� �¢)+*#£ `^`�W �2_ t ( ��¤ ) ¥ ��_ U�`�W¡� ¥ ��_ U ¥ ���#��, ¥ EGF�HJI ¥ >+¦ ¥§�
2This problemdoesnotappearin Java andC#dynamiclinking, becausebytecodeis "enriched"with themethod

signaturefor calledmethods;therefore,verification takesplaceunderthe assumptionthat the classescontainthe
correspondingmethods,andif they do not, thenanoffset calculationerror is thrown. In that sense,verificationin
ourmodelis moreeagerthanin Java andC#.
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Werepresentdynamiclinking through"extensions"to theunderlyingprogram
 3. There-
fore,theoperationalsemanticsrewritestuplesof expressions,programs,stacksandheapsinto
tuplesof results,programsandheaps.� : )+*#£�¨ª©+«#¬�¨¢­'®C¯2,�(�¨z° � ¯9£�± \ ² ² ¨ª©+«#¬z¨z° � ¯9£� �³­9®C¯2,<( = @ ­9®C¯2,<(+´#« tµB�¶u ��­9®C¯2,<(+´#« t = @·� E�F�HVI �	� ©C¯'«C¯ tmB ± \  �¸�¢° � ¯9£ =   g ± \ ¹Rº2»� � ¹Rº2» = ¼C½C¾+¾+¿<À ¨Á´?Â � ½'À'Ã ¯9£� { �ª´-Â � ½'À#Ã ¯9£ = ´ ½'À-¿�À ± \  8 �¢  gS¢�ª �µ� ²² =  ÅÄ � & ½+½ ©+®#«+)+*-, � ­'®#Æ?,<(#)+*-, � %9&�(+)+*-, �

Stacks, � , are sequencesof stackframes,
u
, which map

EGF�HJI
to an address,and the

parameters> d , ... > n to addressesor null. We usethe shorthand� (z), for
u n (z), whenu n is the top of � (i.e., � =

u d ...u n ). Heaps, � , map addressesto objects. The notation� WÇ@ , � � {ÈB , standsfor anobjectof class, , with fieldsdescribedby themapping� { . For
suchanobject,thefield lookup � @VU+B is a shorthandfor � �'É @VU�B , andfield update� Y U Z\ SC] is a
shorthandfor @ � ��d � � �'É�Y U Z\ S�] B . Results,� , areeitheraddresses,or null ( � ), or exceptions.
Addresses,8 , arepositivenumbers.

Figure1containstheoperationalsemanticsof thelanguage.Rule
�����

replacesaprograqm
by anextendingprogramat anytimeduringexecution,while �� +" allows link relatedexcep-
tions to be thrown at any time during execution. We thushave a highly non-deterministic
model,similarly to [8]. Rule .'/[.21 �3�Ê4 allows for garbagecollection– theappendixcontains
thedefinitionfor reachableaddresses.Garbagecollectionis importantin ourstudy, asclasses
mayberemovedwhenthereareno objectsof thatclass.Garbagecollectionis definedin a
stylesimilar to thatfrom [3].

The remainingrules are standardfor the operationalsemanticsof sucha small object
orientedlanguage,andaresimilar to previous work [7]: Rule :<;<= describesthe lookup of
parameters,the receiver, or a value. Rules

LNM
and

L�M�O6PcP
describefield lookup andfield

update.Rule "c; �3� describesmethodcall: a new frame
u

is pushedonto the stack,which is
discardedafterexecutionof themethodbody � � . Rule

� �b} describesobjectcreation,where
all fields of its classare initialized with � . In the appendixwe give rules for null pointer
exceptionsandfor stuckexecution.

The different kinds of exception and the guarantees of Soundness Our calculusallows
threekinds of exception: Null pointer exceptions, & ½+½ ©#®+«+)+*-, , are thrown when a null-
pointer is de-referencedto accessa field or a method;they are propagatedto the context
aswell. Stuck exceptions,¾ ®#Æ-,<(+)+*-, , arethrown whenanobjectis de-referencedro access
a non-existingfield, or whena non-existingmethodis called;they arealsopropagatedto the
context. Link exceptions,%'&+(+)+*-, � may be thrown at any point during execution,andthus
they neednot bepropagatedto thecontext. They representlink-relatedexceptions,i.e., veri-
ficationerrors,class-not-founderrors,class-circularity-errors,loaderrorsetc.4

Soundness,asstatedin section4, guaranteesthat executionwill not get stuck, i.e., that
that executionwill not attemptto accessa non-existing field or method. The caseof an
"absentmethod"is slightly subtle: If the dynamicclassof the receiver of a methodcall oft containsa methodsignaturefor that t , but containsno methodbody, thenthat represents
thecasewherethemethodbodycouldnot beverified,andthereforeit is a link relatederror.
If, on theotherhand,the dynamicclassof the receiver containsno methodsignaturefor t ,
then,this correspondsto the casewherethe classhasno suchmethod,andthereforeit is a¾ ®#Æ-,<(+)+*-, . Moredetailsarein theappendix.

3Note, that "programextensions"standsfor all the dynamiclinking stepsfrom DL1- DL6, i.e., even suchthat
remove classesor methods

4Of course,we do not model the FldAbsent andMethodAbsent errorsof Java andC#, sincetheseare
relatedto the"enriched"bytecode,andoffsetcalculations.
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3 Programs and program extension

A programmapsa classto its superclass,a classanda field identifier to its type,andclass
andmethodidentifierto its signature,andmethodbody:


|�z©+«+¬ = ¼C½�¾+¾�¿<À ± \ã¼C½C¾+¾+¿<À mapsclassto its superclass¨ ¼C½C¾+¾+¿<À ± \ ´ ½'À-¿<À ± \ã¼C½C¾+¾+¿<À mapsclassandfield nameto type¨ ¼C½C¾+¾+¿<À ¨ Ã ®'ä ¿<À ± \ @ ¼C½�¾+¾�¿<À g B mapsclassandmeth.nameto type¨ ¼C½C¾+¾+¿<À ¨ Ã ®'ä ¿<À ± \ )+*#£ mapsclassandmeth.nameto body

A programis thereforea tuple; we usethe notation @ 
 Í � 
 � � 
 � Í � 
 �NÏ B to indicatethe four
components,andwe usethe namingconventionthat 
 Í , 
 � , 
 � Í , and 
 ��Ï standfor map-
pingsof theappropriatesignatures.

We now definefield andmethodlook up functions:~ ` ©+«+¬�¨ ¼C½C¾+¾�¿�À ¨ª´ ½'À�¿<À ± \å¼�½C¾+¾�¿<À~ P ` ©+«+¬�¨ ¼C½C¾+¾�¿�À ¨ª´ ½'À�¿<À ± \çææ @ ´ ½'À�¿<À Bqéè ` ©+«+¬�¨ ¼C½C¾+¾�¿�À ¨ Ã ®#ä ¿<À ± \å¼�½C¾+¾�¿<À ¤qsr ` ©+«+¬�¨ ¼C½C¾+¾�¿�À ¨ Ã ®#ä ¿<À ± \ )#*#£
where,for 
 = @ 
 Í � 
 � � 
 � Í � 
 �NÏ B , thesefunctionsaredefinedasfollows:~ @ 
 � , �!U+B W êë ì 
 � @ , Bb@JU�B if 
 � @ , Bb@JU�B6ÎW �~ @ 
 � ,R� �!U�B if 
 � @ , Bb@JU�BXW � � and , ÎW 
 Í @ , B$W ,R�� otherwise.~ P @ 
 � , B W í �NU ¥ ~ @ 
 � , ��U�B§ÎW � � if 
 Í @ , B6ÎW �� otherwise

qéè @ 
 � , �0t?BTW êë ì 
 � Í @ , �0t?B if 
 � Í @ , �[t?B§ÎW �qéè @ 
 � ,R� �0t?B if 
 � Í @ , �[t?B$W � � and , ÎW 
 Í @ , B$W ,R�� otherwise.

qsr @ 
 � , �0t?B�W êë ì 
 ��Ï @ , �[t-B if 
 �NÏ @ , �[t-B�ÎW �qsr @ 
 � ,R� �[t-B if 
 �NÏ @ , �[t-B�W � � and , ÎW 
 Í @ , B$W ,R�� otherwise.
The judgments
 Í �â,R�î�ï, and 
â�Ë,R���ð, meanthat ,<� is a subclassof , , while the

judgments
 Í �Ë,R��ÒÓ , and 
 Í �â,R�îÒÓ , meanthat the two classesaredistinct with onea
subclassof theother. Thefour judgmentsaredefinedin theappendix.

Therulesin figure2 definewhena programextendsanotherprogram:=�� L and
4 =!; � P saythattheextensionrelationshipis reflexiveandtransitive.� M 1 � PcP describesloadingof a class , , providedthat thesuperclassof theloadedclasshasa

superclassdefinedin theold program,i.e., for 

�Í @ , B�W ,R� , we need
 Í @ ,R� BQÎW � . Note,
that the classis loadeda an "empty shell" andits fields andmethodsmay be loaded
later, “piecemeal”,throughrules

� M�Ð � M
and

� M�Ô 43Õ+Ö�× . .� M�Ð � M
describesloadingthetypeof a field U for a class, . It requiresthatno objectsof that

classor its subclassesexist on the heap5, andthat the field U hasnot beendefinedin
any of thesubclassesor superclassesof , 6.

5If we droppedthis requirement,thenat a later stagewe could verify a methodbody that usedthe new field,
althoughwemighthave objectsin theheap,whichdid notcontainthatfield

6In dynamiclinking asin currentJVMs andC# implementations,thesituationis simpler. Therequirementthat
therearenoobjectsof subclassof ñ is implicitly guaranteedbecauseclassesarefully loadedbeforethefirst objectis
created,andtherequirementthatthereis nootherfield ò is any of thesub-or superclassesof ñ neednotbeimposed
becausefield resolutiontakestheclassdefiningthefield into account.
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� M<Ô 43Õ+Ö�× . describesloadingthesignatureof amethodt in aclass, . It requiresany signature
for t in a subclassof , to be a "subsignature"of the newly loadedsignature,and
any signaturefor t in a superclassof , to be a "supersignature"of the newly loaded
signature,7 The"subsignaturejudgment
���,<�d _p_^_ ,R�n �ó,'d _^_p_ ,Rn requirestheargument
typesof thefirst to besupertypesof thecorrespondingargumenttypesof thesecond,
and the return type of the first to be a subtypeof the return type of the second- or
the secondsignatureto be empty; it is definedin the appendix. Notice that it does
not requiretheclassesappearingin thesignaturesof methodsor thetypesof fieldsto
belongto classesthathavealreadybeenloaded.:<�D= Ô 4AÕ9Ù M<Ú describesthe verificationof a methodbody. It requiresthe signatureof the
methodto have alreadybeenloaded,and the body of the methodto verify, i.e., to
be type correct,assumingthat the parameters> d , ... > n have types , d , ... , n , as
prescribedby thesignature,andreturna resultof asubtypeof , n g d , thereturntypeof
thesignature.In figure3 we defineverification.=Kß Ð � M allows the removal of a field U from a class , , provided that no methodbody ver-
ification dependedon the existenceof that field, i.e., all methodbodiesverify in 

� ,
after the removal of the field. Note, that in contrastto rule

� MGÐ � M
, we do not require

that thereshouldbe no objectsof class , on the heap,sincethis doesnot affect type
soundness8.=Kß Ô 43Õ+Ö�× . allowstheremovalof methodsignaturefor t for class, , providedthatnomethod
bodyverificationdependedon theexistenceof thatmethodsignature,i.e., all method
bodiesverify in 

� .=Kß Ô 43Õ'Ù MRÚ allows theremoval of methodbodyfor t for class, . Note,that this allows the
removal of methodswhich arecurrentlyactive on the stack. This is not problematic
in our settingwith large stepoperationalsemantics,which, in somesense,"copies"
methodbodiesuponmethodcall.=0á � Ô 43Õ'Ù MRÚ allows replacingthe methodbody for t in class , by expression� , provided
that � satisfiesthemethodsignature.=Kßª1 � PcP allows theremoval of class , , providedthat this classis not the superclassof any
otherclass ,R� , that thereexist no objectsof thatclasson theheap,that , hasno fields
or methodsdefined,andthat , wasnotneededin theverificationof any method.

Rules
� M 1 � PcP , � M�Ð � M , � M�Ô 4AÕ#Ö-× . and

� M<Ô 43Õ'Ù�ô M<Ú
correspondto featuresDL1-DL4, and

thus, they reflect dynamiclinking as in currentJava andC# implementations,albeit with
finer steps,thusrequiringmoredetailedchecksthancurrentimplementations.Rule =Kßª1 � PcP
correspondsto currentJVM hotswapping.

Rules =Kß Ð � M , =Kß Ô 4AÕ#Ö-× . , =Kß Ô 4AÕ9Ù§ô MRÚ , and =Kßª1 � P!P correspondto DL5-DL6. Because
they allow the removal of entities,they make heavy requirementson checking- in effect
they requirere-checkingthecompletecurrentprogram,and,in somecases,they alsorequire
scanningthecompleteheap.Theexpenseof thesechecksis justifiedby thefactthatruntime
removal andreplacementarerarelyapplied,but whenthey areapplied,they arenecessitated
by thedemandto upgradesafelya,possiblysafety-critical,systemon thefly.

Rules =Kß Ð � M , =Kß Ô 4AÕ#Ö-× . , =Kß Ô 4AÕ9Ù§ô M<Ú , and =Kßª1 � P!P combinedwith rules
� M 1 � P!P , � M�Ð � M ,� M<Ô 4AÕ#Ö-× . and

� M<Ô 43Õ'Ù�ô M<Ú
have the overall effect of replacementof entities. However, al-

thoughany replacementcan be representedby a sequenceof suchprimitive removal and
loadingoperations,thereexist simplereplacements,which requirea long sequenceof such

7This requirementis unnecessaryin Java andC# implementations,becauseof dynamiclinking is at byte-code
level, in whichmethodcallsareannotatedwith thecorrespondingsignature.

8This hasbeenpointedoutby thesecondanonymousreferee!
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 � ,<ö �0t?B$W , d �G_b_G_ , n g d l�ÛËÜ
Ø��,R�e �a, e h÷��jî�Ýl
 ��õ � � ö _ t�@0� d �b_G_b_�� n B�` ,Rn g d

Figure3: Verification.
 Wà@ 
 Í � 
 � � 
 � Í � 
 �NÏ B
 Í @ , B$W ,R� ÎW � W
Ñ 
 Í @ ,R� B6ÎW �
 Í @ ¹RºC» � ,<® B$W ¹RºC» � ,<®
Ø��,ø�È,<� and 
���,<�
�a, W
Ñ , W ,R�
 � @ , �!U+B�ÎW � W
Ñ 
 Í @ , B§ÎW �
 � Í @ , �[t?B§ÎW � W·Ñ 
 Í @ , B§ÎW �
 �NÏ @ , �0t?B§ÎW � W
Ñ 
 � Í @ , �[t?BùÎW �
Ø��,R�?�a, � 
 � @ ,<� �!U+B�ÎW � W·Ñ 
 � @ , ��U�B$W �
Ø��,R�?�a, � 
 � Í @ ,R� �[t?B§ÎW � W
Ñ 
Ø��
 � Í @ ,R� �[t?B �Ý
 � Í @ , �[t-B
 �NÏ @ , �0t?B$Wa� W
Ñ
 � Í @ , �[t?B$W ,'d �G_p_^_ ,Rn g d � l	ÛâÜ
 ��@ E�F�HVI Z\ , ��> w Z\ , w �b_G_b_f> x Z\ , x B � �k` ,R�
Ø��,R�?�a, n g d��

Figure4: Well-formedprograms

primitiveoperationse.g., , replacingthesignatureof amethodwhich is calledby othermeth-
ods9. Therefore,althoughthechoiceof theprimitive operationsis attractive at a theoretical
level, it is not necessarilythemostnatural.

4 Soundness

A programis well formed,judgment �	
 in figure4, if theclasshierarchyformsa tree,no
field identifier is re-definedin a subclassandsuperclass,any methodoverridinga methodof
asuperclasshassignaturewhich is asubsignatureof theoverriddenmethod,andall methods
bodieshave a signature,andthey verify to thatsignature.We expectto beableto prove that
extension,andhencealsoevaluation,preserveswell-formednessof theprogram.

A heapandstackconformto a programandenvironment,judgment
 �fõ ��� ��� in figure
5, if thereceiver andargumentspoint to objectswhich conformto their typedeclaredin the
environment.An objectconformsto a type , if it is of class ,R� and ,R� is a subclassof , , and
it containsappropriatevaluesfor all fieldsof theclass, .

Soundnessof thesystemguaranteesthatexecutionof awell typedexpressionin anappro-
priatestackandheapandin context of awell formedprogramwill notgetstuck,i.e., will not

9This hasbeenpointedoutby thesecondanonymousreferee!
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��³,R�Ì�È,� @ 8 BXWo@ ,R� � _ B
 � �	� 8Cú ,

 � �	� �÷ú ,

� @ 8 BXWo@ , � � {ûB~ @ 
 � , ��U�B�W ,<� W
Ñ 
 � ��� � {|@JU�B ú ,R�
 � �Ø� 8� @ 8 B6ÎW � W
Ñ 
 � �	� 8
 � �	� ��@ E�F�HVI B ú õ�@ E�F�HVI B
 � �	� ��@A>CB ú õ�@A>CB
 �fõ ��� �!�
Figure5: Conformance.

attemptto accessnon-existingfieldsor methods,andif it producesavalue,thisvalueis guar-
anteedto conformwith thetypeof theoriginal expression.Soundnessmakesno guarantees
aboutlink andpointerexceptions.We expectto beableto provethefollowing Theorem:

Theorem 1 (Soundness) Ifü¸
 �fõ ��� �!� , and ��
 , andü¸
 �fõ � �Þ` , and ��� 
 �!��� ����� � 

� � ���
thenüÝ��

� , and 

� �fõ �Þ��� �!� ,ü¸� ÎW ­9®#Æ?,<(+)#*-, , and if � W S , then 
 � � � � �ªS ú ,
5 Conclusions and further work

We have developeda formal systemwhich modelsdynamic linking and re-linking at the
languagelevel. at a very fine level. Thesuggestedfeaturessupportunanticipatedsoftware
evolution.

Furtherwork includesü completionof thetechnicaldetailsandproofs,ü aninvestigationin how far theconditionsfor programextensionin this paperarenec-
essaryfor preservationof programwell-formedness,ü a refinementof the model into a seriesof modelsreflectingmoreandmorerelevant
implementationdetails(e.g., classlayout, object layout, offset calculation),and the
restrictionsthey bring into theconceptof programextension,ü an investigationin how far the restrictionof Java dynamiclinking (eg objectcreation
after loading, nomethodremoval togetherwith ourcurrentmodelwould leadusto the
dynamiclinking modelasin currentJava implementations,ü an investigationinto waysof expressingdynamiclinking operationsat a coarser, or
morevariablegranularity,ü extensionsto incorporateideasfor unanticipatedobjectreclassification,[4].

Acknowledgements We arevery grateful to Giovanni Lagorio, MariangiolaDezaniand
PaolaGiannini,andthetwo anonymousFTfJPrefereesfor their feedback,suggestions,and
carefulcheckingandrepairsto theformal model.Furthermore,thesecondanonymousTfJP
refereegaveinsightful suggestions,andideasonbridgingthegapbetweentheoryandpracti-
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Appendix

Reachable addresses An address8 reachesanotheraddress8 � in thecontext of heap� , if f
for somefield U , � @ 8 )( U )= 8 � , or � @ 8 )( U ) reaches8 . An address8 is reachablefrom a stack� in � , if f thereexistsa � , sothat hµ� � �¡l and � =

u d ...u�� ...u n , and
u��

(
EGF�HJI

) reaches8 ,
or
u �

( > ) reaches8 for some> .
Stuck execution and null-pointer exceptions Rules

LNM���� �3�
,
L�M�O6PcP�� �3�

, and "c; �3� ��� �3� de-
scribenull pointerexceptions.Rules

LNM Ö-4 " � , LNMGOQPcP Ö-4 " � , and "c; �3��Ö�4 " � describestuckex-
ecution,due to a missingfield or methodbody. Rules á-= ô á ��� �3� , and á-= ô á Ö-4 " � describe
propagationof exceptions.

In particular, aswediscussedin section2, anundefinedsignaturefor theparticularclass,
i.e.,

qéè @f_^_p�G_p_^�b_^_�BXW � indicatesthattheclasshasnosuchmethod,andthenexecutionis stuck,
while a definedsignatureandundefinedmethodbody, i.e.,

qéè @�_p_��b_^_^�b_^_ B
	 � W qsr @f_^_Ê�G_p_^�b_^_�B
indicatesa verificationerror for the methodbody, andthenexecutionthrows a link related
exception.
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L�M���� �3���� 
 ����� ��� � � 
 � �����_ U-� 
 ����� ���Á& ½#½ ©+®+«+)#*-, � 
 � ���
LNMGO6PcP���� �3��2� 
 ����� ��� � � 

� � ���� � � 

� ����� ���'�TS � 

� � � ��� ��2_ UÞ`�Wa� � � 
 �!��� ���Á& ½+½ ©+®+«+)+*�, � 

� � � ��� �"!; �3� ��� �3���� 
 ����� ��� � � 
 d � � d� e � 
 e ����� � e �TS e � 
 epg d � � epg d h
�kj'�kl��_ {�@0� d �b_^_^_ � n BK� 
 ����� ���Á& ½#½ ©+®+«+)#*-, � 

� � ���
á-= ô á � �3�� � � 
 �!��� ���Á& ½+½ ©#®+«+)+*-, � 
 � �� hassubexpression� ��2� 
 ����� ���Á& ½+½ ©+®+«#)+*-, � 
 � �L�M Ö�4 " ���� 
 ����� ��� 8 � 
 � ������ @ 8 BD@VU+BîW ���_ U-� 
 ����� ��� ¾ ®'Æ?,<(+)+*�, � 
 � ���
LNMGO6PcP Ö�4 " ��2� 
 ����� ��� 8 � 
 � � � �� � � 

� ����� ���'�TS � 

� � � ��� ���� � @ 8 BD@JU�BXW ��2_ UÞ`�Wa� � � 
 �!��� ��� ¾ ®#Æ-,<(+)+*-, � 

� � � ��� �"!; �3��Ö�4 " ���� 
 ����� ��� � � 
 d � � d�#e�� 
 e������ � e �TS e�� 
 epg d � � epg dih
�kj'�kl� @ 8 BXWo@ , �Ì_p_^_!Bqéè @ 
 � , �[t?B�W ���_ {�@0� d �b_^_^_ � n BK� 
 ����� ��� ¾ ®'Æ?,<(+)+*�, � 

� � ���
á-= ô á Ö-4 " �� � � 
 �!��� ��� ¾ ®#Æ?,�(+)+*-, � 
 � �� hassubexpression� ��2� 
 ����� ��� ¾ ®#Æ?,<(+)#*-, � 
 � �

Subtypes The judgment 
 Í �o,<�ø�ç, meansthat ,R� is a (possiblyindirect) subclassof, accordingto 
 Í , while 
 Í �ï,R�ÞÒÓ , meansthat ,<� ÎW , , and either 
 Í �ï,R�Þ��, or
 Í �¢,m�a,R� . Both judgmentscanbeextendedto full programs,giving judgments
Ø�³,R�Ì�a,
and 
Ø��,<�?ÒÓ , :
 Í @ ,R� BîW ,
 Í ��,R�Ì�È,
 Í ��,µ�a,
 Í ��,R�Ì�È,<�


 Í ��,R�Ì�È,R� �
 Í ��,R� �Ì�È,
 Í ��,R�Ì�È, 
 Í �¢,R�Ì�È,
 Wo@ 
 Í � 
 � � 
 � Í � 
 �NÏ B
³��,R�Ì�a,

 Í ��,R�Ì�È,, ÎW ,R�
 Í ��,R�ÌÒÓ , 
 Í ��,m�¡,R�, ÎW ,<�
 Í ��,R�ÌÒÓ , 
 Í �¢,R�ÌÒÓ ,
 Wo@ 
 Í � 
 � � 
 � Í � 
 �NÏ B
³��,R�ÌÒÓ ,

Subsignatures The judgment 
a�a,R�d _^_p_ ,R�n � ,'d _p_^_ ,Rn saysthat the signature,R� d ...,<�n may
safelyoverridesignature,'d ...,<n in asubclass.Thefirst rulesaysthatany signaturemayover-
ride a nonexisting definition,while thesecondrule saysthatsubsignaturesarecontavariant
in argumenttypesandcovariantin resulttypes.


Ø�³,R�d _^_p_ ,R�n � �

���, e �a,R�e jX��h _^_ lª±Ëh
���,R�n �a,<n
���,R�d _^_p_ ,R�n �a, d _p_^_ , n
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