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1MotivationWhy investigate game semantis for objet oriented languages at all?� Game semantis an model stateful omputation.� Game semantis is good for data abstration. We an interpret an objet asa strategy for its externally observable behaviour, and gain a full abstrationresult.Our approah is to start from a simple ategory of games C , then give anobjet-oriented language whih an naturally be modelled in that setting, andwhih aptures the behaviour present there.
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2Language+ Class-based (but lasses are treated as a derived notion)+ Inheritane+ Shared mutable state- No names. No objet equality, or yli heap topology.- Sequential omputation.However, oroutines an be added for limited onurreny.
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3Talk outline� The language� Operational semantis� Game semantis� Proof of soundness� Future work (FA/universality)
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4LanguageWe give an aÆne CBV �-alulus, with ontration for ertain reusable types,namely basi types and objets.Types: �; � ::= N j �1 
 �2 j �1 ! �2 jObj fm1 : �1; : : : ;mn : �ngTerms:e ::= ' j ifz e then e1 else e2 jhe1; e2i j let hx; yi be e1 in e2 j �x:e j e1 e2 jobj fm1 = e1; : : : ;mn = eng j e:m j Y (e) j onstr e1 e2Objets are approximately onsidered reusable (stateful) reords of funtions.J. Longley and N. Wolverson Game semantis for objet-oriented languages n.wolverson�ed.a.uk



5ClassesA lass is a olletion of named methods with open reursion through self,allowing for inheritane.A method implementation for m : � ! � 0 in a lass with state type � is given asa state-transforming funtion m : � 
 � ! � 
 � 0

So state is e�etively read from before a method invoation, and written to after.For now we onsider � to be a basi type, that is a produt of ground types.
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6Representation of lassesWe do without expliit lasses in our approah, treating them as a derivedonstrut.Consider a lass as its step funtion, e�etively a reursive de�nition of theresulting objet, left \open" for lass extension, and \losed" up at objetreation time. Class h�; ;m : �m ! � 0mim2X Obj fm : � 
  
 �m !  
 � 0mim2X !Obj fm : � 
  
 �m !  
 � 0mim2X
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7onstrConstrution of stateful objets:� `  : Obj fm : � 
  
 �m !  
 � 0mgm2A � ` e : � 
 �;� ` onstr  e : Obj fm : �m ! � 0mgm2A basi(); re(�)

Given a state-transforming objet giving the implementation of the desired objet,onstr onstruts a new objet with the desired behaviour, internalising thespei�ed stateful behaviour.From this, de�ne: new  e onstr Y () e
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8Class extensionWe may extend a step funtion for the superlass to one for the sublass:extend  with (&) fm = emgm2B �&: obj � m = ( &):m; m 2 AnBm = em m 2 B �

This de�nition allows the addition of new methods when sublassing, but doesnot over adding new state, whih would require an extension to our languagesuh as parametri polymorphism.
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9Operational SemantisWe give an operational semantis with heaps. Heaps grow rightwards, and shallbe ayli (only leftward pointers).The two key rules: h; e + h0; v h0; ev + h00; vsh; onstr e es + h00[l 7! hvs; vi℄; l l fresh

h; e1 + h0; l:m h0; v:m hvo; vs; e2i + h00; hv0s; vih; e1 e2 + h00[l 7! hhvo; v0si; vi℄; v h(l) = hhvo; vsi; vi
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10GamesWe take a ategory C of games, where a game is hMA; �A; PAi for move-setMA, O=P labelling �A and a set PA of permitted plays. Strategies � : A aresuitable sets of plays from PA.Further de�ne games� A
B: interleaving of play in A and B, allowing interferene� A&B: play in either A or B (opponent hooses)� A( B: as A
B but with O=P swithed in A� !A �= �X:A � X: linear exponential allowing reuse, as an in�nite orderedprodut of the game AJ. Longley and N. Wolverson Game semantis for objet-oriented languages n.wolverson�ed.a.uk



11Games IIA restrition of the Fam(�) onstrution gives us the ategory D to model values.The struture required to model our language omes in the form of three broadlasses of strategies:� Stati opyat strategies ( : A
B ! B 
A)� Content-independent dynami opyat strategies (d : !A!!A
!A)� Content-dependent dynami strategies (to model onstr)
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12Denotational Semantis|ThreadCentral in our denotational semantis is the de�nition of Jonstr  vK. We de�nethread : S 
 !(S 
X ( (S 
 Y )?)!!(X ( Y?)by a reursively de�ned, highly dynami strategy. Consider sequential methodinvoations|state is threaded through suessive method alls, or in other wordsthrough suessive omponents of the \!".However, even in a sequential ontext, multiple method invoations an be ativesimultaneously, so this is not suÆient.
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13Thread IINon-sequential method invoations may our during interation with a methodargument, sine a method argument may ontain a referene to the objet inquestion.

( ) ( )

( ) ( )

Our onrete de�nition of thread is given ategorially by a few ompliateddiagrams involving struture assoiated with !, and a dynami branh operation.
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14SoundnessGiven an interpretation of JeK(JhK), we wish to showTheorem 1. [Soundness℄ If h; e + h0; v then JeK(JhK) = JvK(Jh0K).The operational semantis is given for expressions in heaps, but the denotationalsemantis does not mention heaps. Interpret a heap ell (l 7! (; v)) asonstr  v, and the loation l in e as a free variable whih will be boundto that objet. Essentially,J(l 7! (; v)); eK = Jlet l be (onstr  v) in eK

Proof of the above is surprisingly hard, but worthwhile.
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15A na��ve approahAssuming h; e + h0; v onsider interation JhKkJeK. Wantqsat 2 JhKkJeK , qat 2 Jh0KkJvKwhere s takes h to h'.
a

q

s

q
a

t
JhKkJeK Jh0KkJvK

t
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16OopsBut onsider the simple ase of pairing:h; e1 + h1; v1 h1; e2 + h0; v2h; he1; e2i + h0; hv1; v2iIt's not enough! We need to onsider potential future states.JhKkJhe1; e2iKq
(a1; a2)s1s2t2

JhKkJe1Kq
a1t1

s1 Jh1KkJe2Kqs2a2t2 ?
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17A onstrution on strategiesWe de�ne a onstrution on strategies for expressions as depited here, and aorresponding onstrution on strategies for heaps.JhKkJeKq
at

s q�sa qa
JeK JeKs
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18De�nition (Simpli�ed)It is a general fat that JeK(JhK) = JeKs(JhKs)so the following de�nition satis�es our soundness requirements:Lemma 2. [Soundness℄ If h; e + h0; v then 9qsa 2 JhKkJeK with JeKs = JvKand JhKs = Jh0K.This de�nition separates the immediate interation with the given heap from thepotential future interation with some desendant heap.Proof is then by indution on the operational semantis derivation.
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19Soundness CompliationsCompliations for soundness proof:� New state� Suspended omputation in heap� Result dependent on heap� Argument interation and externally mediated reursion� Substitution
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20Further workWe have not proved other (ompleteness) diretion of adequay|use logialrelations.Full abstration and universality|we hope to prove our interpretation satis�esthese properties. Our plan is to onstrut a program of the following typeinterpret� : Obj fstep: N ! Ng ! �with the property that8e : Obj fstep: N ! Ng; a : 1! J�K: (e odes a) ) Jinterpret� eK = aand onstrut a proof of both universality and full abstration with respet to thewell-braketed version of our model.J. Longley and N. Wolverson Game semantis for objet-oriented languages n.wolverson�ed.a.uk



21Language extensions� Control operators (oroutines) and non-wb games� Sublass state extension� Pointer update� Pointer apture� Names et.
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