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Abstract The Actor model and -calculus have served as the basis of a large
body of researd on concurrency. We represert the Actor model as a
typed asyndironous -calculus, called A . The type system imposesa
certain discipline on the useof namesto capture actor properties such as
uniquenessand persistence. We investigate the notion of may testing in
A and give atrace basedcharacterization of it. Such a characterization
simpli es reasoning about actor con gurations as it does not involve
guanti cation over all environments. We compare our characterization
with that of asynchronous -calculus, and highlight the di erences that
arise due to actor properties.
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1. In tro duction

We intro duce a basic calculus for the Actor model [1], called A , and
preseri a trace basedcharacterization of may testing [7]in it. It is well-
known that a trace basedsemariic characterization simpli es reasoning
about equivalences,asit doesnot involve quanti cation over observing
contexts. Both testing theories [2] and trace based models [16] have
been studied for actors but the relation between them has not been
investigated.

A is a typed asyndironous -calculus [3, 8, 13], where the type
system enforcesproperties speci ¢ to the Actor model. Since the op-
erational semartics of -calculusis unchanged, A can be seenas an
embedding of the Actor model in -calculus. This embedding not only
provides a direct basisfor comparisonbetweenthe two models, but also
enablesus to apply conceptsand techniquesdeweloped for -calculusto
Actors. Many formalisms for the Actor model have been proposedin
the past [2, 6, 9, 15, 16] and various notions of equivalence have been
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consideredfor them [2, 6, 16]. However, none of these formalisms is di-
rectly comparableto -calculus. On the other hand, we believe reusing
a well-known formalism provides someadvantagesover adopting a fresh
approad.

We de ne alabeledtransition systemfor A that re ects what is ob-
senable to an ernvironment that interacts with an actor con guration.
We usethis transition systemto derive an alternate characterization of
may-testing in terms of the set of tracesthat an actor con guration can
exhibit. The approach we adopt for establishing the characterization is
similar to that usedfor asyndronous -calculus[11]. The two charac-
terizations di er in seweral respects due to di erences in the notion of
obsenability in actors and -calculus, which are re ected in the labeled
transition systemsfor the two calculi.

Due to spacelimitation we do not preseri the proofs, for which the
readeris referredto [18]. We have alsoconsideredvariants of A that dif-
fer in the name matching capabilities in [18], and sketched the key ideas
behind trace based characterizations of may testing for them. These
characterizations involve radical changesto the one presened in this
paper.

2. The Actor Mo del

A computational systemin the Actor Model, called a con gur ation,
consistsof a collection of concurrertly executing actors and a collection
of message#n transit [1]. Each actor hasa unique name (the uniqueness
property) and a behavior, and communicateswith other actors via asyn-
chronous messagesActors are reactive in nature, i.e. they executeonly
in responseto messageseceived. An actor's behavior is deterministic
in that its responseto a messagés uniquely determined by the message
contents. Messagedelivery in the Actor model is fair [4]. The delivery
of a messagecan only be delayed for a nite but unbounded amourt of
time.

An actor can perform three basic actions on receiving a message:(a)
createa nite number of actors with universally fresh names,(b) senda
nite number of messagesand (c) assumea new behavior. Furthermore,
all actions performed on receiving a messageare concurrert; there is no
ordering between any two of them. The following obsenations are in
order here. First, actors are persistert in that they do not disappear
after processinga message(the persistene property). Second, actors
cannot be createdwith well known namesor namesreceivedin a message
(the freshnessproperty).
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3. The Calculus A

We assumean in nite set of namesN , and a set B of behavior iden-
tiers. Welet u;v;w;Xx;y;z;::: rangeover N, and B range over B. We
write x for a tuple of names,and len(x) for the length of the tuple. For
% of length n, xj fori  n denotesthe i componert of the tuple. We
let C range over the set of preterms C, which is de ned by the following
context-free grammar.

C:= 0jx(y):Cjxyjx=yl(CiC2) j ( X)C | CijCz j Bhxyi

The order of precedenceof combinators is the order in which they
appear. The nil term 0, represents an empty con guration. The output
term Xy, represens a con guration with a single messageargeted to x
and with contents y. We call x the subject of the output term. The input
term x(y):C represents a con guration with an actor x whosebehavior
is (y)C. We call x the subject of the input term. The composition C4jC,
is a con guration cortaining all the actors and messagesn C; and C..
The conditional [x = y](C1;C>) is C; if x and y are the same names,
and C, otherwise. The restriction ( x)C is the sameasC, exceptthat x
is now private to C. The term Bh; v is a behavior instantiation. The

identi er B hasasinglede ning equation of the form B def (¢ yx1(2):C,
where x is a tuple of distinct namesof length 1 or 2, and x, y together
contain exactly the free namesin x1(z):C. The de nition provides a
template for an actor behavior. For an instantiation Bha;wvi we assume
len(w) = len(x), and len(w) = len(y).

Notational Conventions and De nitions. For a tuple x, we de-
note the set of namesoccurring in x by f xg. We write %, yfor the result
of appending y to x. We let 2 range over f; ;fzgg. By x; 2 we meanx; z
if 2= fzg, and x otherwise. The term (2)C is( z)C if 2= fzg,and C

The functions fn(:), bn(:), n(:) are de ned on preterms the obvious
way. Alpha equivalenceon preterms, , is de ned as usual. We also
usethe usual de nition and notational convention for name substitution,
and let range over substitutions. For a name x we write  (x) for the
name to which x is mapped to by , and for a set of names S, we
write  (S) to denote the set obtained by applying to ead elemeri
of S. Name substitutions on con gurations are de ned modulo alpha
equivalence,with the usual renaming convention to avoid captures. We
write C to denotethe result of applying the simultaneous substitution

to C.



Let X N. Weassume?; ZN,anddene X = X[ f?; g. For
f: X1 X ,wedenef :X I X asf (x)="f(x)forx2 X and
f(?)=1()= 7. Further, if is a substitution which is one-to-oneon
X,wedenef : (X)! (X) asf ( (x)) = (f(x)), wherewe let

(?)=?and ()=

4. Typ e System

Not all preterms represen actor con gurations. Unlike -calculus
wherenamesdenotecommunication channels,a namein the Actor model
uniquely denotesa persistert agert. To capture this object paradigm
we needto imposea certain discipline on the use of names,which we do
using a type system. Well-typed preterms, called terms, will represer
actor con gurations.

Strictly enforcing all actor properties would make A too weak to
expresscertain communication patterns. One such scenariois where,
instead of assuminga new behavior immediately after receiving a mes-
sage (as required by persistenceproperty), an actor has to wait until
certain syncironization conditions are met before processingthe next
message For example, suc a delaying mecanismis required to express
polyadic communication, where an actor hasto delay the assumption of
a behavior and processingof other messagesintil all the argumerts are
transfered. We therefore relax the persistencerequiremert, and allow
actors to temporarily assumea seriesof fresh names,one at a time, and
resumethe old nameat a later point. Basically, the syndhronization task
is delegatedfrom one new name to another until the last one releases
the actor after certain synchronization conditions are met.

A typing judgment is of the form ;f ° C, where is the set of free
namesin C that denoteactorsin C, and f : ! is a function that
relatesactorsin C to the temporary namesthey have assumedcurrently .
Speci cally, f (x) = ? meansthat x is a regular actor name and not a
temporary one,f (X) = meansx is the temporary nameof an actor with
a private name (bound by a restriction), and f (x) = y 2 f? ; g means
that actor y has assumedthe temporary name x. The function f has
the following properties: for all x;y2 ,f(x)6 x,f(x)=f(y)2f? ;g
implies x = y, and f (f (X)) = ?. While the rst property is obvious,
the secondstatesthat an actor cannot assumemore than onetemporary
name at the sametime, and the third statesthat temporary namesare
not like regular actor namesin that they themselvescannot temporarily
assumenew names but can only delegatetheir capability of releasing
the original actor to new names.
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We de ne the following functions and relations that will be usedin
de ning the typerules.

Denition 1 Letfi: 1! jandfz: 2! .
1 Wedenefy fo: 1[ 2! (1] 2) as

_ fi(x) ifx2 1,andfy(x)8 ? orx2 »
(F1 T00= " 1x) otherwise

Note that is ass@iative.

2 If 1 wedene fj : ! as

o it £ (x) 2
(Fi)(x) = f(x) otherwise '

3 We say f1 and f, are compatible if f = f1 f, has following
properties: f = f, fq, andfor all x;y 2 1[ 2, f(X) 6 X,
f (f(x))=7?,andf(x)="f(y) 2f? ; g implies x = vy.

De nition 2 For a tuple x, we de ne ch(x) : fxg! fxg asch() =

fg, and if len(x) = n, ch(®*)(x;) = Xj+1 for 1 i < n and ch(>®)(xp) =
?.

Tablel. Typerulesfor A .

NIL:  ;;fg > O MSG: ;;fg = Xy
fC . fxgzz;yz;_and
ACT gl Zich(x ®) " x)C " f= Eﬂgx 22)) X2
S E P
COND:  — 1;;]}1 Cflz\ [XZ’: i/](CClz;Cz)
if f1andf, are compatible
comp: —ufr G aifa Coe (0

1 2:fr f27 CijCa
f - C

RES: g il fxg) " (X)C

INST: fxg;ch(x) " Bhe;yi  if len(x) = 2 implies x1 6 x»




The typerulesareshowvn in Table 1. RulesNIL and MSG are obvious.
In the ACT rule, if 2 = fzg then actor z has assumedtemporary hame
X. The condition y 2 ensuresthat actors are not created with names
received in a message.n the terminology of [14], only output capability
of namescan be passedin messagesThe conditionsy 2 and fxg=
2 together guarantee the freshnessproperty by ensuringthat new actors
are created with fresh names. Note that it is possiblefor x to be a
regular name, i.e. fxg=;, and disappear after receiving a message,
i.e. Xx 2 . We interpret this asthe actor x assuminga Sink behavior
that simply consumesall messagest receives. With this interpretation
the persistenceproperty is not violated.

The compatibilit y ched in COND rule preverts errors such astwo ac-
tors, eadh in a di erent branch, assumingthe sametemporary name, or
the sameactor assumingdi eren t temporary namesin di erent branches.
The COMP rule guarantees the unigquenessproperty by ensuring that
the two composed con gurations do not cortain actors with the same
name. In the RES rule, f is updated sothat if x hasassumeda tempo-
rary namey in C, then y's role asa temporary nameis remembered but
x is forgotten. The INST rule assumesthat if len(x) = 2 then Bhx; yi
denotesan actor x, that has assumedtemporary name x1.

Type cheking a preterm involves chedking the accomparying be-

havior de nitions. For INST rule to be sound, for every de nition

B % (%;¥)x1(z):C and substitution = fu; v=x yg that is one-to-

one on f xg, the judgment fug;ch(w) ~ (x1(z):C) should be derivable.
From Lemma 2, it follows that this constraint is satis ed if fxg;ch(x) °

x1(2):C is derivable. Thus, a preterm is well-typed only if for eadh

accomparying behavior de nition B def (%, ¥)x1(2):C, the judgmernt

fxg; ch(x) = x1(z):C is derivable.
The following lemma states a soundnessproperty of the type system.

Lemma 1 If ;f ° C then fn(C), and for all x;y 2 , f(x) 6 x,
f (f(x)) = ?,andf(x) = f(y) 2 f? ; g implies x = y. Further, if
00> Cthen = %andf =9

Not all substitutions on a term C yield terms. A substitution may
identify distinct actor namesin C and therefore violate the uniqueness
property. But, if renamesdierent actorsin C to di erent namesthen
C will be well typed.

Lemma 2 If ;f C and isone-to-oneon then ( );f -~ C .
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5. Reduction Semantics

Reduction semartics of A is the same as that of -calculus with
mismatch. It is de ned in terms of the usual structural congruenceover
preterms and reduction rules shavn in De nition 3 and Table 2. We use
=) to denotethe re exiv e transitiv e closure of !

De nition 3 (structural congruence) The relation is the small-
est congruenc relation on preterms closal under the following laws:
11f Cq CrthenC; Co.

2 The combinator, j, is commutative and assaiative with 0 as iden-
tity.

3(xy)C (y;x)C, (x)0 0.

4 If x 2fn(Cy) then ( x)C1jC2  ( x)(C1jC2).

51f B & (¢ ¥9x1(2):C, len(w) = len(¢), and len(¥) = len(y) then
Bhaivi  (x1(2):C)f (&, ¥)=(x; y) 0.

Table2. Reduction rules for A .

RECV: x(y):Cjxz ! Cfz=yg
IF: [x=x](C1;Cz) ! C1 ELSE: [x=y](C1;Cz) ! C, if X6y

) c ! c° ] c, ! c?
HIDE: (x)C 1 ( x)C° PAR: CiC. ! CjC,
o cdrc) ., ¢ ¢

RV 1 e T e

Lemma 3 and Theorem 1 state that type system respects both the
structural congruenceand reduction rules.

Lemma 3 LetC; C,. Then fn(C;) = fn(Cy), and ;f °~ C; if and
only if ;f ~ C,.

Theorem 1 (subject reduction 1) Let ;f * CandC ! C°% Then
0f0° COY for some © ,andf?: 91 O satisfying the following
conditions: fqx) = ? if f(x) = 2, fqx) 2 ff (x);?g otherwise.

Sincewell-typedterms are closedunder reduction, it followsthat actor
properties are presened during a computation. However, note that the
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source and the target of a transition need not have the same typing
judgment. This is becauseof two reasons. First, actors may disappear.
As the readermay recall, this is interpreted asthe actor assuminga sink
behavior. Second,an actor with a temporary name may re-assumeits
original name, or decideto never assumeit.

We showv how the ability to temporarily assumea fresh name can be
used to encade polyadic communication in A . We assumethat the
subject of a polyadic receiwe is not a temporary name. In particular, in
the encaling below, x cannot be a temporary name. The idea behind
translation isto let x temporarily assumea freshnamez which is usedto
receive all the argumerts without any interferencefrom other messages,
and re-assumex after the receipt. For fresh u; z we have

Xty cinynill = (u)(Xuj Sihuiyasiiiiyni)
S E Wy Y U@y | Sien U Yien; i)
Sv = (Uiyn)u()zyn
ix(yzi:iyn):Cl1 = x(u):( z)(Uz j Ribz; R u; &i)
R; def (z;R;u;8)z(yi):(Uz j Ris1hez; R; u; ai)
R € (2% u; 8)2(yn):(uz j [C)
wherea = f n(x(y1;:::;y¥n):C) fxg, and ® = fxg if for some ; f, we

have [ fxg;f ~ |C], and ® = ; otherwise.

The formalism thus far doesnot accourt for fairnessin messageleliv-
eriesthat is required by the Actor model. We do not considerfairness,
asit doesnot make a di erence to the may testing theory we are con-
cernedwith. The reader is referred to Section 9 for further discussion
about this.

6. May Testing

We now instantiate the generalnotion of may testing [7]on A . Asin
any typed calculus,testing in A takestyping into accourt; an obsener
O can be usedto test C only if CjO is well typed. Sincethe set of valid
tests varies between con gurations, we parameterize the may preorder
with the set of obsenersthat is usedto decidethe order.

De nition 4 (may testing) Observersare actor con gur ations that
can emit a special message” . We let O rangeover the set of observers.
For C; O suchthat CjO is well-typed, we sayC may O if CjO =) CY—

for someC% Let 1;f1 > C; and ,;f2 > C,. Then for such that
1, 2 we say C; C, if for every O suchthat %f%° O and
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O\ =, Cy mayO implies C, may O. WesayC;' C,if C; C,

and C, Ci:. Note that is re exive and transitive, and ' is an
equivalene relation.

The parameter of a preorder indicates the size of the obsener set
that is usedto decidethe order; the larger the parameter, the smaller
the obsener set. From this obsenation, it is easyto seethat when

1 2, wehaveC; | CyimpliesC; , Cy, but not the converse. To
seewhy the corversedoesn't hold, we have 0" ¢,4 XX, but only 0 . Xx
and Xxx =. 0. Similarly, XX ' ¢yyq VY, but Xx =, yy and yy =. Xx.
Howewer, the cornverseholds if fn(C1) [ fn(Cy) 1.

Theorem 2 Let 1 2. ThenCy | Cy implies C; , Cy. Further,
if fn(Cl)[ fn (Cz) 1 then Cq 2 C, |mpI|es C1 1 Co.

7. Lab eled Transition System

We give an alternate characterization of may testing which does not
involve quanti cation over observing contexts. The characterization is
trace-based,i.e. it is in terms of sequence®f obsenable actions, namely
the messageexdanges,that a con guration may perform while inter-
acting with its environment.

The set of possible messageexdhangesat any time is determined by
the current ownership of names,i.e. which hamesdenote actors in the
con guration and which those in the ernvironment. The con guration
caninput only messagegargeted to one of its actors that is not hidden
from the ervironment (a receptionist), and can emit only messagesar-
geted to an actor in the environment (an external actor). We call this
the encapsulation property. Note that the information about ownership
of namesis in general not contained in the syntax of a con guration
as internal actors may disappear (assumesink behavior) and external
namesmay be forgotten as the con guration ewlves. We therefore de-
ne the notion of a con guration interface that records the history of
ownership of names,and useit to de ne alabeledtransition systemthat
characterizesobsenable actions.

De nition 5 (interfaces) An interfaceis a pair of setsof nameswrit-

tenas[; ], where \ = ;. We let | range over interfaces. We
de ne an ordering on interfacesas [ 1; 1] [ 2; 2]10F 1 » and
1 2 2

Lemma 4 The relation on interfacesis a partial order.
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We assaiate a con guration with interface[; ]to meanthat names
in  denote receptionists of the con guration and thosein denote its
external actors. Thus, the con guration can input only messageswith
target in  and emit messageswith target in . Note that since the
computational history of a con guration is not contained in its syntax,
a con guration can have seeral possible interfaces. The idea behind
partial order on interfacesisthat if I; 1, and | is a possibleinterface
of a con guration then sois I ».

Denition 6 Let ;f ° C,and = fn(C) . Thenwesay[® Jis
a possibleinterface of C andwrite C:[ ¢ Qif[; 1 [ % 9. We call
[; ]the minimal interface of C.

Remark : Note that as a direct consgquene of Lemma 3, if C; C;
thenCy:[; Jifandonlyif Co:[; 1.

Wede ne labeledtransitions over con gurations with interfaces,which
arewritten asthCii . Wesay Cii is well-formedif andonlyif C : [; .
The transition rules are givenin Table 3. Transition labelscanbe of v e
forms: (asilert action), Xy (free output of a messagevith target x and
content y), X(y) (bound output), xy (free input of a message)and x(y)
(bound input). We denote the set of all visible actions (non- ) actions
by L, and let range over L. The functions fn(:); bn(:) and n(:) are
de ned on L the usual way. To have a conveniert uniform notation for
free and bound actions we use the following convertion: (;)Xy = Xy,
(fyg)xy = X(y), and similarly for input actions. We de ne a comple-

mentation function on L as($)xy = ($)Xy, ($HXy = ($)xy.

Table3. Labelled transition system for A

N wei N mC Ry, V(L )=ix2

ouT: I P)(Cixy)i Y mci 19 i 9\ ([ )= x2

c ! c° mCl%i 1 mCli ., Ci CY
TAU: ————— —  LEQV: f 5
mCi 1 hCOi Q mCii 1 mC,i | C» C2

The labeled transition systemis essetially a simple extension of the
reduction systemto include obsenable actions. The IN and OUT rules
together capture the encapsulation property we described earlier. The
IN rule statesthat a con guration can receive only a messageargeted
to oneof its receptionists. The messagas asyndironous and is addedto
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the pool of messagesn the con guration. The external actor set of the
interface may expand asthe received messagemay contain new external
actor names. The OUT rule states that only messagegargeted to an
external actor can leave the con guration. The receptionist set may
expand becausenamesof hidden actors can be exported in the message.
Note that fresh names are chosenfor these new receptionists so that
uniquenessproperty is presened.

Lemma 5 states that the transition systemis consistert with the re-
duction system. Theorem 3 statesthe soundnessf the transition system
and also characterizesthe ewolution of con guration interfaces.

Lemma 5I1f C:[; ]JthenC ! CCif andonly if ®Cii ! mCSi

Theorem 3 (sub ject reduction 2) If Cy : [ 1; 1] and WCqii 1 !
HCoii 22 then C, : [ 2; 2], 1 >and 1 2.
Remark : Notethat [ 1; 1] [ 2; 2]

Welet s;r;trangeoverL . Fors= 1::: j::: n,wedenelen(s) =
n,ands(i)= j,forl i len(s). The functions fn(:); bn(:) and n(;)
are de ned on L the obvious way. The complemeration function on L
is extendedto L the obvious way. We use=) to denote the re exiv e
transitiv e closureof ! ,and =) to denote=) ! =) . Note that =)
is overloadedto denoteboth sequence®sfreductionsand ! transitions,
but its context of usewill always clarify which one is being used. For

0
s = I:swe useCyii ¢ ¥ WCyii 2 to denote WCyii 1 I T tc,i 2,
0
and similarly WC1ii © =§ WCyii 2 to denotehCyii 1 =) =) MCyii 2. We
write hCii =5 if WCii =§ WCSi o for someC® © O and similarly for
mCi ? andhCii !

The sequencef obsenable actions, called interaction paths, that a
con guration C with interface [; ] may perform are preciselys 2 L
such that iCii =} . The following lemma, which is true in A , relates
a computation involving two composedcon gurations to the interaction
paths that ead exhibits during the computation.

Lemma 6 (zip-unzip) LetCqi:[ 1; 1;Co:[ 2; 2], and 1\ =
Then C4jC; =) C if and only if for somes, WCyii * =5 tC i
iC,ii 2 :f angii % andC ( z)(ijcg), where f 2g = bn(s).

2 2

roro- -

8. Alternate Characterization of May Testing

We presert an alternate characterization of may testing in A that
is based on interaction paths. We follow the same approac used for
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asyndironous -calculus by Boreale [11]. Howewer, di erences between
the two calculi, such as in name matching capabilities and notions of
obsenability, lead to changesin the characterization and require di er-
ent proofsto establishit. To demonstrate these di erences, we follow
Boreale's proof layout and highlight the di erences asthey arise.

De nition 7 and Lemma 7 demonstrate the relation betweeninterac-
tion paths exhibited by a con guration and the ewolution of its interface.

De nition 7 We de ne the following functions on interaction paths

rep; [ )= rep([; Lsi(PXy) = ¢ rep[; I:s)
rep(l; Iisi(Pxy) = repl; 1's)
ext([; [ )= ext([; [s:(PxXy) =ext([; I;s)

ext([; Is:(Yxy)= (fygl ext([; Ls) repl; 1)
Lemma 7 If BCii =5 #CYi then
1 O%=rep([; I;s)and %= ext([; I;s),

2 s= si(P)xy:sp impliesx 2 rep([; ];s1), and ¢\ (rep([; 1;s1) ]
ext([; Is1)=:.

3 s= s (P)Xy:sy impliesx 2 ext([; ];s1), andy2rcp([; 1;s1)]
ext([; I;s1) if andonlyif ¢=;.

drep([; L[ ext([; LI,s)=n(s)[ [ ,and
5s=s5: :spimpliesbn( )\ (n(s))[ [ )=;.

For \' = ;,wedenel [; ]asthesetofall s2 L that satisfy
conditions 2 and 3 of Lemma 7. We de ne alpha equivalenceon paths
the obvious way, and work modulo alpha equivalence.Notethat L [; ]
is not closedunder alpha renaming, that isfors2 L [; ]there may be
r sbutr 2L [; ]. Therefore,wewill only consideralpha renaming
that doesnot result in sud ill-formed paths

De nition 8 (path transformation) @ We dene a relation on L
as the re exive transitive closure of the relation de ned in Table 4.

The intuition behind laws in Table 4, which is stated formally in
Lemmas8,isthat, forr;s2 L [; ]Jandr s, if acon guration exhibits
5 then it can also exhibit 7. L3 states that two consecutive outputs
can be commuted, while L4 states that two consecutiwe inputs can be
commuted. L5 statesthat an output canbe postponedto after an input,
provided the input doesn't usethe bound name exported by the output.
L3 and L5 can be usedto postpone outputs, and L4 and L5 to prepone
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Table4. A relation on interaction paths. In L3 and L4, M = ¢; N = ¢ if v 629,
and M = ¢; N = ; otherwise.

(L1) s:(PHXy s
(L2) S s:(P)xy

(L3)  s1:(M)uvi(N)xy:s, s1:(Pxy:(¥uv:sy

(L4) s1:(M)uvi(N)Xy:s s1:(PXy:(¥uv:s,

(L5) s1:(Wuv:(Pxy:sz s1:(Pxy:(Huvis, if u;vzy

inputs. These two rules capture the essenceof asyncirony. L1 states
that additional inputs may be appended, and L2 states that a tailing
output can be removed as there is no interaction after it that depends
on it.

Lemma 8 If ICii :f ,r sandr2L [; ], thenCii :5.

We now compareour laws with those of Boreale. The mismatch capa-
bility in A enablesdistinguishing bound namesfrom free names. Thus,
Boreale'slaw that allows replacing bound namesin an input action with
free namesis not applicablein A . Furthermore, Boreale'sannihilation
law, which states that a con guration can consumea pair of comple-
mentary interactions, is not neededin A for two reasons. First, due
to the encapsulationproperty a con guration can never exhibit comple-
mentary actions. Second,becausewe do not have a law that substitutes
bound nameswith fresh names,no path with complemenary actions is
related to a path in L [; ]. Finally, as opposedto asyndronous in-
puts allowed by the IN rule, Boreale'sLTS usessyndironousinputs. As
a consequencel 4 is not applicable there. Thesedi erences lead to a
stronger characterization of may preorder for A (seebelow).

Using we de ne the following preorder on con gurations, which we
will prove to be an alternate characterization of may preorder.

Denition 9 Let [ 1; 1] be the minimal interface of C1 and [ 2; 2]
that of C,. For suchthat 1; > , we say C; C, if for =

( 1[ 2) , MWCiii =} implies MCyii =) for somer s.

Although it is easyto seethat C; C, implies C; C,, the reverse
direction is more involved. To prove the reversedirection, we construct
foragivens2 L [; ], anobsenerO sudcthat forC:[; ],if CmayO

then Cii =) for somer s.
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De nition 10 (canonical observer) For s2 L [; ], wedene an
observer
O([; 19 = ( % 2)(ix2extq: 1:9Proxy(s;xi;z) j OUAL; 1;s;2)),
where for u; v fresh
fxg=bn(s) rcp(; I:s)
o; i~
O L(xyisi2) 2 xyjox; [fyg Iis2)
O ; Lxy:si2) 2 z(uv)fu= x " v=y(OU; 1s:2);0)
O ; Lx(y)siz) 2 z(uy)lu=x~y2( [ IO [ fyg 1s:i2);0)

Proxy(;x;z)=0

Proxy(($)xy:s; X; z) 2 Proxy(s;x; z)

Proxy(($)Xy:s; X; 2) 2 x(v):(zhx; vi | Proxy(s;x; z))
In the above, 2 is usal for macro de nitions.

The obsener O([ ; ];s) consistsof a collection of proxiesand a certral
matcher. There is one forwarding proxy for ead external name a con-
guration C knows while doing s. This forwarding mechanism, which
is absert in Boreale's construction, is essetial in our casebecauseof
uniquenessof actor names. The matcher which analyzesthe forwarded
messageskeepstrack of namesin the \current” interface of C and uses
them to distinguish bound namesfrom free namesin outputs. This tech-
nique works becauseif ($)Xy:s2 L [; ]Jandy 2 [ then ¢ = fyg.
The abbreviations 2 and * usedin the de nition can be encaded using
the conditional construct. The encading of 2 requiresthe ability to mis-
match names. Note that the de nition alsousespolyadic communication
between proxies and matcher, whoseencaling was shown in Section 5.

We not only require a di erent construction for the canonicalobsener
than Boreale's,but alsoan essetially di erent argumert for establishing
Lemma 9 (see Appendix for proof). Fors 2 L [; ], let ([; 1;9)
be the set of all namesy sud that s can be written as s1:xy:s; and
yaZrep([; Lisy)[ ext([; ];s1). It iseasyto shavthat if s2 L [; ]
and %= [ ([; ;). thenO(; I;8):[ % 1.

Lemma 9 Letr;s2L [; ]and °= [ (:; 1s). Then
mO([; 1;s)i ‘%) impliesr s.

Following is the alternate characterization of may preorder.

Theorem 4 C; C, if andonly if Cy Co.
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This alternate characterization can be further strengthenedto setin-
clusionin the caseof A . This is a consequencef Lemma 10which is not
true in Boreale'ssetting. Note that Theorem 5 rendersthe interaction-
path preorderto a proof tool rather than a part of the characterization.

Lemma 10 Letr;s2L [; ]. Thenr simpliess T.

Theorem 5 Let[ 1; 1] bethe minimal interface of C; and[ 2; »] that
of Co. For suchthat 1; » , if Cq Coand =( 1[ »2) ,

then MCii =§ implies MCii =¥ .

9. Discussion and Related W ork

A possible direction of future work is to give a complete axiomati-
zation for nite con gurations, i.e. con gurations that do not usere-
cursive behavior de nitions. Preliminary results for characterization of
may testing for variants of A with di erent name matching capabilities
have beengiven in [18]. Theseresults have alsobeenextendedin [17]to
get a characterization for L [12].

We have not consideredfairness property of the Actor model in this
paper asit doesnot a ect the notion of may testing. May testing is con-
cernedonly with the occurrenceof an event after a nite computation,
while fairnessrequires eventual delivery of messagesthereby a ecting
only potentially in nite computations. An interesting consequenceof
fairness is that must equivalence implies may equivalence, which was
shown for a speci ¢ Actor basedlanguagein [2]. It can be shovn by a
similar argumernt that this result holdsin A also.

Seweral calculi [5, 6, 10, 15] and programming languages[2, 5] have
been proposedfor actors. Since these works were motivated by di er-
ent reasons,such as design of high-level languagesor type systemsfor
certain genericproblemsin object-oriented languages,their systemsare
not faithful to the pure Actor model [1]. For instance, they either are
equipped with high level programming constructs that are not intrinsic
to actors, or ignore actor properties such as uniquenessand persistence.
Furthermore, these systemsare not directly comparableto -calculus.
In cortrast, our aim wasto investigatea theory for the pure Actor model
and compareit with that of Asynchronous -calculus.

Notions of equivalence and semartic models have been studied for
actors, sud as asyndironous bisimulation [6], testing equivalences[2],
event diagrams[4], and interaction paths [16]. We have not only related
may testing [2] to the interaction paths model [16], but also related our
characterizations to that of asyndironous -calculusgivenin [11].
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