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Abstract. We extend History Dependent Automata to handle polyadiel&aland using a new symbolic
semantics of fusion calculus we give a mapping into thesga@lat HDA with Negative Transitions,
and show that the mapping is adequate with respect to hypigedence in the fusion calculus.

This lays the grounds for HD-automata-based tools apgicadi only to the monadie-calculus but
also to the fusion calculus and polyadiecalculus, allowing implementation efforts to be focuséd a
foundational level rather than being multiplied in seveoals.

1 Introduction

With the development of thidistory Dependent Automateamework (HD-automata in brief) by Montanari,
Pistore and Ferrari [6, 10, 7, 1], a promising path to the bgraent of generic, reusable algorithms and
tools for automated verification of mobile processes hanegeRather than developing techniques and
algorithms at the level of the mobile process calculus, tidgphem from one calculus variant to the next,
and often multiplying the work spent on optimization anddgkzation in each tool, this work can be
focused at the level of HD-automata. What is necessary feratte mappings from each process calculus
to an appropriate variant of HD-automata, and proof thatptuperties of interest are preserved by the
mapping.

In this paper, we apply this approach to flagion calculusan extension and simplification of the
calculus developed by Parrow and Victor [9], where the ¢$fef communication are not necessarily local
to the input end (as they are in thecalculus). Our results are initially applicable to equerece checking.

HD-automata provide an operational model for history deje@ancalculi, i.e., calculi whose semantics
are defined in terms of transition systems such that theiti@msmay carry information generated in earlier
transitions of the system, and this “historical” inforneettican influence the future behaviour of the system.
Mobile process calculi such as thecalculus, where the communication topology may changanatycally,
are typical such history dependent calculi. HD-automate §jnite representations of classes of infinite
labelled transition systems. Symbolic semantics at thege® calculus level have also been used for this
purpose, but HD-automata give additional benefits: compgmesentation of states using symmetries of
names, and more importantlypaifiedfoundational framework for history-dependent calculi.

A tool based on HD-automata have been developed [2]. It worka variant of HD (HDS) suitable
for early and late semantics afcalculus, and very efficiently performs minimization otawata. HDS
are not applicable for open equivalenceritalculus or hyperequivalence in fusion calculus. An eim
of HDS, History Dependent Automata with Negative Transitigd®N) [10], is required. In this paper
we further extend HDN in order to model polyadic rather thamadic communication. This extension is
useful not only for our application, that of modelling fusioalculus in HDN, but also for open semantics
of the r-calculus. The same extension can also be applied to HDSyialh polyadicity also in early and
late semantics.

* Work supported by the PROFUNDIS FET-GC project.



Overview. In the following section we recapitulate the syntax, semeanand bisimulation congruence of
the fusion calculus [9]. In Section 3 we introduce a candrégenbolic semantics for the fusion calculus,
along the lines of [12], and prove that the original hyperegjence coincides with symbolic bisimulation.
After an introduction to HD in Section 4, we extend the HDNnfranonadic to polyadic in Section 5.

Finally, in Section 6, we give a mapping of fusion calculu®iRIDN using the symbolic semantics, and
in Section 7 show that bisimulation in HDN coincides with Bypquivalence. Full proofs are found in
Appendix A.

2 Syntax and Semantics of the Fusion Calculus

In this section we first review the syntax and operationalas#ios of the fusion calculus with match and
recursion, and then its strong bisimulation equivalenckamgruence from [9]. The novel contribution of
the present paper begins by exploring the canonical symbefnantics.

We assume an infinite enumerable 4ébf namesanged over by, v, ..., 2. Like in the r-calculus,
names represent communication channels, which are als@aliires transmitted. We writefor a (possibly
empty) finite sequence - - - z,, of namesy ranges over total equivalence relations oVefi.e. equivalence
relations withdom(y) = N) with only finitely many non-singular equivalence clasa#fe. write {7 = 3}
to mean the smallest such equivalence relation relatinig eawith y;, and writel for the identity relation.

If x andy are related by we writex ¢ y.

Definition 1. Thefree actionsranged over byy, and theagentsranged over byP, @, . . ., are defined by

a==uZ (Input) P:=0 ‘ a.Q ’ O+R ‘ QIR
uz (Output) _ i
¢  (Fusion) | @Q | =4Q [ A®@)

In the fusion calculus prefixes correspond exactly to the &etions defined above. An input action
uZ means “input objects along the partand replacer with these objects.” Contrary to the situation in
ther-calculus this action does not bird In other words, the scope &fis not bounded by the action. The
output actiorzz is familiar from ther-calculus and means “output the objegtalong the port.”. A fusion
action{z = ¢} represents an obligation to makendy equal everywhere.

Input and output actions are collectively calliede communicatioactions. In these, the namgésare
theobjectsof the action, and the nameis thesubject We writea to stand for either, or @, thusaz is the
general form of a communication action. Fusion actions meither subject nor objects.

The namer is said to beboundin (x)P. We write (Z)P for (x;)--- (x,)P. Thefree namesn P,
denotedn(P), are the names i with a non-bound occurrence; hefi ) is defined to be the names in
the non-singular equivalence classes, i.e., in the relatie 1. Notice that since the syntgx: = 2} means
1, the free names of that fusion do not includebut is the empty set. As usual we will not distinguish
between alpha-variants of agents, i.e., agents diffentgia the choice of bound names.

The action of a transition may be free or bound:

Definition 2. The actions ranged over byy and §, consist of the fusion actions and of communication
actions of the fornfz) - - - (z,,)aZ (written (2)az), wheren > 0 and all names irt are also inz. If n > 0
we say it is boundaction.

Note that there are no bound fusion actions. In the commtiaitactions above; are thebound objects
and the names it that are not inZ are thefree objectsFree actions have no bound objects. We further
write n(-y) to mean all names occurringin both bound and free.

We let M, N, L range over sequences of match operators, and we sayftliaplies NV, written M =
N, if the conjunction of all matches if/ logically implies all elements iV, and that\M/ < N if M and
N imply each other.

We defingp\ z to meanpy N (M — {z})? U {(z, 2)}, i.e., the equivalence relatianwith all references
to z removed (except for the identity). For example,= z,z = y}\z = {z = y}, and{z = y}\y = 1.
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Table 1. Transition rules for the Fusion Calculus.

Definition 3. Thestructural congruencges, between agents is the least congruence satisfying théaabel
monoid laws for Summation and Composition (associatieitygmutativity an@ as identity), and the scope
laws ()0 =0, (z)(y)P = (y)(x)P, (2)(P+ Q) = (z)P + (2)Q, (x)MP = M(z)Pif z ¢ n(M) and
also thescope extensiolaw P | (2)Q = (2)(P | Q) wherez ¢ fn(P), and the law for process identifiers:
A(y) = P{j/a} if A@z) £ P

We proceed by giving the labelled transition semantics siifia calculus.

Definition 4. The family oftransitionsP —- @ is the least family satisfying the laws in Table 1. In this
definition structurally equivalent agents are considefegisame, i.e., iP = P’ and@ = Q' andP - Q
then alsoP’ 1 .

Definition 5. A substitutions agrees withthe fusiony if Vz,y : z oy < o(z) = o(y). A substitutive
effectof a fusiony is an idempotent substitutian agreeing withy such thatvz,y : o(z) = y = zpy
(i.e.,o sends all members of the equivalence class to one représentdthe class). The only substitutive
effect of a communication action is the identity substitutFor any actiony we writeo, for its substitutive
effect.

For example, the substitutive effects{af = y} are{z/y} and{y/xz}. Note that not all substitutions
which agree withp are substitutive effects @f. For example any injective substitution agrees witittbut
the only substitutive effect df is the identity substitution.

Lemma6. If P 2~ P’ thenPo X% P’o, for any substitutiom.
We end this section by reviewing the definitionhyfperbisimulatiorf9].

Definition 7. A fusion bisimulatioris a binary symmetric relatio§ between agents such th@ Q) € S
implies:
If P 5 P’ with bn(y) N fn(Q) = 0, thenQ -~ Q" and (P'o.,,Q’c,) € S. P is fusion bisimilarto Q,
written P ~ @, if (P, Q) € S for some fusion bisimulatio§.

A hyperbisimulatioris a substitution closed fusion bisimulation, i.e., a fasisimulationS with the
property that(P, Q) € S implies(Po, Qo) € S for any substitutiors. Two agents” and @ are hyper-
equivalentwritten P ~ @, if they are related by a hyperbisimulation.

The interesting point in this definition is the treatmentwsibn actions. A fusiodxz = y} represents an
obligation to maker andy equal everywhere. Thereforejfabove is such a fusion, it only makes sense
to relateP’ and@’ when a substitutiody/x} or {z/y} has been performed. Note that it does not matter
which substitution we choose, sinéqz/y} ~ Q{z/y} implies P{y/xz} ~ Q{y/z}, by the simple fact
thatP{z/y}{y/x} = P{y/x} and that bisimulation is closed under injective substiusi
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Table 2. Canonical symbolic transition system for the Fusion Caisul

Theorem 8. [9] Hyperequivalence is the largest congruence in fusion liiarity.

For further examples and explanations we refer the read®r &j.

3 Canonical Symbolic Semantics of Fusion Calculus

In this section we presentanonicalsymbolic semantics for the fusion calculus, along the lofesymbolic
semantics for the-calculus [12, 11]. Symbolic semantics are often used te gfficient characterizations
of bisimulation equivalences for value-passing calculi.

In Table 2 we present the symbolic transition system. LikfELR] a symbolic transition is of the form

p M, Q, whereM is the enabling condition of the actionin the sense thal/ represents the equalities
a minimal substitutiorr;; must make true in order faPoj; to perform the corresponding action in the
original labelled transition system.

Following Pistore and Sangiorgi’s work [11], our trangitiles apply substitutions to the continuation
of a transition: like [11], a substitutios,;, making the condition for the transition true, and in acditi
a substitutiorw, the substitutive effect of the action. The motivation fhistis to make the definition
of bisimulation simpler and more in line with the algorithimsed in the HD framework (see Section 5).
We show later in this section that bisimulation using the sghic semantics coincides with the original
non-symbolic version.

While we can in general use amy;,; which agrees withl/ and which is identity for all names not
in M, and any substitutive effeet, of the action, like Pistore and Sangiorgi [11] we chocaeonical
substitutions, which selects theinimal representative of each equivalence class\bfor v and maps
all members to it. Henceforthy,, and o, refer to canonical substitutions. Note that hyperequivede
(Definition 7) does not change, since we can use any subsatieffect there.

Using canonical substitutions gives us pleasant propdikie the following:

Lemma 9. If P 2% P/ theny = vou and P = Ploy = P'o, = Ployo,.

The definition of symbolic hyperbisimulation is similar teat of symbolic open bisimulation [12, 11],

but does not have the complication of distinctions.

Definition 10. A binary symmetric process relatidhis a symbolic hyperbisimulatioif (P, Q) € S im-
plies:
If P22 P with bn(v) N fn(Q) = 0 then@ 2 @’ such that



- M = N,
- v=7'om, (notey=ron)
—and(P’,Q'op) €S (noteP’ = Ploy).

P issymboalically hyperequivalemo @, written P ~ @, if (P, Q) € S for some symbolic hyperbisimulation
S.

Since the symbolic semantics applies the substitutiorcesifave can leave most of that out of the
bisimulation definition. It is still necessary to apply stitagion corresponding to the stronger condition,
o, to the label and continuation of the transition(@f(Note thatQ’oas = Q’oaro.)

In the remainder of this section we establish the correspooe between symbolic hyperequivalence
(Definition 10) and the standard hyperequivalence (Definifi) by proving Theorem 1% ~ Q iff P ~ Q.

Lemma 11.

1. oor, = ogrp, for any substitutionr and some, whereR is an equivalence relation.
2. If M = N thenMo = Nop, for some substitutiop
3. oross,, = osor, WhereR and S are equivalence relations.

Lemma 12.
1. 1 p M P’ thenPo Mo, P'00pMoOyo-
2. if Po KA P’ thenP M, prrwith Mo < N,vo =+',andP’ = P"oono..
Proof. By transition induction, using Lemma 11.
Lemma 13. P ~ @ impliesPo ~ Qo
Proof. Straightforward diagram chasing, using Lemmas 11 and 12.

Lemma 14.

1. 1t P % P/ thenPoy - P7 st.P = Plo;
2. if M = N andPoy, -2 P/, thenP 220 P such thaty = 4oy and P'o., = Poy.

Proof. Again by transition induction, using Lemmas 11 and 6.
Theorem 15. P ~ Q iff P ~ Q

Proof of=: by showingS = {(P,Q) : P ~ Q} is a symbolic hyperbisimulation, using Lemmas 14
and 11.

Proof of<: We already have closure under substitution (Lemma 13), land thatS = {(P, Q) : P ~ Q}
is a fusion bisimulation using Lemmas 14 and 11.

4 History Dependent Automata

Verification of systems that are modelled as mobile prose@se concurrent systems whose communica-
tion topology may change dynamically) is hard. For instaintéusion calculus, agents can perform tran-
sitions that generate new names, e.g.dreNrule in Table 1 establishes that an agén},P, can create a
new name and can extrude it. TbeeNrule introduces an infinite branching in the automata cpoading

to agents that perform such transitions sin@an be freely replaced with any nameNf\ fu(P).



Fig. 1. HD-automaton for a fusion calculus agent

History Dependent automat@iD-automata in brief) have been proposed in [10, 6, 7, 1] agw
operational model for history dependent calculi, i.e.caklwhose semantics are defined in terms of a
labelled transition system such that the labels may cafoyrimation generated in earlier transitions of the
system that can influence the future behaviour of the systagmthe fusion calculus.

HD-automata aim at giving a finite representation of othsewinfinite LTSs; similarly to ordinary
automata, they consist of states and labeled transitianggVer, states and transitions of HD-automata are
equipped with names which are no longer treated as syntamtiponents of labels, but become an explicit
part of the operational model. This permits modelling ofi¢gp linguistic mechanisms of hame passing
calculi, such as creation and extrusion of names. Moredvaitpws for compact representation of agent
behaviour by collapsing states that differ only for renagrofilocal names.

Various families of HD-automata have been introduced. Rbugpeaking each class of HD-automata
corresponds to a class of history dependent calculi orréifficbehavioural semantics. In order to deal with
asynchronous and open semantics-@flculus, HD-automataith negative transitionsave been proposed
(the reader is referred to [10] for details).

Negative transitions “cover” regular transitions whichymaecomeredundant For example, let us
consider the fusion age® = (y)(@vy.B(u,y) + [v = v]vvy.B(y,y)). Provided thatB(y, y) is
equivalent toB(u, y){v/u}, according to symbolic hyperbisimulation (Definition 1®),is equivalent to

(y)uvy . B(u,y) because the transitioR Ju=el vy, B( LIOLLIN
B(u,y); thus it isredundantn P.

Figure 1 depicts the HD-automaton corresponding to theofuagentP 3. It has three stategy, ¢;
and g9, that respectively correspond to agemsB(u,y) and B(y, y), and three transitions ¢’ andt”.
Since names are local to states, labels and transitions edilit®mata, they have been renamed in order to
“normalise” them, as will be more clear in Section 6 (whereals® comment on thed01” of out labels).
We need a mechanism for describing how names corresponahootiaer along transitions. Graphically,
we represent such correspondences using dashed wirestimgat names of the label and the source and
target states of transitions. All transitions have thremesv,, v, andvs. Namews is connected ta, in
g1 and is observed in the label, but it has no counterpayg,imeaning that it is a name createddfy(and
similarly for ¢t andt’). Transitionst andt”, represented with straight arrows, g@sitivetransitions, while
transitiont’, the zig-zag arrow, inegativelt is used to detect thedundancyf ¢; as defined later, a positive
transitiont is redundant when there is a negative transition that cooress tot, leading to an equivalent

y,y) is matched by transitio®

3 The algorithm for mappingd® in the automaton of Figure 1 will be given in Section 6. Herejugt give an intuition
of the interplay between positive and negative transitions



state. Redundant transitions can be safely removed fromEr@utomaton during the bisimulation check
without affecting bisimilarity (Theorem 27). Notice aldwat if we remove and¢’ from Figure 1 we obtain
the automaton corresponding(t@)u vy . B(y, y) (equivalent taP).

5 Polyadic HD-automata with Negative Transitions

This section, after some notation, introdugedyadic HD-automatavhich can address polyadic calculi.
Basically, we set the framework for formally defining HD-amtata and the mapping to these from fusion
calculus agents.

Given a relationf C A x B, we definedom(f) = {a € A : 3b € B.(a,b) € f} andcod(f) = {b €
B:3a € A.(a,b) € f}. Whencod(f) = B, we say thaff is anembedding oBB in A (written f : A—— B
or f : B«e— A). An embeddingf C A x B associates elements dfto elements of3. Inverse injections
can be simply defined as follows:

Definition 16. A relation f C A x B is aninverse injectior(written f : A« B) iff f is an embedding of
Bin A, (a,b),(d/,b) € f = a =a’ and f~! is injective.

Aninverse injectiory : A« B can be seen as an embeddindgdfito (a subset ofl. Conditioncod(f) =
B states that each element Bfis associated to an element.4f while injectivity of f ! states that such
element is unique; furthermore, each elemend d$ related tcat mostone element of3. Therefore f can
be thought of as being a partial injective function freito B such thatf —! is an injective function. In the
sequel, we often writ¢ (a) = b for (a,b) € f.

We usepolyadic named function@-named functions for short) for handling polyadicity:

Definition 17. Anamed seE is a setE and a family of subset of names indexeddhr equivalentlyE|[_]
is a map fromF to p(N) (in the following, if X is a named set, thel denotes its underlying set).
LetE andF be two named sets.gxnamed functiomn : E — F is

— afunctionm : E — F and
— a family {ml[e] : E[e] == F[f]}(,f)em Of Nname embeddings indexedsbysuch that, for any € F,
(a,b),(a,b') € mle] = b=1"0".

Anamed functiomn : E — F is a p-named function such that, for eackt E, m[e] is an inverse injection.

Hereafter, ifm : E — F is a (p-)named functionn: denotes the underlying mapping and, for ang F,
mle] is the embedding frorfi[e] to F[m(e)].

Definition 18. A Polyadic History Dependent Automaton with Negative Traoss (p0HDN), denoted by
A, isatuple(Q,L, T, T,s,d,o,qo,00), where

— Q is a named set oftates

— L is a named set ofabels

— T is a named set of (positivelansitions

— T is a named set ofiegative transitions

—s,d: TWT — Q are thesourceand destinatiomamed functions;

— o0: TWT — L is theobservatiorp-named function;

qo € Q is theinitial state

oo : N« Q]qo] is theinitial embeddingf the local names af; into V.

We defineT[to = T[] N dom(s[t]) and T[tlnew = T[t] \ dom(s[t]) and require thatT [t]new C

dom(olt]), for eacht € T. We use corresponding definitions for negative transitions
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We writet : ¢ —— ¢’ (respit : ¢ R ¢’) for denoting a positive (resp. negative) transiti@uch thas[t] = g,
d[t] = ¢’ andolt] = 1.

The source and destination functions associate statesctotesnsition; they injectively embed the
names of the source/destination states in the names ofttaesition. Similarly, the observation function
associates a label to each transition, and embeds the ndrtfes label in the names of the transition.
It should be clear that Figure 1 fits Definition 184 is the initial state and the initial embedding is
{(u,v1), (v,v2)}. Notice thas[t] andd[t] must be inverse injections, whereds is an embedding of names
of T[¢] into names of the observation. Hence it is not requireddfthbe injective; for instance, transition
t in Figure 1 embeds both label nam@sandwvs of ¢ in vy thus representing the two occurrencesof
in the corresponding transition of the agéhtThe conditions or[t] andd[t] mean that names of source
and destination of have at most one possible “meaning” along the transitiorslewfor o[t] multiple
occurrences can appear in the observatfons

Bisimulation on pHDNs must consider names of states, ladr@ldgransitions. We first give the concept
of partial bijection

Definition 19. A relation R C A x B is a partial bijectionbetweend and B (written R : A — B) iff
whenevefa,b), (a’,b') € R, thena =d' < b=1'.

Bisimulations on pHDNs are relatior®® made of triples(qs, 4, g2) whereq; andg. are the related states
andd : Q[q1] — Q[¢2] is a correspondence among nameg0fndg.. We say thafR is symmetricif
{q1,6,q2) € Rimplies(g2,57 1, q1) € R.

Definition 20. Let A = (Q,L,T,T,s,d,0,qo,00) be a pHDN andR C {{(q1,8,42) : q1,¢2 € Q,6 :
Q1] = Q[ge]} be a symmetric set of triples oA The seted[R] of redundant transitions fag is the set
of positive transitions € T such that there exist some negative transitioa T such thats(t) = s(¢') and

there are some : T[t|new < T[t'lnew and some : T[t] — T[t'] such that, it = (s[t];s[t'] ') U &, then
olt] = ¢;o[t'] and (d[t],d,d[f']) € R, for somed’ C (d[t]~*; ¢;d[t]).

A transition which is not redundant (fa?) is said to bdrredundantfor R).

Definition 21. Let A = (Q,L, T, T,s,d, 0, g0, 0o) be a pHDN. ApHDN-bisimulatiorfor A is a symmetric
set of triplesR C {(¢1,9,¢2) : 1 € Q,q2 € Q,0 : Qlg1] — Q[g=]} such that wheneveyy, d, ¢2) € R,
then for eacht; : ¢ —— q1 € red[R], there exists : g2 N @, € : Tlt1]new < T[t2]new and( : T[t1] —
T[ta] such that, if¢ = (s[t1];6;s[tz]~1) UE, then

o[t1] = (;olta] and (q},d",¢5) € R, for somes’ C (d[t1]"; ¢; d[t2])

We write A; & A5 for the pHDN obtained by taking the disjoint union.df and.A,, and whose initial state
coincides with the initial state ofl;. (Of course, it does not matter whether we choose the irstake of
A; W As to be the initial state afl; or of As.)

Definition 22. Let A; = (Q;,L, T4, T4, s4,ds, 04, qo,, 00,) (i € {1,2}) be two pHDNs.A; and A, are
pHDN-bisimilar, written A; ~ As, if there exists some pHDN-bisimulatiga for A; W A, such that
(go. 6, q0,) € R for somes C (0o, ;0,").

4 In [10] this problem is resolved by using labels of the fasmt- that exposes a single name which plays the role of
subject and object in the transition. We cannot exploit thechanism for general polyadicity, becausg #re the
names of a transition, we should consider a different ladfmeéfch subset of namesafEven though this could be
a valid solution, it is not suitable as far as verificationgmges are concerned. Indeed, it would require a different
transition for each subset of the set names carried by the. [&his makes the number of states of the underlying
automata exponential.
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Table 3. Labels for fusion calculus pHDNw§ = |Z|)

6 Mapping Fusion Calculus to pHDN

The mapping of fusion calculus agents to pHDN is similar ®rtapping of constrainetd-calculus agents

in the open semantics [10]; like there, the closure undestitutions is handled by matching the condition
part of the label in bisimulation, and the negative transii of the pHDN are used to “mark” possibly
redundant transitions. Differently from [10], we do not deageither distinctions nor to split a symbolic

transition*~2 into two transitions at HD-automata level (one for conditia’ and one for action). Our
polyadic extension of HDN allows conditions and actionséacbmbined in the same transition.
Hereafter, we consider onhgpresentative transitionglefined as follows:

Definition 23. A transitionP ~-2, Q is arepresentative transitioiif§, assuming a total order o/, either
visafusionory € {(z1...2m)UZ, (21...2m)ui}and, foralli = 1,...,m, z; = min{ N\ In(P)\{z; :
1<j<i}}

In the following, we assume a function nofthsuch that, for any fusion calculus agetitnorm(A) yields
the pair(B, p) where

— B s the representative element of the class of agents différom A by bijective substitutions,
— p: (A) — fn(B) is a bijective substitution such thdip = B.

Basically, norni_) renames agents exploiting the total order assumed/offo fix the terminology, we
assume that; < v -+ < v, -+, Where, for each, v; is a name inV. For instance, let us again consider
the agent of Section 42 = (y)(Tvy.B(u,y) + [u = v]vvy.B(y,y)); normP) = (qo,00), where
g0 = (y) (V1 v2y - B(v,y) + [v1 = v2]Uz v2y . B(y, y)) andog = {(u,v1), (v, v2)}.

Table 3 gives the correspondence between labels of thenfaaioulus and pHDN labels.

The first row reports the labels of fusion calculus, for eatthese, the second row establishes the
correspondence between the label of the HD-automata. Tthef $abels for pHDN of fusion calculus
agentsis

L7 = {tau} U{abi. . by : € {in,out} AVi=1,...,m: b; € {1,0}} U {fus,, : m > 0}.

Label tau is used for identity fusionsin b, ...b,, andout b;.. .b,, correspond to input and output of
names, say: .- -x,,; eachz; is free or bound depending whethigr= 1 or b; = 0; fus,, corresponds to a
fusion action{z; = 21, ..., Zm = zm }-

The correspondence between the names of the occurring fosten calculus labels and those of the
HD-automata are given the last two rows. Such correspordisndefined in terms of two embeddings
x and\; the former depends on a parametewhich is the number (incremented by 1) of names of the
condition part of transitions not included in the actiontpgmes of the fusion calculus agents. It is used
to let the names (of canonical representatives) of pHDNsttams be different from the names used in the
conditions;x(n) is not required to be injective. Basically,and« define the embedding of names of the
transitions of agents into the (normalised) names of thesttians of the HD-automata.

Definition 24. The pHDN.A/(A) corresponding to the fusion calculus calculus agénis the smallest
pHDN that satisfies the following rules:
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. Initial state and embedding norm(A) = (A4’,¢’) then

— A’ € Qis the initial state, an®Q[A’] = fn(4’);

— ¢ is the initial embedding;
Positive transitionsif A € @, A MY Alis a representative transitiomorm(A’) = (A”,0), N is a
normalised condition, an& < M p for some bijective substitutign then

— A” e QandQ[A”] = fn(A");

— there is some € T such thafT [t] = fn(A) Un(M) U bn(y);

- s(t) = A, d(t) = A", s[t] = idg,(4) andd[t] = o,

— o(t) = (N,l) andolt] = pU x(n) wheren = 1 + |n(N) \ n(v)|, whilel and« are related toy as

defined in Table 3;

. Negative transitionsf A € Q, A 2% A" and A 27 A" are representative transition such that

M +£= M’ andy = v'op; let norm(A”oy) = (A", o), N be a normalised condition such that
N & M p for some bijective substitution then
— A" € QandQ[A”] = fn(A");
— there is some € T such thafT[t] = fn(A) Un(M) U bn(y);
—s(t) = A, d(t) = A", s[t] = idg, 4y andd[t] = opr0;
— o(t) = (N, 1) ando[t] = p U k(n) wheren = 1 + |n(V) \ n(y)|, while! andx are related toy as
defined in Table 3.

We use the agen? given in Section 4 to comment on Definition 24; we build theoauditon following the
steps of Definition 24.

1.
2.

7

Initial state and initial embedding are given by nofh = (qo, oo) previously detailed.

There are two possible representative transitions ouf,afamelyqo =223 v2vs, B(vs,v3) and

go LY By ws), SO if (g1, 01) = norm(B(vs,vs)) and (gz, o) = norm(B(vy,vs)) then
o1(v3) = v1 andoa(vs) = vy as shown in Figure 1. As prescribed by Definition 24, we add two
positive transitionf and¢”. Transitiont goes fromgy to ¢1; its names arén(qgo) U n(v; = wvz) U
bn((v3)0z vav3) = {v1,v2, v3}, Moreovers[t] = idg,(4,) andd[t] = 0. Finally, the observation dfis
obtained through Table 3. Indeed}t) = (v; = v2, out 001); sincev; andv, appear in the action part
of the labelx(1) = {(v1,v1), (v1,v2), (v2,v3)}, @s reported in Table 3, which in Figure 1 corresponds
to the dashed arrows from nameg @b names of the observation.

. To complete the automaton, it remains to add the negatinsitions. Let us observe that, by definition,

the condition oft strictly implies the condition of”, i.e.u = v £=- (J; moreoverg vyc,—, = Tvy
and normiB(u, v)ou=,) = (g2,4d). Thus, we add negative transitiohto the automaton, where the
name embeddings are computed as done above for positigitimast andt”.

Relating pHDN-bisimulation and Hyperequivalence

This section shows the relationship between hyperequigaleand pHDN-bisimulation formally stated in
Theorem 29: The HD-automata corresponding to bisimilaipfusalculus agents are pHDN-bisimilar and,
conversely, we can recover an agent from a state of an autoroate a “global” identity is assigned to the
local names of the state.

Definition 25. Given a pHDN automatol = (Q,L,T,T,s,d, 0, q0,00), a global state of4 is a pair
(q,0) whereq is a state of4 ando : N <= Qlg]. G4 is the named set of global states .df where

Gal(g, o)) = o= (Qla))-

A global transition ofA is a pair (¢, p) wheret is a transition ofA andp : N—- T[t] (p : N—— T[t] if

t is a negative transition) is s.tn, x), (n,2’') € p <= olt](z) = o[t](z'). U 4 is the named set of global
transition of A whereU 4[(t, p)] = p~1(T[t]). Moreover, we let) 4[(¢, p)]oia = p(T[t]oia) (@nd similarly
for U.A[(ta p)]new)'
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ft:q-—q then(t, p) : (g, p;slt]) LA, (¢, p;d[t]) is s.t. A~ = pUolt] and X and! are related as in
Table 3 (and similarly for negative transitions).

A global state(q, o) represents the image of statef a pHDN automaton once a global identityhas been
fixed for the names of (and analogously for global transitions).

Theorem 29 relies on the fact that pHDN-bisimulation is eglgint to bisimulation on global states and
global transitions that is defined as follows:

Definition 26. Let R be a binary relation over global states of a pHDN-automatnA positive global

transitiont : ¢ LN ¢’ isredundant fofR if there exists a global negative transitioh: ¢ RS q"st.q¢d Rq".
A symmetric binary relatiofR over global states ofd is a global bisimulationf, whenever; R g¢o,

for each non-redundant transition : ¢; N q' for R, there exists a global transitiofy : g2 N q5 S.t.
Ul[tl]new N Gz[tz] =0 andq’l R qé.

Theorem 27. Two pHDN-automata are pHDN-bisimilar iff they are globatlisimilar.

The proof of Theorem 27 is given in the appendix. The intuiti® that for the “only if” part is to prove
thatR’ d:Ef{ (q1,6,42) : (q1,01)R(q2, 02), where § = o *; 02} is a pHDN-bisimulation, ifR is a global

bisimulation for.A; and.A;; while for the “if” part of the theorem we can show ttat d:ef{ (q1,0,q2) :
(q1,01) R(q2,02), where § = 07 *; 02} is a pHDN-bisimulation, provided th& is a global bisimulation
for A; andAs.

Lemma 28. Given fusion calculus ageift and a global statéq, o) of A/ (P), then:

1. if go 2% ¢ is a transition in.Af (P), then there is a global transitiofY, p) : (¢,) =2 (¢, o) of
Af(P) sit.q" = ¢'o’ andl and \ are related as in Table 3;
2. vice versa, if(t,p) : (q,0) LA, (¢',0") is a global transition ofA/(P), then there is a transition

qo A, q" s.t.q¢" = ¢’o’ andl and \ are related as in Table 3.

Proof of 1: By Lemma 12(2), we have (without loss of generality) a repnésgtive transitiory LN q"
whereM < M'o, v = ~'o, ¢ = ¢"omo,. Then, letting(¢’,0”) = norm(¢”"), by Definition 24,

t:q RAIR q' is a transition ofA” (P), where, for a bijective substitutiaf
N & M9, oft]=0Ux(In(N)]), d[t]=0", s[t] =idsmq),

and! andx are related as in Table 3. If we lef = ¢”~!;04;0, and consider an embeddings.t.
Plaom(sy = o @andp™t|, vy = 67! thenitis trivial to see tha, p) : (¢,0) LA (¢, o) is a global transition
for Af(P). Finally, since by construction ef andg’ = ¢"’o”, we haveg'c’ = ¢"0";0"" Y 00150, =
q"omr; 0y = ¢” (Where the last equality holds by Lemma 12(2)).

Proof of 2: Let (¢,p) : (¢,0) LA, (¢',0") be a global transition fadl/ (P) then, by construction, there is a
transitiont : ¢ SN ¢’ in A7 (P) (whereM, [ and) are related as in Table 3); hence, by Definition 24, there
is a (representative) transition s.t., for a bijective s$ialson 6, ¢ 2, q" whereN < M0, (¢,0") =

norm(¢”’) ando” = d|t]. Then, by Lemma 12(1}0 AL, q"o, whereq” = ¢"'oo 0,0 and proceeding
as in the first part, we have thg@v’ = ¢”. O

Theorem 29. A; ~ A, iff Af(A;) ~ Af(A;), whereA; and A, are two fusion calculus agents.
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Proof. The proof shows thatl; ~ A iff the corresponding automaton are global bisimilar. THig
Theorem 27, proves the result.
By Lemma 28(1) we have that the relation

R = {{(q1,01), (g2, 02) : (¢i,0:) global state OfAf(A,'),i €{1,2} N qio1 ~ q202)} Q)

is a global bisimulation and, by construction 4f (A;) and A7 (As), if (¢:,,0i,) is the initial state of
Af(A;) (i € {1,2}), then
1,01, = A1 ~ Ay = qo,09,,

hence((q1,,01,), (¢2,, 02,)) € R, Which, by Definition 22, means that/ (A, ) is bisimilar to. A/ (A, ).
The converse is similarly proved by using Lemma 28(2). IndéfeR is global bisimulation which
contains((q1,, 01, ), (¢2,, 02, )) then the relation

SE (101, 4209) : (a1, 01)R(g2,02)}

is a bisimulation containingA;, A,). m|

8 Conclusion

We developed a new symbolic semantics for the fusion cadowherecanonicalsubstitutions are applied
eagerly, lessening the computational work in bisimulatibacking, and which fits well in the HD frame-
work with negative transitions. We made a conservativeresitm (pHDN) of history dependent automata
to handlepolyadicity. This extension is applicable alsotecalculus semantics. For the open semantics of
m, it also reduces the number of states and transitions indlregponding HD-automata by avoiding the
split into condition and action transitions. To simplifyetipresentation (avoiding the distinctions of open
semantics ofr), and to show that the substitutive effects of the fusioowdals do not present a problem for
pHDN, we gave a mapping of fusion calculus into pHDN, and ptbits adequacy. Similar mappings for
the closely related r-calculus [4] or they-calculus [3] should be straightforward.

As future work, we will apply our results in a partition refinent-based equivalence checking tool
within the PWEB, a web-based verification environment urieelopment in the PROFUNDIS FET-GC
project. In addition, we intend to give an explicit co-algaib formulation of pHDN where an effective
minimization algorithm can be guaranteed by the existefied@minal object, like for the-calculus with
early semantics [1]. We also intend to extend HD-automath wisubstitution operation on the states in
order to model full congruences for late and earlgemantics.
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A Proofs

A.1 Proofs from Section 3
Proof of Lemma 11:

1. See[12].

2. Follows from the following lemmas of Sangiorgi [12]:

(@) if M = N thenMo = No
(b) if o0 = o’ thenp exists s.to=0o'p

3. Follows from the Substitution Lemma in Taylor [13].

Proof of Lemma 12:We show the case f&-PAR; the others are similar.

1. P=p | P22 P P2 Q whereP, 2% Pl andP} = Pyoyos.

oo

Then by mductlod?la
Let P! = P{00ro0~0,

P’ | PQO’O’]MUO’VU =
=P | Pooyoqp
=P | Poopono,oyp
=P | P20MOMOy0,, 0P
=P’ | Paopoyonmoyp
=P'| Pilopoqp
= P{o0MeOvo | Py00MeOT~o
— (P | P)ooatooye

2. LetP = (P | R)o 225 Pl Py =Q whereP1 N, prandP) = Pyooyo!

———— P[00Mo0o aNdbys-PAR Pio | Pyo ———

Mo,yo

(by Lemma 11(1), for somes.t.co 600 = Oar)
(idempotence)

(y = yop by Lemma 9)

(by Lemma 11(3))

(PQ/ = PQO'MUV)

(usingp, o from first step above)

(which is what is required)

~

Then by induction hypothesis we havg 17, P{" with P{ = P/'oonoy, yo =+ andMo < N

and bys-PAR P, | P, — My P! | Py =

Pyoonoy.

Q =P |P
= P] | Phoono.y
=P] | Pa00Mo0yo
= P| | Paopoqp
= P| | Poopo,0pmoqyp
— Pl | Plowop
=P| | PYo0ro0ye
= Pl'oonoy | PJoonoy

P3 with Py’ = Pyop0,. We only need to show thap =

(v =~voandN = Mo)

(by Lemma 11(1), for somgs.t.co 600 = Oar)
(v = you, Lemma 11(3) and idempotence)
(P” = PQO’]\/[Ury)

(usingp, o from earlier step)

(v =~o andN < Mo)

= (P{' | PY)oonoy = Psoono.y

Proof of Lemma 13:We show that

S =|J{(Po,Qo): P~Q}

is a symbolic hyperbisimulation. By Lemma 12(2) an actiorPof can be written afo ——> P" for
someM, v andP’ s.t. P —— M3, prandP” = P'oope0,. NOte that by Lemma 9yo = yooa,. Since

/
Plo0MoO~ye | P200MeO~s.
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P ~ @, we haveQ LN Q' with

M= N 2
v = doym (3
P~ Qon 4)

Using Lemma 12(1), we hav@o Nodo, Q"oopnsso. We only need to show the following three equations
in order to show this is a matching action B&.

Mo = No (5)
Yo = §00 )& (6)
Po S Qoons (7

Equation (5) follows from (2) and item (b) in the proof of Lerarh1(2).

v=dom (from (3))
& ~yor = 0o (v = you by Lemma 9)
= youp=9J0omp (forsomeps.t.ocoysoys = opp by Lemma 11(1))
& yoome = doon.  (by Lemma 11(1))
& vyo = doop,  (Sinceyo = yooe)
Equation (7) follows from (3) by similar reasoning.

Proof of Lemma 14:
1. The proof is by transition induction. We show the casesfarom, the others are similar.
Mi,uZ Mo, v ~ ~
" Pla P2 2.0 P2a |.T| |?J| L_MlMQ[u:U]7 (,D:{.T:y}O'L
P1|P2 % (P | Py)orog

P ——

From the induction hypothesis we have

uzx)o
P10']\41 —>( )Ml Plll PQO'M

: (Uy)UM2 PQ/I

with P’ = P/ogyz = P] andPy = Pjo,; = Py.
Using Lemma 2¢;, can be decomposed ingQ, p1 and intoo s, p2 for somep;, p2. Using these and
Lemma 6
Piog, % Plo;, Py ML, ploy
(Py | Py)or, = (PjoL | Pyor) = (P | Py)or
2. This proof is also by transition induction. We give thegirfor the case 0&-PAR.

Pioy — P
(P1|P2)0-M'l)P1I|P20']\/[

PAR

From the induction hypothesis we have;

P1 P/I
P | P2 P1 | Pyonoy

S-PAR
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(Notice thatPy’ = P/'oyo’, by Lemma 9.) But

(P1” | P2UNUW/)UM =( {/UNUV’ | P20'NUW/)UM

P,
P/ | P)onoyon

= (
= (P | P2)oNOMOyioy
= (Pl/ | PQ)JIWO—’Y’UM

= (

P | Py)ono,

The proof of the rest cases are similar.

Proof of Theorem 15:
(=): We show that
S={(P,Q): P~Q}
is a symbolic hyperbisimulation.
Suppose® M, pr By Lemma 14(1), we havBo ), — P” such that”’ = P”o.,. FromP ~ @Q and

Definition 7, we havePo s ~ Qoar, S0Qoy — Q" with P’a., ~ Q" . By Lemma 14(2)() LR Q'
with M = N, dop = vandQ'oy = Q" 0,.

We haveP"c., ~ Q"o0.,, S0 P"o,opn ~ Q"o,0n by Definition 7. P oo = P'opoye,, =
PNO'MO'FY = P/, andQNO'.YO']w = Q/O'MUIL[ = Q/O'M.

So finally (P’, Q'or) € S which closes up the bisimulation.

(«<): We already have closure under substitution (Lemma 13) ceaty need to show that

S={(P,Q): P~Q}

is a fusion bisimulation. Suppose >+ P’. By Lemma 14(2) we hav@ L2, pr. SinceP ~ Q, we have
Q LEX Q' ~ P’. From Lemma 14(1)p -~ @', which closes up the bisimulation. 0

A.2 Proofs from Section 7

Proof of Theorem 27We prove the “only if” part by showing that

R ((q1,01), (g2,02))[{q1,0,q2) € R, where § = o7 ';02}

is a global bisimulation, provided th@& is a pHDN-bisimulation.

Assume thafq;, 01)R/ (g2, 02) and(t1, p1) : (¢1,01) LA, (¢}, 01) is a non-redundant global transi-
tion s.t.p; (T1[t1]) N oy H(Qalge]) = 0. We must find a transitiofitz, p1) : (g2, 02) LA, (¢, 0b) with
(q1,01)R' (g2, 03).

We have that; : ¢1 LN q; (by Definition 25) and

o1 = p1;sifti], A= pisop[ty], o1 = p1;diti]. (8)

SinceR is a pHDN-bisimulation, there is a transition: ¢, LN qh, Someg : T1[t1]new “— T2[ta]new and
some( : Tq[t1] «— Ta[ta] s.t., forad’ C di[t1]~%; ¢; da[tz], the following equalities hold

(= ([t];ds2lta] HUE,  orlti] = Coata),  (41.0'.¢5) € R )



17

We definep, gef (o2;s2[te]) U p1;&; it is trivial to note thatps : N -e— Ta[t2]. Hence, we have that
¢ =py'ip2;and by (9),

p;l P2
¢ = (s1ft1]; 07 095 :0[t2] TH) U € = pr; ((02;52[t2] U p1; €)). (10)

Moreover, by observing that, C ps; sa[t2] (by definition ofps), we conclude thady = po; s[to] Since its
inverse is a function.
By (9),01[t1] = ; 02[t2], SO by (10) we have;;o1[t1] = A~! = pa; 02[t2]. This, and the definition of

global transition, proves thats, p2) : (g2, 02) LA, (¢4, 0h) is a global transition, where), g p2; dalta].
Finally,
0" = duft1] ' G dafte] = difta] T T p2s dafta] = 077 0.

By definition of R/, (¢}, ¢, ¢5) € R implies that(q}, o7 )R’ (¢}, 0%); this concludes the proof of the only
“if part” (the proof of the symmetric clause of the bisimudat is similar).
Now we proof the “if” part of the theorem by showing that

def _
R' = {(q1,0,42)|(q1,01)R(qz, 02), where § = o7 500}

is a pHDN-bisimulation, ifR is a global bisimulation fos4; and.As.

Suppos€q, d,q2) € R’ and lett; : ¢1 2, ¢, be a non redundant transition f&r. If we let p; : N'—e—~
T,[t1] be an embedding s.t.

P1IT [t ]or = 015 si[t1]7 1, P1IT1[#1]new \dom (o1 Uers) N—e> T1[t1]new

we haveo; = py;si[ti] andp; H(T1[t1]uew) N o5 1 (Q2[g2]) = 0. By definition, there is a global transition
(t1,01) : (q1,01) =2 (g}, 01) it

(¢1,01)R(g2,0%), 02 = passalta] prjorfta] = A7' = pasoalta] 05 = pa;daltal. (11)

Hence, there is a transitidn : g- LN ¢, and, assuming = py; ps - T1[t1] <= Talt2], we can define
€ = (|7y[t1)new - Therefore,

o1[t1] = p1'; p2; 02[ta] = (5 02[t] (by (11))
¢ = ((p1|T1[t1]old)71;p2|T2[t2]old) ué

= (s1[t1];07 3005 80[ta] ") UE

= (s1[t1]; 0;s2fta] ) UE.

Finally, (¢}, o) R(q,, o) implies that(q;, &', g2) € R, provided that|™'; o4, thusd’ = di[t1]; p1 *; po; da[ta] =
d1[t1]; ¢; dz[t2]. This concludes the proof, since the symmetric clause afbisition can be dealt with in a
similar way. O



