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Abstract. We extend Howe's method to prove thiaput-earlystrong and -delay
contextual bisimulations are congruences for the Higher-order mobile embedded
resources (Homer) calculus, a typed higher order process calculus with active mo-
bile processes, nested locations and local names which conservatively extends the
syntax and semantics of higher-order calculi such as Plain CHOCS and HOpi. We
prove that the input-early strong and -delay contextual bisimulation congruences
are sound co-inductive characterisations of barbed bisimulation congruence and
in fact completein the strong case. The extension of Howe’s method provides
considerably simpler congruence proofs than established previously for similar
calculi for mobile processes in nested locations.

1 Introduction

The ability to reason compositionally about the behaviour of programs and processes
and compare the behaviour of processes in any context are key issues in semantics. A
way to achieve this is to give a co-inductive characterisation of a behavioural congru-
ence, for process calculi typically a notion of barbed bisimulation congruence [1], in
terms of a labelled transition bisimulation.

In the present paper we study this problem for higher-order process calculi allowing
to represent active, copyable (non-linear) mobile processes with local names and nested
locations as found in the Seal calculus [2], the M-calculus [3] and its recent successor
the Kell calculus[4]. This has proven to be a difficult problem.

Our main contribution is to extendowe’s method5-8], a classical technique for
proving that applicative bisimulation is a congruencegaoly bisimulations for a core
higher-order calculus with local names, extended with non-linear active process mobil-
ity and explicit, nested locations. We call the calculus Homer as shatiédrer-Order
Mobile Embedded ResourcksThereby we also propose a calculus which conserva-
tively extends the standard syntax and semantics of higher-order process calculi such as
Plain CHOCS [9] and H@[10], which has been one of the main design criteria behind

* Preliminary version submitted for publication, june 2005. Funded in part by the Dan-
ish Research Agency (grant no.: 2059-03-0031) - the LaCoMoCo project. Available at
www.itu.dk/research/theory/CoMo/Papers/homerbisim.pdf

1 and reference to the dangerous mobile embedded resources in the legend of Troy.



Homer. The result is a calculus with considerable simpler syntax and semantics than
present calculi with comparable expressive power.

Active process mobilitys introduced in Homer by the prefix(r) denoting a re-
sourcer residing at the location (or address)which may bemovedby the comple-
mentary prefixn(x), expressed by a reaction rule

nryplnxaNpllalr/x ,

wherer is a process andis a process variable binding any number of occurrences of
in g. The rule complements the usual reaction rule for higher-order process calculi

AnplinxjaN\ pllar/x ,

where the process is assumed to bpassive meaning that it can neither compute
internally nor interact with other processes before it has been sent. In the usual way the
receiver may activate or forward any number of copies of the process, but once a copy
has started computing, it cannot be moved again. This kind of mobility is knoeodss
mobility or passive processmobility. To allow active processnobility the process in

the prefixn(r) can perform internal computations, that is, r’ impliesn{(r) p\, n{r')p

as in [11]. We allow interaction with (arbitrarily) nested active mobile resources by the
use ofnestedhames as introduced in [12]. For instance, a resouroay be sent to the
subaddresserver: 80 by the reaction

server: 80(r)p || server80(x)q || ") \\ p || servekd[r/X] || 9") .
Dually, a resource may be taken from the subaddressver: 80 by the reaction
serve(80(r)q || o) || Server: 80(x)p \, servexd || ¢”) || pir/x] -

As usual we letn)p denote a procesg in which the namen is local. This provides
the means to control access to resources. A standard examplepsrteet firewall
equation[13]: (n)(n(p)) ~ 0, expressing that a resource computing at a locationavith
local namehas no observable behaviour.

When a resource is moved from a location it may be necessary to extend the scope of
a name through a location boundary, which we will refer toersical scope extension.
For instance, if the resourcebelow contains the name we will expect the reaction

m{(m)(m/(r) || p)) [ m:ml (x)a ™\, (n)(m(p) || ofr /X)) @)

in which the scope of is extended. If mobile processes caot be copied during
computation, such as in the Mobile Ambients calculus [13], vertical scope extension
can simply be dealt with in the structural congruence by introducing the equation

m((n)p) = (Wm(p) , if n#m |

However, as also identified in [2, 14, 4] this equation is unsound if mobile processes can
be copied. If placed in a context with a copying process || M(x)(x || X) then the left

hand process in (1) above will reduce(tmp || (n) p while the right hand process will
reduce tan)(p || p), which in general will not be equivalent.
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Table 1. Typing rules.

The solution taken in Homer is to extend the scope of the naiméhe reaction (1)
if and only if the namen is free inp, which is consistent with the semantics of Plain
CHOCS and H@ This solution contrasts the more eager solution in [14, 4] where the
scope of all local names is extended before resources move, i.e. local nanadwayk
be shared between dynamically created copies of a process.

The vertical scope extension of Homer implies that a context can test if a name
is free in a mobile process (see Sec. 3 for a detailed discussion). Consequently, any
non-trivial congruence must lveell typed meaning that related processemndr’ must
have the same set of free names. This means that the firewall equax{oKp)) ~
0, will only hold if the proces has no free variables. We remedy this problem by
explicitly typing processes by a set of naniesludingthe free names of the process,
but allowing additional (unused) names. Interestingly, it turns out that one then also
needs to explicitly type all mobile sub resources. We can now staéd dyped firewall
equationas(n)(n(p: f)) : M~ 0 : M, wherenis the type of procesg.

The above constructions are the only primitives in Homer. In particular, process
passing is the only means of communication, thus, the issue of name passing is sep-
arated from process passing. In [15] we show that the synchrameatculus can in
fact be encoded in a (simplified) variant of Homer. The simplicity of the calculus helps
us to adapt Howe’s method to show that both strong and so called ihgatrearly
contextual bisimulation are congruences for Homer. This gives a sound and complete
characterisation of strong barbed bisimulation, and a sound characterisation of weak
barbed bisimulation. It also helps pinpointing the need for typing processes and mobile
sub resources, which is studied in more detail in [16].

2 The Homer Calculus

We assume an infinite set ahmesA ranged over byn andn, and letri'range over
finite sets of names. We I&trange over non-empty finite sequences of names, referred

to aspathsandd denoteso-addressesNe letd range oved andd and defined = 8.
We assume an infinite set pfocess variableg’ ranged over by andy. The setg of



Table 2. Extension of process constructors to typed terms.

process expressionsof abstractionsandc of concretionsare defined by the grammar:

p:=0[x|¢e|p[p|(Mp, ai=Xxp, ci=b|(nc,

whereb ::= (p' : fiypis a basic (unrestricted) concretion and= a| b. We letf, ranged
over by f, denotep UaU c. Whenevere denotes a basic abstraction wedalenote a
concretion, and vice versa.

The constructors are the standard ones from concurrent process calculi, extended
with process variables and by typesThe processed(p’ : fi)p andd(x)p correspond
to sending and receiving processes, except that paths, and not only names, are allowed
as addresses. As explained in the introduction, the new consigtsfi) p andd(x) p
add strong mobility to the calculus.

The restriction operatofn) binds the namen and (x) binds the variablex. The
setsfn(f) andfv(f) of free namegincluding the types) anftee variablesare defined
accordingly as usual. We say that a term with no free variableles®dand letf; (pc)
denote the set of closed terms (processes).

As usual, we let prefixing and restriction be right associative and bind stronger than
parallel composition. Often we shall writ@ : fi) instead of(p : A)0. For a set of names
A= {ny,...,nc} we let(fi) f denote(ny)--- (ny) f. We will write n for the set{n} andd
for the set of names id (or ) when no confusion can occur. We write=, f/, if f and
f" area-convertible (wrt. both names and variables), and wé letandf; ) denote the
set ofa-equivalence classes of (closed) terms. Likewise we Jgt(andp¢/q) denote
the set ofa-equivalence classes of (closed) processes. From now we consider terms up
to a-equivalence.

We define a family of type indexeelvaluation contexts & They are contexts with
no free variables, and whose “hole” is indexed by a ty@ad is either not guarded by
a prefix or guarded by a pref&xand nested in a concretion, i.e.

Er = (—)a| Exl p| (N)Ex | 8(Ex: f')p ,p € pc.

The free names dE; are defined standardly. If the type index of the hol&jns not
important we may writé instead ofEg.

We letF range over processes, abstractions, concretions, and evaluation contexts.
If F :f can be inferred from the rules in Table 1 we say thas of typer. From now
on writing F : i we assumé is of typeri. Notice thatF : fiimpliesfn(F) C . We can
prove a simple kind of subsumption (usiogconversion if needed).

Proposition 1. (Subsumption) E i implies F: fi' for all i/ wherefi C fY.



By convenience we extend the process constructors to typed terms as defined in
Table 2 (following the rules of Table 1). We IBf A, andC range over the set of typed
processe® q, abstraction#\ ,,, and concretion€ o up toa-equivalence respectively,
and we lefl range ovefT ;; =P/q UA ;o UC 4. The closed variants af /4, P/q, A/,
andC  are denoted b¥ ¢/q, Pc/o, Ac/as aNdCe/q. Finally, we letZs range over typed
type indexed evaluation contexts and occasionally we leave out the type index writing
E for E; if the type index is not important.

WheneverF : fi then we writeEz(F) (or by conveniencéss : i/ (F : fi)) for the
insertion ofF in the hole ofEs. Note that free names &f may get bound by insertion
of F in the hole of a context.

Proposition 2. If Ex : i and F: fi then &(F) : /Y.

Substitution of all free occurences of a variaklén a typed termT by a typed
process is defined inductively by the rules in Table 3, extending types as expected.

O0:Alp: /x| =0:AUR (n)f:f[p: /X = (n)(f:A[p: /X)), if ng i
y:AUR, if x££y
"~ {

U (y)p:A[P/X = (y)(p:A[P/X]), if x#y
p:Aul, if x=y

y:fip:

de: A[P/X = (e: A[P/x) (P)yp:1i[P/x] = (P'[P/X])(p: filP/X])
pIl P AP/ =p:AP/X | P AP/ 3(P)p:AP/X = &(F'[P/X)(p: A[P/X])

Table 3. Substitution.

Proposition 3. If f : f[p: f{/x] = f': fi” thenfi’ = AU

In the remaining part of this paper we consider only a restricted form of concretions
on the form(f)(p': iY)p whererdC /. These concretions we close by convenience
under process operators, hence whenever(fi)(p; : fiy) p and assuming i (fn(p’) U
nuUd) = 0 (usinga-conversion if needed) we write| p’ for (A)(ps1: fi1)(p|| p'), we
write &(c: fi/)p’ for (f)(py: f1)0(p: Af)p’, and we let(n)c denote(nfi)(p; : fir)p if
n € fi; and otherwise it denoté&)(p; : fi1) (n) p. We also allow abstractions to be closed
under process constructs, hence whenaver(x) p and assuming ¢ fv(p’) (usinga-
conversion if needed) we writ || p’ for (x)(p || p'), d(a: fiyp for (x)&(p: f)p’, and
(n)afor (x)(n)p. Finally, we define thapplicationof a typed abstractioA = (X)p: fi
to a typed concretio® = (f)(P)P’ (assuming thah ™ /' = 0, usinga-conversion if
needed) byA-C=C-A= (f')(p: A[P/x] || P").

3 Reaction Semantics

We provide Homer with a reaction semantics as usual defined through the use of evalu-
ation contexts, structural congruence, and reaction rules.



pllo=p (plP) P =pll(PlIP) Ppla=allp (M(mMp=(m)(n)p
(mpllg=m)(plla),fngf(@  (mp=p,if ngmn(p)

Table 4. Structural congruence.

As touched upon in the introduction equivalent processes must have the same free
names, this we capture using well typedness. A binary rel&ianT /, is well typed
if f:AR T ./ impliesi=# andf:/" R f':#/" forall i” wheredC i’. In the sequel
we always assume binary relationsDp, to be well typed.

We say that a well-typed binary relatiaR on P4 is substitutiveif P K P’ and
Py R P; implies P[Py /X|R P'[P;/x]. We also say thaR_ is constructor compatibléf
PR P andP; R Py impliesd(X)P R ¢(x)P', ¢(P)PR ¢(P;)P’, P||PLR P | P;, and
(PR (n)P'. A well typed relation®_ on P, is acongruencsdf it is substitutive and
constructor compatible.

Structural congruences is then the least equivalence relationmg that is a con-
gruence and that satisfies the (usual) rules in Table 4, whictotallow vertical scope
extension. We extend structural congruence to typed procesgesiby p': fiif p=p'.

As Homer permits reactions between a process and an arbitrarily deeply nested sub-
resource, we define a restricted set of evaluation contexts, i.e. a fanpiittotontexts
Dry indexed by (the type of its hole and) a path addyessAC* which indicates the
path under which the context’s ‘*hole’ is found. . We do so conveniently using hole
path contextsA multi hole path context@ﬁ}\}""”k hask+ 1 holes and is also indexed by
a sequence of types,” .., ik indexing the auxiliary holes in the context. A multi hole
path context is defined inductively 9%, = (—)a (where epsilon denotes an empty
sequence) and '

DRy ™ =8ORy ™% I (D) ) (a,

such thaynm= 0 and none of the names i dre already bound ig}\;""ﬁkfz, i.e.we
assume all names binding the_hole of a context are unique. For closed typed processes
pi i, i =1,...,k we write Di-"™(py,..., pg) for the insertion ofp; in the hole

N
indexed byni"in the context, resulting in a (single hole) path contgxt,.

We let Dy range over well typed (single hole) path contexts. If the indexed path
in Dy is not important we writeDy instead. Finaly, we defins, as the least binary
relation onP/ satisfying the (parametrized) reaction rule in Table 5 and closed under
structural congruence and all type matching evaluation contexts. By the latter we mean
thatp: A\, p': fiimpliesEx(p) \\ Zx(p’) for all Z5. Notice, that the evaluation context
O(Ex : ) p: i enables internal reactions of active resources.

Below we give a few examples illustrating key ideas of Homer, more exaples can
be found in [17].



(react) yde|| Diy(86) : iV N\, e: - Dsy(€) : i

Table 5. Reaction rule

Example: Recursion and replicatiolVe may encode recursion (up to weak equiva-
lence) using our ability to copy resources. The encoding is similar to the one in [9],
except that recursion variables may appear at sub locations, which makes the definition
slightly more complicated. Lt : i and define

rec X p =gef (@) (recx.p)
whererec@x.p=a(r : af) || r for r = a(x)p[(ax: 0) || x) : a/x], with a & fi. Intuitively,

r places a copy afec®x.p at all occurrences ofin p, i.e.recx.p\, p[recx.p: afi/x].
From recursion one may encode replication in the usual waypbyyks rec x(p || X).

Example: Static local name disciplin€he following example illustrate the importance
of explicitly typing of sub resources. Suppase fi. Let p; =qef ab(X)a(y)(y | y), let
P2 =det &((N)(b(r : nfA) || p) : A), and letpz =qer &((nN)(b{r : A) || p) : fi). Then
Pa [ p2 - abfi™\, ()aly)(y || y) - abfi-a{(n)((r : nfi) || p) : fi) : ab
=M@Yy [l a{p:nfi)) :abi™ (n)(p || p) : abf

since by conventioa((n)({r : nfA) || p) : fi) = (n){r : nf)a{(0 || p) : nfi), however

Pr || ps:abii™\, ()a(y)(y [|'y) - abfi-a((n)({r: i) [| p) : fi) : abfi
=ay)(y|y) |l a((m)p: ) :abi, (n)p|| (n)p: abf
since by conventiom({(n)({r" : fi) | p) : fi) = (r : Ma{(n)(0|| p) : fi). Hence the scope
of nis extended vertically only ifi appear in the type af Thus, if we did not explicitly

type sub resources then (for suitafdethe context@a((n)(b{((—)na) || p)) || p1 would
violate the typed perfect firewall equatiom)m(q) : nfi~ 0 : nf, for m# n € fn(q).

4  Transition Semantics

In this section we provide Homer with a labelled transition semantics. We abge
over the sefl of labels, formally defined as

T:="1|¢

The set of free names m, fn(m), is fn(¢) wheneverm= ¢ and® otherwise. As for
the reduction semantics we define the transitionsof@guivalence classes of closed
processes. The rules in Table 6 then define a labelled transition system

(Tc/ua_’ C Pejg x % Tc/a)-
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Table 6. Transition rules.

The rules are completely standard, except for the handling of typing and interac-
tion with nested resources, which shows in theefix) and festing rules. The frefix
rule expresses that types are preserved by transitions.nBs#r(g rule takes care of
the communication and computation of arbitrarily deeply nested resources. It uses an
operationd- (_) formally defined by:

3-1=1, 06-&=0%

Note that the operation is not defined #since it is directed “downward” and thus not
visible outside the resource. Sindet = 1, the nesting rule implies th&P)p : A SLIN
3(T)p:f,if P—T.

As explained in the introduction, the action prefixes allow two kinds of movement
of resources. Since they are completely dual, they are both treated by thpraiig (
and the synchronisation ruleyng. For instance, illustrating also the use of the rule
(nesting, we have lettingY”= nni that

n(m(P)p : mA)p || AM(x)p” : ¥ — (P)n(p: mii)p’ : f{ -

becausa(m(P)p: mi)p’ : # —= (P)n(p: mA)p’ : i/ andnm(x)p” : i/ I (x)p”: f.

5 Bisimulation Congruences

In this section, we address the semantic theory of Homer considering how to describe
congruences as bisimulations. First, we defird typedstrong and weakarbed bisim-
ulation congruencebased on the reduction semantics and next we define late and early
variants of strong and delay contextual transition bisimulations. We prove that the early
contextual transition bisimulations are congruences using a novel extension of Howe’s
method, based on the approach in [18], and that they are sound and complete with re-
spect to barbed bisimulation congruences.

We define weak and strofmarbsstandardly letting\, * be the transitive and reflex-
ive closure of\,, and choosing barbs similarly to [19, 20]

Plnif P=R)(n(P)pl| p):f and ng A, and P{nif 3P\\*P.P'|n.



In a previous version [17] we show (as in [19, 20]) that this choice of barbs is indeed
robust. In particular, one could have chosen to observe location paths.
We restrict binary relation® onP 4 to closed terms bR = R NP¢/q X Pe/q-

Definition 1. A weak barbed simulatiois a well typed binary relatio® on P/ such
that wheneveP, R P»,

i)if PL | nthenP; dn i) if P\ P}, thendP, \ * P, such thaP; R P,

R _is aweak barbed bisimulatioif & and ® ! are weak barbed simulationg/eak
barbed bisimulation congruenee, is the largest congruence such tlra). is a weak
barbed bisimulation.

We define strong barbed simulation similar to above by replasjrigwith N\, andqg{} n
with g | n, and define strong barbed bisimulation congrueng@ccordingly.

Proposition 4. ~p and~, are equivalence relations.

We definedelaytransitions [21] byP =s P andP =5 P/, if P== P” — P/, which
compared to weak transitions do not alloviransitions after the visible transition.

We extend well typed binary relationg on P¢/q to open terms the usual way,
by definingp: AR° p' : A if p:A[P/x1]...[P/*] R p : A[PL/xa]...[P/x for all
Pi,...,Pk € Pg/o, wherefv(p) = fv(p') = {X¢,..., X}, i.e. requiring two open terms to
be related after substitution with closed resources. Also we exgernto typed concre-
tionsbyc: AR :fifforall A, A-c:AR°A-¢ : i

Like in [22] we introduce an (inpu@arly delay context bisimulation by

Definition 2. An (input) early delay context simulatiois a well typed binary relation
R onP¢/q such thap: it R P implies

if p:fi—> Py thendPs. P== P, andP, R P

if p: ﬁ—8> AthenVC € C¢/q. 3A. P=S> A andA-CR A -C

if p:fi—> AthenvC € Cy/q, Di. IA. P=2> A’ andDs(A) -C R Dx(A)-C

if p:fi—> CthendC. P=> C’ andC 8" C’

if p: fi—> C then3C'. P=2 C’ andVDy. Dx(C) R° Da(C')

o~ v DN PR

R _is an early delay context bisimulation if botk and ® ~1 are early delay context
simulations. Letze denote the largest early delay context bisimulation. We define early
strong context simulation by replaciegs> with —, and let~¢ denote the largest early
strong context bisimulation.

Proposition 5. ~¢, and=¢ are equivalence relations.

The following proposition state the correspondence between the reduction seman-
tics and the transition semantics.

Proposition 6. P\, P/ iff P =——»=P".



0:AR°P X:AR°P pr:AR®PL A piARMP, A Pl ppiARCP

0:AR"P X:AR™P pil p2:AR"P
PREP" p:AR"p":A o(P")p":AR°P p:AR®p A ¢(X)p :AR°P

o(P)p AR"P o(x)p: AR"P
p:AnR"p :An (n)p :AR°P PR"P p:fig"p A (P)p :AR"C
(Np:AR"P (P)p:AR™C
c:AngR"c :fin (n)d :AR"C
(nc:AR™C

Table 7.Howe relation for typed processes and concretions.

By defining testing contexts for the different kinds of labels, one can prove that early
contextual bisimulation, in the strong case, is in fact complete with respect to barbed
bisimulation congruence restricted to closed terms, as stated below.

Proposition 7. (~p)c C~e .
The result extends to open processes becayss substitutive
Corollary 1. ~pC ~¢°

We conjecture that early delay contextual bisimulation is not complete with respect to
weak barbed bisimulation. We will comment on this discrepancy in the final section.

We now show the main technical result of the paper, thatand~¢° are indeed
also congruences, by adapting Howe’s method to active mobile processes in nested
locations. This is in fact a combination of two new results. It is well-known that late Its
bisimulations usually are not complete with respect to barbed bisimulation congruence
for higher-order process calculi. However, it has also proven difficult to extend Howe’s
method to early bisimulations. The first new result is that Howe’s method can indeed
be extended tinput-earlystrong and delay bisimulations, by extending the relation to
also cover concretions. The second result is to extend Howe’s method to active process
mobility in nested locations.

First we define theHowe-relation®™ on P, UC 4, defined relative to a binary
relation R on P./ and as the least relation satisfying the rules in Table 7.8 et
R®* NPy x Pjg, i.e. the relation restricted to (possibly open) processes. It is easy to
prove that ifR_is well typed then® * and R™ are also well typed. The novel contribu-
tion is the extension of the Howe relation to concretions. As in [18] we first prove the
following properties.

Proposition 8. Let X be an equivalence relation d? q then
1. R™ is reflexive. 4R ° is substitutive. 7R** is symmetric
2. R CR". 5. R * is constructor compatible

3. R"R° C ™. 6.R*tC R

10



The key is now to show, sincee® (=¢*) is a congruence, thate® = ~g* (Re° =
~e’).
Next, as a novel contribution of this paper we extend the Howe-relation to path

contexts. Let® be a binary relation oR./,. We define the Howe-relatioR * on path
context byDgy : R *Dj, : ¥ if there existsDg} ™ andp; : fi R* pf : fii, i = 1,....k

such thaDyy : i = Dg}\;"”ﬁk(pl, .oy p) 1 andDg Y = Dg}\;"”ﬁk(p’l, c P

Observe that two related path contexts have the same path to their hole which are
indexed by the same type, also they restrict their holes by the same names.

In order to establishze°=~* the method of Howe utilizes that.*® satisfies the
following bisimulation property.

Lemmal. p:fi,P e Pcq and p: fize® Pimplies that

if p:fi—> P thendPs. P== P> and R = ~¢° P

if p: fi— AthenvC ~ C'. 3A. P=2 A and A C = ~e* A -C/

if p: fi— A thenVC ~g" C'. VDt Dk IA. P=2> A and Ds(A) -C = =" DL(A)-C’
if p: fi—> C theniC'. P=> C’ and C~e" C

if p: A—> C thendC. P =2 C' andVDyreA Dk Dr(C) ~e® DL(C')

o A~ W NP

A similar bisimulation property for-® is used to prove-e®=~¢".
Proposition 9. ~¢° and=:° are congruences.

From Prop. 2 and 6 and from Prop. 9 it follows that® and~¢° are sound with respect
to barbed and weak barbed bisimulation congruence, respectively.

Proposition 10. ~g° C ~p and=s° C ~p,.
From Corol. 1 and Prop. 9 we conclude that
Theorem 1. ~¢° = ~p

In [17] we study late delay contextual bisimulation for (an equivalent) variant of
Homer. For standard reasons (see e.g.[19]) late delay contextual bisimulation is strictly
contained in weak barbed congruence, hence from the theorem above it follows that
~1 € ~e. It turns out that the late delay context bisimulation is in fdttly contained
in the early delay context bisimulations.

6 Conclusions and Related Work

We presented the calculus Homer, which combines higher-order process passing, lo-
cal names, nested locations and copyable, active mobile computing resources. We gave
reaction and contextual labelled transition semantics as conservative extensions of the
standard semantics of a pure process-passing calculi with local names, and presented
the first generalisation of Howe’s method to a calculus aitive mobile processes
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at nested locations and local names, proving #zaty delay (and strong) contextual
bisimulation is a congruence and a sound (and complete) characterisation of weak
(strong) barbed bisimulation congruence. We also found that the late bisimulations are
strictly included in the early bisimulations.

Thomsen [9] and Prasad, Giacalone and Mishra [23] provides so-called higher-order
labelled transition bisimulations for respectively Plain CHOCS and Facile, which are
early bisimulations where processes in higher-order labels are required to be bisimi-
lar. Sangiorgi shows in [24] that ho-bisimulation is too discriminating and presents an
elegant, and now classical, solution to the problem using triggered processes and nor-
mal bisimulation for the higher-ordercalculus. Jeffrey and Rathke extend in [25] the
result to recursive types. Sound and complete characterisations of barbed bisimulation
congruence exist for variants of the Ambient calculus [19, 26-28]. However, none of
the variants of the Ambient calculs or Hor the first-ordercalculus) allow for
copyableactive mobile processes.

A series of papers have developed and modified the semantics of the Seal calcu-
lus [2,22,20]. A sound characterisation of reduction barbed bisimulation congruence
for the Seal calculus is provided in [20]. Still, the authors leave important problems
open, as e.g. providing a sound and complete characterisation of barbed bisimulation
congruence and a deeper understanding of the interrelation between local names and
copyable mobile processes. We have contributed to both of these problems by provid-
ing a sound and complete characterisation of strong barbed bisimulation congruence
and identified the need for typing mobile sub resources if one uses the standard vertical
scope extension used in HO

The M-calculus and the Kell calculus of Schmitt and Stefani share with Homer in
being based on process passing and process substitution. A sound and complete char-
acterisation of barbed bisimulation congruence has been announced in [4], however, a
detailed proof has not been published yet.

So far, all congruence proofs for the above mentioned calculi have been carried out
roughly by closing the bisimulation under contexts and prove it to be a bisimulation by
a "brute force” case analysis. Hence, none of the proofs adapts Howe’s method to active
mobile processes at nested locations as carried out in the present paper. Howe's method
was originally introduced for lazy functional programming languages. It has later been
applied to the Abadi-Cardelli object calculi by Gordon [29], higher-order functions with
concurrent communication (a fragment of Reppy’s Concurrent ML) by Jeffrey [30], late
bisimulations for local names with static scope by Baldamus and Frauenstein in [18].

A problem left open is to give a sound and complete co-inductive characterisation
of an appropriate weak barbed congruence. A delay bisimulation seems to be needed
to be able to apply Howe’s method. However, a standard weak barbed bisimulation
is unlikely to be included in a delay bisimulation in the higher-order setting. We are
currently investigating a notion of delay barbed bisimulation congruence corresponding
to the labelled delay bisimulation. We will also investigate if the trigger, normal and
up-to-context bisimulation techniques can be adapted to calculi with non-linear active
process mobility and explicit, nested locations. It could provide us with a bisimulation
without universal quantification over contexts. Finally, we plan to study more complex

12



type systems for Homer. This has been initiated in [31], presenting a type system for
linear and non-linear mobile resources for an early version of the Homer calculus.

Acknowledgement&his paper has improved considerably from helpful suggestions
from anonymous referees of previous versions.
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A Proof of Proposition 6

Proposition 6 follows from:

Lemma 2. If P , T then there exists §, fi, e, and p withY Ny$ = 0 such that

P= ()(Day(¢p) | P):0" and T=(f)(Doy(p) | p): 0’

B Proof of Proposition 7

We prove that input-early, strong bisimulation is complete with respect to barbed bisim-
ulation as usual by defining testing contexts for the different kinds of labels. Special
care must be taken due to the explicit typing of sub resources. We will exploit the use
of nested names.

Proof. Let p: fi~pq: fifor closed processgsandg. We proceed to show the properties
of Def. 2 (upto structural congruence).
Case:p: fi — Py. Follows from Prop. 6.
Case:p:Ai—> A= (X)p': fi. AssumeC = (i) (r : if)r’ - @’ andDp, = D&y ™ (py,- -+ K-
Let j be the sum of the path lengths of all addresses of resourdesaivd Dy Let
& denote the concatenation gfcopies ofd. For a fresh namen, define a context

ThenC(p: ) \\\\\ p” || m(0) : fi’m, wherep” : f" = Dy (A) -C. Fromp: fi~y
q: fiit follows that C(q: i) \\\\\\, @” || m(0) : ’m, whereq” : fi = Dy (A') -C and
q: A A = (x)q :fAlandp” || m(0) : i’m~yp, g || M(0) : f'm. Using the context, =
(=) || m(x) it follows that p” : i’m~y, " : fi”m. Finally, using structural congruence
and the contex,, = (m)(—) it follows thatDpy(A) -C =~p= D y(A') -C as desired.

Case:p:f 2, A As above, but simpler.

Case:p: i 2c= (m)(p” : M)p' : A For a fresh namen, define a context” =
(=) [13(x)(8(x: @) || m{0)). ThenC(p: fi) \, (M)(p’ || 8(p” : @) || M(0)). From p:
fi~p g fi it follows that C(q : fi) \, (M)(q || 3(q” : ") || M(0)) andq: i — C' =
(") (q" : M")d : fi. Again using the contextSy andC,, it follows thatP = (M) (p’ ||
O(p” - ) =~p= Q= (M) (d || &(q" : "))

For anyDsy = Dy "™ (p1,..., p) andA = (X)r let j be the sum of the path lengths

of all addresses of resources@Dpy and A. For a fresh namen, define a context

C(P) \\\\\ Diy(C)-A || m(0). It follows thatC(Q) \,\\,\, Diiy(C") - A || m(0). Again
using the context€m andC,y it follows thatDyy(C) - A=~p= Dyy(C’) - A as desired.

Case:p:i 2,c.As above, but simpler.

C Proof of Lemmal

Lemma 3. = is a strong late context bisimulation.
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Lemma 4. Let®R be an equivalence relation d?/q, then CR™C' and PR * P’ implies
(X)P-CR* ()P -C'.

Proof. The proof is by induction in the derivation 6f® ®C’ using the definition off -
and Proposition 8.3-5.

Lemma 5. LetR be an equivalence relation d?q, thenDsR* Dsand p: AR p': i
impliesDa(p) R* Di(P')-

Proof. Follows from the definition off * becauseR * is constructor compatible due to
Proposition 8.7.

Lemma6. If R is an equivalence relation oR./q, then CR®"C/, p:AR*p : A, and
DsR* Df implies Ds((x)p) -CR°* DA((X)p') - C'.

Proof. Follows from Lemma 4 and 5.

In the sequel we close typed path contexts and concretions under structural con-
gruence in the obvious way. Notice in particular t@at C' and Dy = Q)riw implies
Driy(C) = @r/iy(c/)'

Lemma 7. If R is a binary relation orP/q andff C fi thenDs® * Df and p: AR * p': fi
implies

Da(d((—)w - f1)p) = R* = DL(3((—)w : V) p), if BCH

[ p) | p)if Da# (—)a:
Da((M)(—)wn) = KA = D) (—)vn), i1 & AandDy# (—)g: "
Proof. Follows from the definition off *.

In the proof of Lemma 1 we make use of the following definition where restrictions
guarding the hole in a typed path context are removed.
DefineDyy : ' \m= Dy \ m: i whereDg,, \ mis defined inductively by

(=)a, if Day=(—)a
PryAM= Y (0 m)(Dy \m|| ) 7). if Day = 8{() (Day || ¥) : ¥}

We write Dy \ mfor Dr\ my...\ mg whenevemni= {my,...,m}.
Lemma 8. DR * Df implies Dy \ MR A D5 \ .
Proof. The proof follows immediately from the definition &f*.
We define the set of namesn(?D;,), binding the hole of a path contex@ y, in-

ductively bybn(Dg,y : ') = bn(Dg,y), bn((—)s) = 0, andbn(d((A)(Dg.y || p') : 0’)p) =
fiubn(Dgy ).
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C.1 Proof of Lemmal

The proof of Lemma 1 follows closely the one in [18], we provide only a few key cases.

Proof. SupposeP, P’ € P./q, P~¢*P" and P I, T. We proceed by induction on the
derivation ofP - T.
Case (prefix):P=¢e: ocandT =e: 0.

CaseSuppose = (x) p. Then sinceP"P’ there existp’ such thatp: dnxzep’ : dn
andd(x)p’ : dn=°P’. We may assumg’ is closed because,® is substitutive (Propo-
sition 8.4), hencé (x)p’ : dn 2, (x)p’: dn.

If ¢ = dthen, sincah(x)p’ : dn=P’, for all closedC’ and D} there exists’ 2N
such thatDi((x)p' : i) -C'=e” DE(A) - C.

Let C,C' € C¢/q such thatCx"C’ and let Dr~ze* Df. Becausep : fire®pf : fi we
infer from Lemma 6 that

Da((x)p: i) - Cre® D((X)p' 2 ) - C'
Hence, sinceze®~e° C ~* (Proposition 8.3 restricted to processes) we get
Di((X)p: i) -Cze® DE(A) -C

The case wher = 3 is similar.

Case:Suppose = (p1 : f) po. Then sincédP~¢"P’ there existg)] and p, such that
p1:f=e®p) 1Y, p2:fire®p, 1 A, and(py : i) p, : fire®P’. We may assume; and
p, are closed because.® is substitutive (Proposition 8.4), hengép] : if)p, : fi LR
(py:fyp,: A

Let ¢ =, then becausé(p; : f')p, : fixe’P, there existd’ =2, ¢’ such that for
all Dy’

D' ((py: 1) P51 f)~e Di' (C')

Next, let Drred Dy’ Thenbn(Dx) = bn(Dy'). Due to the notational convenience,

observe that

Da((py: /)2 1 i) = (M) (py 2 /) (Dn \ M) (p2 2 )
and

D' ((py: V) P52 i) = (M) (py : V) (D' \ M) (p5 : i)
whereni= bn(D) VY. Then, sincd Dy \ M)~eA (Dy' \ M) due to Lemma 8 we get from
Lemma 5 that Ds \ M) (pz : f)=e®(Di' \ M)(p, : fi). Hence, because." is reflexive
we obtain

(M) (P : {') (D \ M) (p2)=ze™ (M) (py : {) (D \ M) (p5)

Finally, sincexe®e" C " (Proposition 8.3) we hav®y;((py : i) pa : fi)~" D' (C).

The case wherg = & is similar.

Case (sync)AssumeP — T becausé® = py || pz: fi, p1 : fi A it and
T=A-C.

Then from the definition ofse® there existg} and p, such thatp; : fixe®p] : i,

P2 : fire® Pl 1 A, andp) || p5 : fire’P.
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We may assumg) andp, are closed because.* is substitutive (Proposition 8.4).

Hence by induction hypothesis, sinpg: fi~e® p, : fi, there existg) : ﬁ=¢> C’ such that
C=¢"C'. Also by induction hypothesis, sing® : fixe® p; : fi, there existg] : fi NN
such thatA-C = ~*A’-C'.

Thereforep; || p,: i==> A'-C'. Then, sincey, || p, : fireP’ there exist®® = P”
such thatA’ - C'~¢P” and thereforeA - C = ~*P” becauseve®~e’ C ~¢* (Proposi-
tion 8.3 restricted to processes).

Case (nesting):SupposeP O T hecaus® = o(P1) py : AilandPy I f 1, it follows
thatT = &(f : ')py : f.

Then it follows from the definition ofce® there there exist®; and p; such that
Pire®P;, p1: fire®p) @ i, and 3(Py) pi~e°P’. We may assume; and p; are closed
becausex,® is substitutive (Proposition 8.4).

caseSupposet=9d andf =a. LetC,C' € C/q such thaC~"C’ and letDr~e* Df.
Then from Lemma 7Dx(8((— ) : fY)p1 : fi) = ~e* = DE(8((—)g : ) P : ).

By induction hypothesis there exisﬁ’§=5/> a : ff such that
Da(8(a: f)py: f) -C=re® = DL(S(@ : /) py : fi)-C'
Hence d(P;)p; : fi =2, o(a : i) p : Ai. Becaused(P;) p] : fixeP’ there exist$’ 2N
such that
DL(d(A : iW)py i A) - C'eDi(A)-C

Finally, since= NP¢/q X Pc/q CR%e, e is transitive, andve®~e” C ~%* (Proposition 8.3
restricted to processes) we obtain

Da(3(a: {)py: f)-C= e DLA)-C

caseSupposat= & and f = c. By induction hypothesis there exis®g =5/> c i

such that for allDy ~eA Dy’
Dy (C: )~ Dy’ (¢ 1 /¥) 2
Also, 3(P/)pr’ : =2 8(c: /) p’ : fi. Becaus®(Py) py’ : fireP’ there exists’ =5 C’
such that for altDy’
D' (8(C' : i) py : A)=ze™ Dr'(C')
Let Da~et Dy'. Then by Lemma 7,
Di(&((— )y : Ypy : ) = e = D (8((— ) : W) py’ 2 1)
Hence from (2),
D(d(c: ) py: A) =™ = Dy (8(C : i) py : )

Finally, since= NC¢/q X C¢/q C ~e”, R is transitive, andve"~e"~ C ~¢" (Proposi-
tion 8.3) we obtain
Dii(d(c: i) py : A)~Dy (C)
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caseThe case whera =1 is immediate.
Case (restriction): SupposeP - T becauseP = (mp: A p: fin—> f : fin, n ¢
fn(m), andT = (n)f : Ai. Then from the definition ofs* there existgy’ such thatp:
finze® P’ : finand(n) p’ : fie°P’. We may assumg is closed because.® is substitutive
(Proposition 8.4).

caseSupposet=dandf =a. LetC,C’' € C¢/q such thaCx"C’ and letDr~e* D
We proceed on the structure k.

Let Dy = (—)7: V. Since(—)an : ' n~et (—)an : fnit follows by induction hypoth-

esis that there exisfs : Ain=> a : finsuch that
a:fin-C==g*d :in-C (3)

Hence,(n)p' : =2 (n)d : i and becausén)p’ : fic°P’ there exist®’ =2 A’ such
that
Du((n)d :f)-C' = (n)a : i - C'~e" Dr(A) -C’

Usinga-conversion we may assume timeg fn(C) Ufn(C’) and hencégn)a: f/ -C =
(n)(a:An-C)and(n)a : i -C' = (n)(a’ : fi’'n-C').

Moreover sincexe® (Proposition 8.5) and alse are constructor compatible we
get from (3) that(n)(a: f'n-C) = =*(n)(a’ : ’/n-C’). Then because and~¢° are
transitive,=C ~¢°, and~*~° C ~* (Proposition 8.3 restricted to processes) we
obtain:

Dr((n)a:f)-C= (n)a: i -C==~e"Di(A)-C'

SupposeDs # (—)a : . Then from Lemma 7Da((n)(—)sin) = ~e = D' ((N)(—)ain)

and by induction hypothesis there exipts Ain=> & : finsuch that

Da((n)a) -C = ~* = Dy (n)d) -C’
Hence,(n)p : i N (n)d : fiand becausg)p’ : fi~cP’ there exist$’ =2 A such that
D (nN)d) -C'=eDs' (A)-C'

Therefore sinces NP¢/q X Pejq S~e, ~e is transitive, andve®~e” C ~%" (Proposi-
tion 8.3 restricted to processes) we obtain:

Da((n)a) -C = ~e* Dy ((n)d) -C’

caseSupposat=d andf = a. Similar to the case above.

caseSupposat= d and f = c. Similar to the corresponding case for nesting.
caseSupposat= 0 andf = c. Similar to the case wheme=dandf =c.
caseSupposat=T1 andf = p. Immediate

D Proof of Proposition 9

Lemma9. ((~¢*)c)* and ((=¢°*)c)* are respectively early and early delay context
bisimulations.
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Proof. We only show that(~*)¢)* is an early delay context bisimulation. The proof
of ((~¢*)c)* being an early context bisimulation is similar. It is enough to show that
((=e®)c)* is an early delay context simulation because due to Propositio877* is
symmetric and hence so(6=¢°)c)*.

LetP ((=¢*)c)* P'. Then for somék > 0, P ((=¢*)c)k P’. The rest of the proof is by
induction ink.
Base:k = 0. Immediate becaugé~:®)c)* is reflexive.
Step:k > 0. Let

P=Po(~e")cP1...F1(~e")c Pk = P

and suppose — T.

Case:mt= 0 andT = a: fi. By induction, for allC and Dy there exist$k_1 =5> ag_1:A
such that:
Da(a) -C (((=e*)c)")° Dr(ak-1)-C

By repeated applications of Lemma 1 using thais transitive, thatsc is a strong late
context bisimulation (Lemma 3), and that? is reflexive we obtain the existence of

someP’ =% A’ such that:
Q)ﬁ(ak,l . ﬁ) -C= %e' Q)ﬁ(A/> -C

Hence because Cr°Crs* (Proposition 8.3 restricted to processes) and siageis
constructor compatible (Proposition 8.5) we have that:

Dr(a: fi)-C (((=e")c)")” Du(A)-C

Case:mt= 0 andT = A. Similar to the case above.
Case:mi= ¢ andT =C. Similar to the case above using tldt C ~¢" C ~", Lemma 4,
and thatxe*® is substitution closed.

Proposition 11. (((~¢®)c)*)° C ~e® and (((=e®)c)*)° C =e°.

Proof. We only show that(((=2¢*)c)*)° C =~2¢°. The proof of (((~e®)c)*)° C ~¢° is
similar.

It is sufficient to prove thaf(~¢*)c)* C~ve becausd-)° is monotonic. Sinceve is
the largest early delay context bisimulation it is enough to show(iag®)c)* is an
early delay context bisimulation. We refer the reader to Lemma 9.

The actual proof of Proposition 9 goes as follows:

Proof. We only show thatse® is a congruence, the proof efs° being a congruence
is similar. Because-e® is a congruence due to Proposition 8.4 and Proposition 8.5 it
suffices to show thate°=~*. From Proposition 8.2 (restricted to processes) we have
~e” Cree® S0 it only remains to prove thate® Cae°.

First observe that sincee*® is substitutive due to Proposition 8 theg® C ((~%°)c)°.
Moreover, by definition((=~¢*)c)° C (((~¢*)c)*)° and since we from Proposition 11

have(((me®)c)*)° C ~e® We getrse® Crse’.
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