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Abstract. We extend Howe’s method to prove thatinput-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 extendHowe’s method[5–8], a classical technique for
proving that applicative bisimulation is a congruence, toearly 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 short forHigher-Order
Mobile Embedded Resources1. Thereby 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 HOπ [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 mobilityis introduced in Homer by the prefixn〈r〉 denoting a re-
sourcer residing at the location (or address)n, which may bemovedby the comple-
mentary prefix,n(x), expressed by a reaction rule

n〈r〉p ‖ n(x)q↘↘↘ p ‖ q[r/x] ,

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

n〈r〉p ‖ n(x)q↘↘↘ p ‖ q[r/x] ,

where the processr is assumed to bepassive, 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 known ascode
mobility or passive processmobility. To allowactive processmobility the processr in
the prefixn〈r〉 can perform internal computations, that isr ↘↘↘ r ′ impliesn〈r〉p↘↘↘ n〈r ′〉p
as in [11]. We allow interaction with (arbitrarily) nested active mobile resources by the
use ofnestednames as introduced in [12]. For instance, a resourcer may be sent to the
subaddressserver: 80 by the reaction

server: 80〈r〉p ‖ server〈80(x)q′ ‖ q′′〉↘↘↘ p ‖ server〈q′[r/x] ‖ q′′〉 .

Dually, a resourcer may be taken from the subaddressserver: 80 by the reaction

server〈80〈r〉q′ ‖ q′′〉 ‖ server: 80(x)p↘↘↘ server〈q′ ‖ q′′〉 ‖ p[r/x] .

As usual we let(n)p denote a processp in which the namen is local. This provides
the means to control access to resources. A standard example is theperfect firewall
equation[13]: (n)(n〈p〉)≈ 000, expressing that a resource computing at a location witha
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 to asverticalscope extension.
For instance, if the resourcer below contains the namen, we will expect the reaction

m〈(n)(m′〈r〉 ‖ p)〉 ‖m : m′(x)q↘↘↘ (n)(m〈p〉 ‖ q[r/x]) (1)

in which the scope ofn is extended. If mobile processes cannot 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〉 ≡ (n)m〈p〉 , if n 6= 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 to(n)p ‖ (n)p while the right hand process will
reduce to(n)(p ‖ p), which in general will not be equivalent.
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(inactive)
0 : ñ

(variable)
x : ñ

(context)
(−)ñ : ñ′

ñ⊆ ñ′ (prefix)
e : ñ

ϕe : ϕ∪ ñ

(rest)
F : ñ

(n)F : ñ\n
(abs)

p : ñ

(x)p : ñ
(parallel)

F : ñ p : ñ′

F ‖ p : ñ∪ ñ′

(concretion)
p′ : ñ′ p : ñ

〈p′ : ñ′〉p : ñ∪ ñ′
(nesting)

F : ñ′ p : ñ

ϕ〈F : ñ′〉p : ñ∪ ñ′∪ϕ

Table 1.Typing rules.

The solution taken in Homer is to extend the scope of the namen in the reaction (1)
if and only if the namen is free in p, which is consistent with the semantics of Plain
CHOCS and HOπ. 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 names willalways
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 bewell typed, meaning that related processesr andr ′ must
have the same set of free names. This means that the firewall equation(n)(n〈p〉) ≈
000, will only hold if the processp has no free variables. We remedy this problem by
explicitly typing processes by a set of namesincluding the 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 state awell typed firewall
equationas(n)(n〈p : ñ〉) : m̃≈ 000 : m̃, whereñ is the type of processp.

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 synchronousπ-calculus 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 delayinput-early
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 ofnamesN ranged over bym andn, and letñ range over
finite sets of names. We letδ range over non-empty finite sequences of names, referred

to aspathsandδ denotesco-addresses. We letϕ range overδ andδ and defineδ = δ.
We assume an infinite set ofprocess variablesV ranged over byx andy. The setsp of
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ϕ(e : ñ) = ϕe : ñ∪ϕ F : ñ ‖ p′ : ñ′ = F ‖ p′ : ñ∪ ñ′ (n)(F : ñ) = (n)F : ñ\n

(y)(p : ñ) = (y)p : ñ 〈p : ñ〉(p′ : ñ′) = 〈p : ñ〉p′ : ñ∪ ñ′

ϕ〈F : ñ′〉(p : ñ) = ϕ〈F : ñ′〉p : ñ∪ ñ′∪δ

Table 2.Extension of process constructors to typed terms.

process expressions, a of abstractions, andc of concretionsare defined by the grammar:

p ::= 000 | x | ϕe | p ‖ p′ | (n)p , a ::= (x)p , c ::= b | (n)c ,

whereb ::= 〈p′ : ñ〉p is a basic (unrestricted) concretion ande ::= a | b. We letf, ranged
over by f , denotep∪a∪ c. Whenevere denotes a basic abstraction we lete denote a
concretion, and vice versa.

The constructors are the standard ones from concurrent process calculi, extended
with process variables and by types ˜n. The processesδ〈p′ : ñ〉p andδ(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 constructsδ〈p′ : ñ〉p andδ(x)p
add strong mobility to the calculus.

The restriction operator(n) binds the namen and (x) binds the variablex. The
setsfn( f ) andfv( f ) of free names(including the types) andfree variablesare defined
accordingly as usual. We say that a term with no free variables isclosedand letfc (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 write〈p : ñ〉 instead of〈p : ñ〉0. For a set of names
ñ = {n1, . . . ,nk} we let(ñ) f denote(n1) · · ·(nk) f . We will write n for the set{n} andδ
for the set of names inδ (or δ) when no confusion can occur. We writef ≡α f ′, if f and
f ′ areα-convertible (wrt. both names and variables), and we letf/α (andfc/α) denote the
set ofα-equivalence classes of (closed) terms. Likewise we letp/α (andpc/α) denote
the set ofα-equivalence classes of (closed) processes. From now we consider terms up
to α-equivalence.

We define a family of type indexedevaluation contexts Ẽn. They are contexts with
no free variables, and whose “hole” is indexed by a type ˜n and is either not guarded by
a prefix or guarded by a prefixδ and nested in a concretion, i.e.

Eñ ::= (−)ñ | Eñ ‖ p | (n)Eñ | δ〈Eñ : ñ′〉p , p∈ pc.

The free names ofEñ are defined standardly. If the type index of the hole inEñ is not
important we may writeE instead ofEñ.

We let F range over processes, abstractions, concretions, and evaluation contexts.
If F : ñ can be inferred from the rules in Table 1 we say thatF is of typeñ. From now
on writing F : ñ we assumeF is of typeñ. Notice thatF : ñ implies fn(F)⊆ ñ. We can
prove a simple kind of subsumption (usingα-conversion if needed).

Proposition 1. (Subsumption) F: ñ implies F: ñ′ for all ñ′ whereñ⊆ ñ′.
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By convenience we extend the process constructors to typed terms as defined in
Table 2 (following the rules of Table 1). We letP, A, andC range over the set of typed
processesP/α, abstractionsA/α, and concretionsC/α up toα-equivalence respectively,
and we letT range overT/α = P/α∪A/α∪C/α. The closed variants ofT/α, P/α, A/α,
andC/α are denoted byTc/α, Pc/α, Ac/α, andCc/α. Finally, we letEñ range over typed
type indexed evaluation contexts and occasionally we leave out the type index writing
E for Eñ if the type index is not important.

WheneverF : ñ then we writeEñ(F) (or by convenienceEñ : ñ′(F : ñ)) for the
insertion ofF in the hole ofEñ. Note that free names ofF may get bound by insertion
of F in the hole of a context.

Proposition 2. If Eñ : ñ′ and F : ñ then Ẽn(F) : ñ′.

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

0 : ñ[p : ñ′/x] = 0 : ñ∪ ñ′ (n) f : ñ[p : ñ′/x] = (n)( f : ñ[p : ñ′/x]), if n 6∈ ñ′

y : ñ[p : ñ′/x] =

{
y : ñ∪ ñ′, if x 6= y

p : ñ∪ ñ′, if x = y
(y)p : ñ[P/x] = (y)(p : ñ[P/x]), if x 6= y

ϕe : ñ[P/x] = ϕ(e : ñ[P/x]) 〈P′〉p : ñ[P/x] = 〈P′[P/x]〉(p : ñ[P/x])

p ‖ p′ : ñ[P/x] = p : ñ[P/x] ‖ p′ : ñ[P/x] δ〈P′〉p : ñ[P/x] = δ〈P′[P/x]〉(p : ñ[P/x])

Table 3.Substitution.

Proposition 3. If f : ñ[p : ñ′/x] = f ′ : ñ′′ thenñ′′ = ñ∪ ñ′.

In the remaining part of this paper we consider only a restricted form of concretions
on the form(ñ)〈p′ : ñ′〉p where ñ ⊆ ñ′. These concretions we close by convenience
under process operators, hence wheneverc = (ñ)〈p1 : ñ1〉p and assuming ˜n∩ (fn(p′)∪
n∪ δ) = /0 (usingα-conversion if needed) we writec ‖ p′ for (ñ)〈p1 : ñ1〉(p ‖ p′), we
write δ〈c : ñ′〉p′ for (ñ)〈p1 : ñ1〉δ〈p : ñ′ñ〉p′, and we let(n)c denote(nñ)〈p1 : ñ1〉p if
n∈ ñ1 and otherwise it denotes(ñ)〈p1 : ñ1〉(n)p. We also allow abstractions to be closed
under process constructs, hence whenevera = (x)p and assumingx 6∈ fv(p′) (usingα-
conversion if needed) we writea ‖ p′ for (x)(p ‖ p′), δ〈a : ñ〉p′ for (x)δ〈p : ñ〉p′, and
(n)a for (x)(n)p. Finally, we define theapplicationof a typed abstractionA = (x)p : ñ
to a typed concretionC = (ñ′)〈P〉P′ (assuming that ˜n∩ ñ′ = /0, usingα-conversion if
needed) byA·C = C ·A = (ñ′)(p : ñ[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.
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p ‖ 000≡ p (p ‖ p′) ‖ p′′ ≡ p ‖ (p′ ‖ p′′) p ‖ q≡ q ‖ p (n)(m)p≡ (m)(n)p

(n)p ‖ q≡ (n)(p ‖ q), if n 6∈ fn(q) (n)p≡ p, if n 6∈ fn(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 relationR on T/α is well typed
if f : ñR f ′ : ñ′ impliesñ = ñ′ and f : ñ′′ R f ′ : ñ′′ for all ñ′′ whereñ⊆ ñ′′. In the sequel
we always assume binary relations onT/α to be well typed.

We say that a well-typed binary relationR on P/α is substitutiveif P R P′ and
P1 R P′1 implies P[P1/x]R P′[P′1/x]. We also say thatR is constructor compatibleif
PR P′ andP1 R P′1 implies ϕ(x)PR ϕ(x)P′, ϕ〈P1〉PR ϕ〈P′1〉P′, P ‖ P1 R P′ ‖ P′1, and
(n)PR (n)P′. A well typed relationR on P/α is acongruenceif it is substitutive and
constructor compatible.

Structural congruence≡ is then the least equivalence relation onp/α that is a con-
gruence and that satisfies the (usual) rules in Table 4, which donot allow vertical scope
extension. We extend structural congruence to typed processes byp : ñ≡ p′ : ñ if 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 family ofpath contexts
Dñ,γ indexed by (the type of its hole and) a path addressγ ∈ N ∗ which indicates the
path under which the context’s ‘hole’ is found. . We do so conveniently usingmulti hole
path contexts. A multi hole path contextsDñ1,...,ñk

ñ,γ hask+1 holes and is also indexed by
a sequence of types ˜n1, . . . , ñk indexing the auxiliary holes in the context. A multi hole
path context is defined inductively byDε

ñ,ε = (−)ñ (where epsilon denotes an empty
sequence) and

Dñ1,...,ñk
ñ,δγ ::= δ〈(m̃)(Dñ1,...,ñk−2

ñ,γ ‖ (−)ñk−1) : ñ′〉(−)ñk

such thatγ∩ m̃= /0 and none of the names in ˜m are already bound inDñ1,...,ñk−2
ñ,γ , i.e. we

assume all names binding the hole of a context are unique. For closed typed processes
pi : ñi , i = 1, . . . ,k, we write Dñ1,...,ñk

ñ,γ (p1, . . . , pk) for the insertion ofpi in the hole
indexed by ˜ni in the context, resulting in a (single hole) path contextDñ,γ.

We let Dñ,γ range over well typed (single hole) path contexts. If the indexed path
in Dñ,γ is not important we writeDñ instead. Finaly, we define↘↘↘ as the least binary
relation onPc/α 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 : ñ↘↘↘ p′ : ñ impliesEñ(p)↘↘↘Eñ(p′) for all Eñ. Notice, that the evaluation context
δ〈Eñ : ñ′〉p : ñ′′ enables internal reactions of active resources.

Below we give a few examples illustrating key ideas of Homer, more exaples can
be found in [17].
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(react) γδe‖ Dñ,γ(δe) : ñ′↘↘↘ e : ñ′ ·Dñ,γ(e) : ñ′

Table 5.Reaction rule

Example: Recursion and replicationWe 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. Letp : ñ and define

rec x.p =def (a)(recax.p)

whererecax.p = a〈r : añ〉 ‖ r for r = a(x)p[(a〈x : /0〉 ‖ x) : a/x], with a 6∈ ñ. Intuitively,
r places a copy ofrecax.p at all occurrences ofx in p, i.e. recax.p↘↘↘ p[recax.p : añ/x].
From recursion one may encode replication in the usual way by !p =def rec x.(p ‖ x).

Example: Static local name disciplineThe following example illustrate the importance
of explicitly typing of sub resources. Supposen 6∈ ñ. Let p1 =def ab(x)a(y)(y ‖ y), let
p2 =def a〈(n)(b〈r : nñ〉 ‖ p) : ñ〉, and letp3 =def a〈(n)(b〈r : ñ〉 ‖ p) : ñ〉. Then

p1 ‖ p2 : abñ↘↘↘ (x)a(y)(y ‖ y) : abñ·a〈(n)(〈r : nñ〉 ‖ p) : ñ〉 : abñ

= (n)(a(y)(y ‖ y) ‖ a〈p : nñ〉) : abñ↘↘↘ (n)(p ‖ p) : abñ

since by conventiona〈(n)(〈r : nñ〉 ‖ p) : ñ〉= (n)〈r : nñ〉a〈(0 ‖ p) : nñ〉, however

p1 ‖ p3 : abñ↘↘↘ (x)a(y)(y ‖ y) : abñ·a〈(n)(〈r : ñ〉 ‖ p) : ñ〉 : abñ

= a(y)(y ‖ y) ‖ a〈(n)p : ñ〉 : abñ↘↘↘ (n)p ‖ (n)p : abñ

since by conventiona〈(n)(〈r ′ : ñ〉 ‖ p) : ñ〉 = 〈r : ñ〉a〈(n)(0 ‖ p) : ñ〉. Hence the scope
of n is extended vertically only ifn appear in the type ofr. Thus, if we did not explicitly
type sub resources then (for suitablep) the contexta〈(n)(b〈(−)nñ〉 ‖ p)〉 ‖ p1 would
violate the typed perfect firewall equation(m)m〈q〉 : nñ≈ 000 : nñ, for m 6= n∈ fn(q).

4 Transition Semantics

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

π ::= τ | ϕ

The set of free names inπ, fn(π), is fn(ϕ) wheneverπ = ϕ and /0 otherwise. As for
the reduction semantics we define the transitions forα-equivalence classes of closed
processes. The rules in Table 6 then define a labelled transition system

(Tc/α,−→−→−→⊆ Pc/α×Π×Tc/α).
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(prefix)
ϕe : ñ

ϕ−→−→−→ e : ñ
(sync)

p : ñ
ϕ−→−→−→ A p′ : ñ

ϕ−→−→−→C

p ‖ p′ : ñ
τ−→−→−→ A·C

(par)
p : ñ

π−→−→−→ T

p ‖ p′ : ñ
π−→−→−→ T ‖ p′ : ñ

(sym)
p ‖ p′ : ñ

π−→−→−→ T

p′ ‖ p : ñ
π−→−→−→ T

(rest)
p : ñn

π−→−→−→ T

(n)p : ñ
π−→−→−→ (n)T

, n 6∈ fn(π) (nesting)
P

π−→−→−→ T

δ〈P〉p : ñ
δ ···π−→−→−→ δ〈T〉p : ñ

Table 6.Transition rules.

The rules are completely standard, except for the handling of typing and interac-
tion with nested resources, which shows in the (prefix) and (nesting) rules. The (prefix)
rule expresses that types are preserved by transitions. The (nesting) rule takes care of
the communication and computation of arbitrarily deeply nested resources. It uses an
operationδ ··· ( ) formally defined by:

δ ··· τ = τ, δ ···δ′ = δδ′

Note that the operation is not defined forδ since it is directed “downward” and thus not
visible outside the resource. Sinceδ ··· τ = τ, the nesting rule implies thatδ〈P〉p : ñ

τ−→−→−→
δ〈T〉p : ñ, if P

τ−→−→−→ 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 the rule (prefix)
and the synchronisation rule (sync). For instance, illustrating also the use of the rule
(nesting), we have letting ˜n′ = nmñ that

n〈m〈P〉p : mñ〉p′ ‖ nm(x)p′′ : ñ′
τ−→−→−→ 〈P〉n〈p : mñ〉p′ : ñ′ · (x)p′′ : ñ′

becausen〈m〈P〉p : mñ〉p′ : ñ′
nm−→−→−→ 〈P〉n〈p : mñ〉p′ : ñ′ andnm(x)p′′ : ñ′

nm−→−→−→ (x)p′′ : ñ′.

5 Bisimulation Congruences

In this section, we address the semantic theory of Homer considering how to describe
congruences as bisimulations. First, we definewell typedstrong and weakbarbed bisim-
ulation congruencesbased 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 strongbarbsstandardly letting↘↘↘ ∗ be the transitive and reflex-
ive closure of↘↘↘, and choosing barbs similarly to [19, 20]

P ↓ n if P≡ (ñ)(n〈P′〉p ‖ p′) : ñ′ and n6∈ ñ, and P⇓ n if ∃P↘↘↘ ∗ P′. P′ ↓ n .
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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 relationsR onP/α to closed terms byRc = R ∩Pc/α×Pc/α.

Definition 1. A weak barbed simulationis a well typed binary relationR onPc/α such
that wheneverP1 R P2,

i) if P1 ↓ n thenP′1 ⇓ n ii) if P1↘↘↘ P′1, then∃P2↘↘↘ ∗ P′2 such thatP′1R P′2

R is a weak barbed bisimulationif R andR −1 are weak barbed simulations.Weak
barbed bisimulation congruence≈b is the largest congruence such that(≈b)c is a weak
barbed bisimulation.

We define strong barbed simulation similar to above by replacing↘↘↘ ∗ with↘↘↘ andq⇓ n
with q ↓ n, and define strong barbed bisimulation congruence∼b accordingly.

Proposition 4. ∼b and≈b are equivalence relations.

We definedelaytransitions [21] byP
τ=⇒=⇒=⇒P andP

π=⇒=⇒=⇒P′, if P
τ=⇒=⇒=⇒P′′

π−→−→−→P′, which
compared to weak transitions do not allowτ-transitions after the visible transition.

We extend well typed binary relationsR on Pc/α to open terms the usual way,
by defining p : ñ R ◦ p′ : ñ if p : ñ[P1/x1] . . . [Pk/xk] R p′ : ñ[P1/x1] . . . [Pk/xk] for all
P1, . . . ,Pk ∈ Pc/α, wherefv(p) = fv(p′) = {x1, . . . ,xk}, i.e. requiring two open terms to
be related after substitution with closed resources. Also we extendR ◦ to typed concre-
tions byc : ñR 2 c′ : ñ if for all A, A·c : ñR ◦ A·c′ : ñ.

Like in [22] we introduce an (input)earlydelay context bisimulation by

Definition 2. An (input) early delay context simulationis a well typed binary relation
R onPc/α such thatp : ñ R P implies

1. if p : ñ
τ−→−→−→ P1 then∃P2. P

τ=⇒=⇒=⇒ P2 andP1 R P2

2. if p : ñ
δ−→−→−→ A then∀C∈ Cc/α. ∃A′. P

δ=⇒=⇒=⇒ A′ andA·C R A′ ·C
3. if p : ñ

δ−→−→−→ A then∀C∈ Cc/α,Dñ. ∃A′. P
δ=⇒=⇒=⇒ A′ andDñ(A) ·C R Dñ(A′) ·C

4. if p : ñ
δ−→−→−→C then∃C′. P

δ=⇒=⇒=⇒C′ andC R 2 C′

5. if p : ñ
δ−→−→−→C then∃C′. P

δ=⇒=⇒=⇒C′ and∀Dñ. Dñ(C) R 2 Dñ(C′)

R is an early delay context bisimulation if bothR andR −1 are early delay context
simulations. Let≈e denote the largest early delay context bisimulation. We define early
strong context simulation by replacing=⇒=⇒=⇒with−→−→−→, and let∼e denote the largest early
strong context bisimulation.

Proposition 5. ∼e, and≈e are equivalence relations.

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

Proposition 6. P↘↘↘ P′ iff P≡ τ−→−→−→≡ P′.
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0 : ñR ◦ P

0 : ñR P

x : ñR ◦ P

x : ñR P

p1 : ñR p′1 : ñ p2 : ñR p′2 : ñ p′1 ‖ p′2 : ñR ◦ P

p1 ‖ p2 : ñR P

P′ R P′′ p′ : ñR p′′ : ñ ϕ〈P′′〉p′′ : ñR ◦ P

ϕ〈P′〉p′ : ñR P

p : ñR p′ : ñ ϕ(x)p′ : ñR ◦ P

ϕ(x)p : ñR P

p : ñnR p′ : ñn (n)p′ : ñR ◦ P

(n)p : ñR P

PR P′ p : ñR p′ : ñ 〈P′〉p′ : ñR 2 C

〈P〉p : ñR C

c : ñnR c′ : ñn (n)c′ : ñR 2 C

(n)c : ñR 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. (∼b)c ⊆∼e .

The result extends to open processes because∼b is substitutive

Corollary 1. ∼b⊆∼e
◦ .

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, that∼e
◦ and≈e

◦ 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 lts
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 toinput-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-relationR on P/α ∪C/α, defined relative to a binary
relationR on Pc/α and as the least relation satisfying the rules in Table 7. LetR • =
R ∩P/α ×P/α, i.e. the relation restricted to (possibly open) processes. It is easy to
prove that ifR is well typed thenR • andR 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 R be an equivalence relation onPc/α then
1. R is reflexive. 4.R • is substitutive. 7.R •∗ is symmetric
2. R 2 ⊆ R . 5. R • is constructor compatible
3. R R 2 ⊆ R . 6. R •−1 ⊆ R •∗

10



The key is now to show, since∼e
• (≈e

•) is a congruence, that∼e
◦ = ∼e

• (≈e
◦ =

≈e
•).
Next, as a novel contribution of this paper we extend the Howe-relation to path

contexts. LetR be a binary relation onPc/α. We define the Howe-relationR N on path

context byDñ,γ : ñ′R ND′
ñ,γ : ñ′ if there existsDñ1,...,ñk

ñ,γ andpi : ñi R • p′i : ñi , i = 1, . . . ,k

such thatDñ,γ : ñ′ = Dñ1,...,ñk
ñ,γ (p1, . . . , pk) : ñ′ andD′

ñ,γ : ñ′ = Dñ1,...,ñk
ñ,γ (p′1, . . . , p′k) : ñ′.

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 establish≈e
◦=≈e

• the method of Howe utilizes that≈e
• satisfies the

following bisimulation property.

Lemma 1. p : ñ,P∈ Pc/α and p: ñ≈e
• P implies that

1. if p : ñ
τ−→−→−→ P1 then∃P2. P

τ=⇒=⇒=⇒ P2 and P1 ≡≈e
• P2

2. if p : ñ
δ−→−→−→ A then∀C≈e C′. ∃A′. P

δ=⇒=⇒=⇒ A′ and A·C≡≈e
• A′ ·C′

3. if p : ñ
δ−→−→−→ A then∀C≈e C′. ∀Dñ≈e

ND ′
ñ. ∃A′. P

δ=⇒=⇒=⇒ A′ andDñ(A) ·C≡≈e
• D ′

ñ(A
′) ·C′

4. if p : ñ
δ−→−→−→C then∃C′. P

δ=⇒=⇒=⇒C′ and C≈e C′

5. if p : ñ
δ−→−→−→C then∃C′. P

δ=⇒=⇒=⇒C′ and∀Dñ≈e
ND ′

ñ. Dñ(C)≈e D ′
ñ(C

′)

A similar bisimulation property for∼e
• is used to prove∼e

◦=∼e
•.

Proposition 9. ∼e
◦ and≈e

◦ are congruences.

From Prop. 2 and 6 and from Prop. 9 it follows that∼e
◦ and≈e

◦ are sound with respect
to barbed and weak barbed bisimulation congruence, respectively.

Proposition 10. ∼e
◦ ⊆∼b and≈e

◦ ⊆≈b.

From Corol. 1 and Prop. 9 we conclude that

Theorem 1. ∼e
◦ =∼b

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
∼l (∼e. It turns out that the late delay context bisimulation is in factstrictly 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 withactivemobile processes
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at nested locations and local names, proving thatearly 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-orderπ-calculus. 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 HOπ (or the first-orderπ-calculus) 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 HOπ.

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
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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.

AcknowledgementsThis 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
γϕ−→−→−→ T then there exists D̃n,γ, ñ, e, and p with̃n′∩ γϕ = /0 such that

P≡ (ñ′)(Dñ,γ(ϕp) ‖ p′) : σ′ and T≡ (ñ′)(Dσ,γ(p) ‖ p′) : σ′

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 : ñ∼b q : ñ for closed processesp andq. We proceed to show the properties
of Def. 2 (upto structural congruence).

Case:p : ñ
τ−→−→−→ P1. Follows from Prop. 6.

Case:p : ñ
δ−→−→−→A=(x)p′ : ñ. AssumeC=(m̃)〈r : m̃′〉r ′ : m̃′′ andDñ,γ = Dñ1,...,ñk

ñ,γ (p1, . . . , pk).
Let j be the sum of the path lengths of all addresses of resources inC andDñ,γ. Let
δ j denote the concatenation ofj copies ofδ. For a fresh namem, define a context
C = Dñ1,...,ñk

ñ,γ (δ j(x)δ̄〈x : /0〉δ j〈000〉p1, . . . , pk) ‖ (m̃)γδ j〈r : m̃′〉γδ j(x)(r ′ ‖m〈000〉).
ThenC (p : ñ)↘↘↘↘↘↘↘↘↘ p′′ ‖ m〈000〉 : ñ′′m, wherep′′ : ñ′′ = Dñ,γ(A) ·C. From p : ñ∼b

q : ñ it follows that C (q : ñ)↘↘↘↘↘↘↘↘↘ q′′ ‖ m〈000〉 : ñ′′m, whereq′′ : ñ = Dñ,γ(A′) ·C and

q : ñ
δ−→−→−→ A′ = (x)q′ : ñ andp′′ ‖m〈000〉 : ñ′′m∼b q′ ‖m〈000〉 : ñ′′m. Using the contextCm =

(−) ‖ m(x) it follows that p′′ : ñ′′m∼b q′′ : ñ′′m. Finally, using structural congruence
and the contextC\m = (m)(−) it follows thatDñ,γ(A) ·C≡∼b≡ Dñ,γ(A′) ·C as desired.

Case:p : ñ
δ̄−→−→−→ A. As above, but simpler.

Case: p : ñ
δ−→−→−→C = (m̃)〈p′′ : m̃′〉p′ : ñ For a fresh namem, define a contextC =

(−) ‖ δ̄(x)(δ〈x : /0〉 ‖ m̄〈000〉). ThenC (p : ñ) ↘↘↘ (m̃)(p′ ‖ δ〈p′′ : m̃′〉 ‖ m̄〈000〉). From p :

ñ∼b q : ñ it follows that C (q : ñ)↘↘↘ (m̃′′)(q′ ‖ δ〈q′′ : m̃′′′〉 ‖ m̄〈000〉) andq : ñ
δ−→−→−→C′ =

(m̃′′)〈q′′ : m̃′′′〉q′ : ñ. Again using the contextsCm andC\m it follows thatP = (m̃)(p′ ‖
δ〈p′′ : m̃′〉)≡∼b≡Q = (m̃′′)(q′ ‖ δ〈q′′ : m̃′′′〉)

For anyDñ,γ = Dñ1,...,ñk
ñ,γ (p1, . . . , pk) andA= (x)r let j be the sum of the path lengths

of all addresses of resources inC,Dñ,γ and A. For a fresh namem, define a context

C = Dñ1,...,ñk
ñ,γ (δ̄ j(x)(x ‖ δ2 j〈000〉p1), . . . , pk)(δ j〈(−)〉) ‖ γδ j+1(x)δ2 j(z)(r ‖ m̄〈000〉). Then

C (P)↘↘↘↘↘↘↘↘↘Dñ,γ(C) ·A‖ m̄〈000〉. It follows thatC (Q)↘↘↘↘↘↘↘↘↘Dñ,γ(C′) ·A‖ m̄〈000〉. Again
using the contextsCm andC\m it follows thatDñ,γ(C) ·A≡∼b≡ Dñ,γ(C′) ·A as desired.

Case:p : ñ
δ−→−→−→C. As above, but simpler.

C Proof of Lemma 1

Lemma 3. ≡c is a strong late context bisimulation.
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Lemma 4. LetR be an equivalence relation onPc/α, then CR C′ and PR •P′ implies
(x)P·CR • (x)P′ ·C′.

Proof. The proof is by induction in the derivation ofCR C′ using the definition ofR 2

and Proposition 8.3-5.

Lemma 5. LetR be an equivalence relation onPc/α, thenDñR ND ′
ñ and p: ñR • p′ : ñ

impliesDñ(p)R • D ′
ñ(p′).

Proof. Follows from the definition ofR N becauseR • is constructor compatible due to
Proposition 8.7.

Lemma 6. If R is an equivalence relation onPc/α, then CR C′, p : ñR • p′ : ñ, and
DñR ND ′

ñ impliesDñ((x)p) ·CR • D ′
ñ((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 thatC ≡C′ andDñ,γ ≡ D ′

ñ,γ implies
Dñ,γ(C)≡ D ′

ñ,γ(C
′).

Lemma 7. If R is a binary relation onPc/α andñ′⊆ ñ thenDñR ND ′
ñ and p: ñR • p′ : ñ

implies

Dñ(δ〈(−)ñ′ : ñ′〉p)≡ R N ≡ D ′
ñ(δ〈(−)ñ′ : ñ′〉p′), if δ ⊆ ñ

Dñ((−)ñ′ ‖ p)≡ R N ≡ D ′
ñ((−)ñ′ ‖ p′) if Dñ 6= (−)ñ : ñ′′

Dñ((n)(−)ñ′n)≡ R N ≡ D ′
ñ((n)(−)ñ′n), if n 6∈ ñ andDñ 6= (−)ñ : ñ′′

Proof. Follows from the definition ofR N.

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.

DefineDñ,γ : ñ′ \m= Dñ,γ \m : ñ′ whereDñ,γ \m is defined inductively by

Dñ,γ \m=

 (−)ñ , if Dñ,γ = (−)ñ

δ〈(m̃\m)(Dñ,γ′ \m‖ p′) : ñ′〉p , if Dñ,γ = δ〈(m̃)(Dñ,γ′ ‖ p′) : ñ′〉p

We writeDñ\ m̃ for Dñ\m1 . . .\mk wheneverm̃= {m1, . . . ,mk}.

Lemma 8. DñR ND ′
ñ impliesDñ\ m̃R ND ′

ñ\ m̃.

Proof. The proof follows immediately from the definition ofR N.

We define the set of names,bn(Dσ,γ), binding the hole of a path context,Dσ,γ, in-
ductively bybn(Dσ,γ : σ′) = bn(Dσ,γ), bn((−)σ) = /0, andbn(δ〈(ñ)(Dσ,γ′ ‖ p′) : σ′〉p) =
ñ∪bn(Dσ,γ′).
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C.1 Proof of Lemma 1

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

Proof. SupposeP,P′ ∈ Pc/α, P≈e
•P′ andP

π−→−→−→ T. We proceed by induction on the

derivation ofP
π−→−→−→ T.

Case (prefix):P = ϕe : σ andT = e : σ.
CaseSupposee= (x)p. Then sinceP≈e

•P′ there existsp′ such thatp : δn≈e
•p′ : δn

andϕ(x)p′ : δn≈e
◦P′. We may assumep′ is closed because≈e

• is substitutive (Propo-

sition 8.4), henceϕ(x)p′ : δn
ϕ−→−→−→ (x)p′ : δn.

If ϕ = δ then, sinceϕ(x)p′ : δn≈eP′, for all closedC′ andD ′
ñ there existsP′

δ=⇒=⇒=⇒ A′

such thatD ′
ñ((x)p′ : ñ) ·C′≈e

◦D ′
ñ(A

′) ·C′.
Let C,C′ ∈ Cc/α such thatC≈e C′ and letDñ≈e

ND ′
ñ. Becausep : ñ≈e

•p′ : ñ we
infer from Lemma 6 that

Dñ((x)p : ñ) ·C≈e
•D ′

ñ((x)p′ : ñ) ·C′

Hence, since≈e
•≈e

◦ ⊆≈e
• (Proposition 8.3 restricted to processes) we get

Dñ((x)p : ñ) ·C≈e
•D ′

ñ(A
′) ·C′

The case whereϕ = δ is similar.
Case:Supposee= 〈p1 : ñ′〉p2. Then sinceP≈e

•P′ there existsp′1 andp′2 such that
p1 : ñ′≈e

•p′1 : ñ′, p2 : ñ≈e
•p′2 : ñ, andϕ〈p′1 : ñ′〉p′2 : ñ≈e

◦P′. We may assumep′1 and

p′2 are closed because≈e
• is substitutive (Proposition 8.4), henceϕ〈p′1 : ñ′〉p′2 : ñ

ϕ−→−→−→
〈p′1 : ñ′〉p′2 : ñ.

Let ϕ = δ, then becauseϕ〈p′1 : ñ′〉p′2 : ñ≈e
◦P′, there existsP′

δ=⇒=⇒=⇒C′ such that for
all Dñ

′:
Dñ

′(〈p′1 : ñ′〉p′2 : ñ)≈e
2Dñ

′(C′)

Next, letDñ≈e
NDñ

′. Thenbn(Dñ) = bn(Dñ
′). Due to the notational convenience,

observe that
Dñ(〈p1 : ñ′〉p2 : ñ) = (m̃)〈p1 : ñ′〉(Dñ\ m̃)(p2 : ñ)

and
Dñ

′(〈p′1 : ñ′〉p′2 : ñ) = (m̃)〈p′1 : ñ′〉(Dñ
′ \ m̃)(p′2 : ñ)

wherem̃= bn(Dñ)∩ ñ′. Then, since(Dñ\m̃)≈e
N(Dñ

′\m̃) due to Lemma 8 we get from
Lemma 5 that(Dñ \ m̃)(p2 : ñ)≈e

•(Dñ
′ \ m̃)(p′2 : ñ). Hence, because≈e

2 is reflexive
we obtain

(m̃)〈p1 : ñ′〉(Dñ\ m̃)(p2)≈e (m̃)〈p′1 : ñ′〉(Dñ
′ \ m̃)(p′2)

Finally, since≈e ≈e
2 ⊆≈e (Proposition 8.3) we haveDñ(〈p1 : ñ′〉p2 : ñ)≈e Dñ

′(C′).
The case whereϕ = δ is similar.

Case (sync):AssumeP
τ−→−→−→ T becauseP = p1 ‖ p2 : ñ, p1 : ñ

ϕ−→−→−→ A, p2 : ñ
ϕ−→−→−→C, and

T = A·C.
Then from the definition of≈e

• there existsp′1 and p′2 such thatp1 : ñ≈e
•p′1 : ñ,

p2 : ñ≈e
•p′2 : ñ, andp′1 ‖ p′2 : ñ≈e

◦P′.
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We may assumep′1 andp′2 are closed because≈e
• is substitutive (Proposition 8.4).

Hence by induction hypothesis, sincep2 : ñ≈e
•p′2 : ñ, there existsp′2 : ñ

ϕ
=⇒=⇒=⇒C′ such that

C≈e C′. Also by induction hypothesis, sincep1 : ñ≈e
•p′1 : ñ, there existsp′1 : ñ

ϕ
=⇒=⇒=⇒ A′

such thatA·C≡≈e
•A′ ·C′.

Therefore,p′1 ‖ p′2 : ñ
τ=⇒=⇒=⇒ A′ ·C′. Then, sincep′1 ‖ p′2 : ñ≈eP′ there existsP′

τ=⇒=⇒=⇒ P′′

such thatA′ ·C′≈eP′′ and thereforeA ·C ≡ ≈e
•P′′ because≈e

•≈e
◦ ⊆ ≈e

• (Proposi-
tion 8.3 restricted to processes).

Case (nesting):SupposeP
δ·π−→−→−→ T becauseP = δ〈P1〉p1 : ñ andP1

π−→−→−→ f : ñ′, it follows
thatT = δ〈 f : ñ′〉p1 : ñ.

Then it follows from the definition of≈e
• there there existsP′1 and p′1 such that

P1≈e
•P′1, p1 : ñ≈e

•p′1 : ñ, andδ〈P′1〉p′1≈e
◦P′. We may assumeP′1 and p′1 are closed

because≈e
• is substitutive (Proposition 8.4).

caseSupposeπ = δ′ and f = a. LetC,C′ ∈Cc/α such thatC≈e C′ and letDñ≈e
ND ′

ñ.
Then from Lemma 7,Dñ(δ〈(−)ñ′ : ñ′〉p1 : ñ)≡≈e

N ≡ D ′
ñ(δ〈(−)ñ′ : ñ′〉p′1 : ñ).

By induction hypothesis there existsP′1
δ′=⇒=⇒=⇒ a′ : ñ′ such that

Dñ(δ〈a : ñ′〉p1 : ñ) ·C≡≈e
• ≡ D ′

ñ(δ〈a′ : ñ′〉p′1 : ñ) ·C′

Hence,δ〈P′1〉p′1 : ñ
δδ′=⇒=⇒=⇒ δ〈a′ : ñ′〉p′1 : ñ. Becauseδ〈P′1〉p′1 : ñ≈eP′ there existsP′

δδ′=⇒=⇒=⇒ A′

such that
D ′

ñ(δ〈a′ : ñ′〉p′1 : ñ) ·C′≈eD ′
ñ(A

′) ·C′

Finally, since≡∩Pc/α×Pc/α ⊆≈e,≈e is transitive, and≈e
•≈e

◦⊆≈e
• (Proposition 8.3

restricted to processes) we obtain

Dñ(δ〈a : ñ′〉p1 : ñ) ·C≡≈e
•D ′

ñ(A
′) ·C′

caseSupposeπ = δ′ and f = c. By induction hypothesis there existsP1
′ δ′=⇒=⇒=⇒ c′ : ñ′

such that for allDñ′≈e
NDñ′

′

Dñ′(c : ñ′)≈e Dñ′
′(c′ : ñ′) (2)

Also,δ〈P1
′〉p1

′ : ñ
δδ′=⇒=⇒=⇒ δ〈c′ : ñ′〉p1

′ : ñ. Becauseδ〈P1
′〉p1

′ : ñ≈eP′ there existsP′
δδ′=⇒=⇒=⇒C′

such that for allDñ
′

Dñ
′(δ〈c′ : ñ〉p′1 : ñ)≈e

2Dñ
′(C′)

Let Dñ≈e
NDñ

′. Then by Lemma 7,

Dñ(δ〈(−)ñ′ : ñ′〉p1 : ñ)≡≈e
N ≡ Dñ

′(δ〈(−)ñ′ : ñ′〉p1
′ : ñ)

Hence from (2),

Dñ(δ〈c : ñ′〉p1 : ñ)≡≈e ≡ Dñ
′(δ〈c′ : ñ′〉p1

′ : ñ)

Finally, since≡ ∩Cc/α×Cc/α ⊆≈e
2, ≈e

2 is transitive, and≈e ≈e
2 ⊆≈e (Proposi-

tion 8.3) we obtain
Dñ(δ〈c : ñ′〉p1 : ñ)≈e Dñ

′(C′)
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caseThe case whereπ = τ is immediate.
Case (restriction): SupposeP

π−→−→−→ T becauseP = (n)p : ñ, p : ñn
π−→−→−→ f : ñn, n 6∈

fn(π), andT = (n) f : ñ. Then from the definition of≈e
• there existsp′ such thatp :

ñn≈e
•p′ : ñnand(n)p′ : ñ≈e

◦P′. We may assumep′ is closed because≈e
• is substitutive

(Proposition 8.4).
caseSupposeπ = δ and f = a. LetC,C′ ∈Cc/α such thatC≈e C′ and letDñ≈e

NDñ
′.

We proceed on the structure ofDñ.
Let Dñ = (−)ñ : ñ′. Since(−)ñn : ñ′n≈e

N(−)ñn : ñ′n it follows by induction hypoth-

esis that there existsp′ : ñn
δ=⇒=⇒=⇒ a′ : ñnsuch that

a : ñ′n·C≡≈e
•a′ : ñ′n·C′ (3)

Hence,(n)p′ : ñ
δ=⇒=⇒=⇒ (n)a′ : ñ and because(n)p′ : ñ≈e

◦P′ there existsP′
δ=⇒=⇒=⇒ A′ such

that
Dñ((n)a′ : ñ) ·C′ = (n)a′ : ñ′ ·C′≈e

◦Dñ(A′) ·C′

Usingα-conversion we may assume thatn 6∈ fn(C)∪ fn(C′) and hence(n)a : ñ′ ·C≡
(n)(a : ñ′n·C) and(n)a′ : ñ′ ·C′ ≡ (n)(a′ : ñ′n·C′).

Moreover since≈e
• (Proposition 8.5) and also≡ are constructor compatible we

get from (3) that(n)(a : ñ′n ·C) ≡ ≈e
•(n)(a′ : ñ′n ·C′). Then because≡ and≈e

◦ are
transitive,≡⊆ ≈e

◦, and≈e
•≈e

◦ ⊆ ≈e
• (Proposition 8.3 restricted to processes) we

obtain:
Dñ((n)a : ñ) ·C = (n)a : ñ′ ·C≡≈e

•Dñ(A′) ·C′

SupposeDñ 6=(−)ñ : ñ′. Then from Lemma 7,Dñ((n)(−)ñn)≡≈e
N ≡Dñ

′((n)(−)ñn)

and by induction hypothesis there existsp′ : ñn
δ=⇒=⇒=⇒ a′ : ñnsuch that

Dñ((n)a) ·C≡≈e
• ≡ Dñ

′((n)a′) ·C′

Hence,(n)p′ : ñ
δ=⇒=⇒=⇒ (n)a′ : ñ and because(n)p′ : ñ≈eP′ there existsP′

δ=⇒=⇒=⇒ A′ such that

Dñ
′((n)a′) ·C′≈eDñ

′(A′) ·C′

Therefore since≡ ∩Pc/α ×Pc/α ⊆≈e, ≈e is transitive, and≈e
•≈e

◦ ⊆ ≈e
• (Proposi-

tion 8.3 restricted to processes) we obtain:

Dñ((n)a) ·C≡≈e
•Dñ

′((n)a′) ·C′

caseSupposeπ = δ and f = a. Similar to the case above.
caseSupposeπ = δ and f = c. Similar to the corresponding case for nesting.
caseSupposeπ = δ and f = c. Similar to the case whereπ = δ and f = c.
caseSupposeπ = τ and f = p. Immediate

D Proof of Proposition 9

Lemma 9. ((∼e
•)c)∗ and ((≈e

•)c)∗ are respectively early and early delay context
bisimulations.

19



Proof. We only show that((≈e
•)c)∗ is an early delay context bisimulation. The proof

of ((∼e
•)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 Proposition 8.7(≈e

•)∗ is
symmetric and hence so is((≈e

•)c)∗.
Let P ((≈e

•)c)∗ P′. Then for somek≥ 0, P ((≈e
•)c)k P′. The rest of the proof is by

induction ink.
Base:k = 0. Immediate because((≈e

•)c)∗ is reflexive.
Step:k > 0. Let

P = P0 (≈e
•)c P1 . . .Pk−1 (≈e

•)c Pk = P′

and supposeP
π−→−→−→ T.

Case:π = δ andT = a : ñ. By induction, for allC andDñ there existsPk−1
δ=⇒=⇒=⇒ ak−1 : ñ

such that:
Dñ(a) ·C (((≈e

•)c)∗)◦ Dñ(ak−1) ·C

By repeated applications of Lemma 1 using that≡ is transitive, that≡c is a strong late
context bisimulation (Lemma 3), and that≈e

N is reflexive we obtain the existence of

someP′
δ=⇒=⇒=⇒ A′ such that:

Dñ(ak−1 : ñ) ·C≡≈e
• Dñ(A′) ·C

Hence because≡⊆≈e
◦⊆≈e

• (Proposition 8.3 restricted to processes) and since≈e
• is

constructor compatible (Proposition 8.5) we have that:

Dñ(a : ñ) ·C (((≈e
•)c)∗)◦ Dñ(A′) ·C

Case:π = δ andT = A. Similar to the case above.
Case:π = ϕ andT =C. Similar to the case above using that≡2⊆≈e

2 ⊆≈e , Lemma 4,
and that≈e

• is substitution closed.

Proposition 11. (((∼e
•)c)∗)◦ ⊆∼e

◦ and(((≈e
•)c)∗)◦ ⊆≈e

◦.

Proof. We only show that(((≈e
•)c)∗)◦ ⊆ ≈e

◦. The proof of(((∼e
•)c)∗)◦ ⊆ ∼e

◦ is
similar.

It is sufficient to prove that((≈e
•)c)∗ ⊆≈e because(·)◦ is monotonic. Since≈e is

the largest early delay context bisimulation it is enough to show that((≈e
•)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 that≈e
◦ is a congruence, the proof of∼e

◦ being a congruence
is similar. Because≈e

• is a congruence due to Proposition 8.4 and Proposition 8.5 it
suffices to show that≈e

◦=≈e
•. From Proposition 8.2 (restricted to processes) we have

≈e
◦⊆≈e

• so it only remains to prove that≈e
•⊆≈e

◦.
First observe that since≈e

• is substitutive due to Proposition 8 then≈e
•⊆ ((≈e

•)c)◦.
Moreover, by definition((≈e

•)c)◦ ⊆ (((≈e
•)c)∗)◦ and since we from Proposition 11

have(((≈e
•)c)∗)◦ ⊆≈e

◦ we get≈e
•⊆≈e

◦.
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