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Abstract. Orc [9] is a language for task orchestration. It has a small set
of primitives, but sufficient to express many useful programs succinctly.
We identify an ambiguity in the trace semantics of Kitchin et al. [9]. We
give possible interpretations of the ambiguous definition and show that
the semantics is not adequate regardless of the interpretation. We remedy
this situation by providing new operational and denotational semantics
with a better treatment of variable binding, and proving an adequacy
theorem to relate them. Also, we investigate strong bisimulation in Orc
and show that bisimulation implies trace equivalence but not vice versa.

1 Introduction

Orc [9] is a concurrent programming language for web-service orchestration. It
is small yet usefully programmable, making it a good vehicle for the study of
distributed processes in the presence of timeouts and communication failures.
Orc uses autonomous computing units called sites to perform sequential com-
putation and other basic services. It then provides operators to coordinate the
execution of sites and build larger processes.

The question of the practical applicability of Orc is outside the scope of this
paper. Popular concurrent programming patterns like fork-join parallelism can
be coded in Orc, and also the workflow patterns of van der Aalst et al. [12]. The
practical aspects of the language are discussed in [6,9,11]. Here, we will discuss
the formal properties of Orec.

— The existing trace semantics for Ore [9] is ambiguous when there is a naming
conflict between free and bound variables. We resolve the ambiguity and
show that the semantics is not adequate.

— We suggest that dynamic binding of variables be prohibited because it in-
validates an equivalence between Orc processes proved in [9].

— We provide new operational and denotational semantics which fix the afore-
mentioned problems and prove an adequacy theorem to relate them.

— We investigate strong bisimulation in Orc and show that it is a congruence.
We use it to prove useful equivalences between Orc processes. Last, we show
that strong bisimulation implies trace equivalence but not vice versa.

This paper is organized as follows. We give a quick overview of Orcin the next
section. Then we present the existing semantics [9] and its deficiencies in sec-
tion 3. In section 4, we give our semantics for Orc. We study strong bisimulation
in Orc in section 5. We discuss related work in section 6 and conclude in section 7.



2 Overview of Orc

The simplest Orc program is a site call. For example, the site call IsPrime(N)
sends the number N to a site named IsPrime. We imagine that this site will
return true if N is prime and false otherwise. Similarly, we imagine that the
result of the site call RedditFeed(today) will be a page of today’s technical news.
In Orc terminology, we use the word publication to refer to the result of a site
call. A site may respond to a call at most once and it can also ignore the request.
Note that the same site call at different times may publish different values.

In symmetric composition (f | g) the two processes are evaluated in paral-
lel and there is no interaction between them. The composite process publishes
all the values published by f and g. For instance, the process (IsPrime(N) |
RedditFeed(today)) can publish at most two values.

The sequencing operator (f >x> g) is used to spawn threads. Process f starts
running, and whenever f publishes some value v, an instance of g with v bound to
x is launched in parallel. For example, ((IsPrime(N) | RedditFeed(today)) >x>
Print(z)) may print twice, if both IsPrime(N) and RedditFeed(today) publish.
If f does not publish, g is not run.

Last, we can use the where operator to terminate a process after it publishes.
The expression (f where z :€ g) starts evaluating f and g in parallel. However,
the parts of f that depend on x block until z acquires a value. If g publishes,
the value published is bound to z in f and g is terminated. Therefore, the
expression (Print(z) where x :€ (IsPrime(N) | RedditFeed(today))) will either
print a boolean or today’s technical news, maybe none, but not both.

The operators we saw up to now do not allow us to write recursive processes.
To do that, we can define expressions like the following;:

DOS(x) £ Ping(x) | DOS(x)
This is a simple denial-of-service attack; the process DOS(ip) pings ip an un-
bounded number of times.

At this point we have explained the features of Orcinformally and we can
proceed to discuss its formal syntax and semantics.

3 The existing semantics of Orc and its deficiencies

3.1 Syntax - Operational Semantics

The syntax of Orcis shown in Fig. 1. An Orc program consists of a finite set of
mutually recursive declarations and an expression that is evaluated with these
declarations in scope. We use A to refer to the set of declarations. The terms
“expression” and “process” will be used interchangeably.

The process 0 is the inert process. The actual parameter of a site call or a
call to a defined expression is either a variable or a value. Values do not have
types; they all belong to some generic set Val. Orc is not higher-order: a process
is not a value. In what follows, we assume that processes are well-formed, i.e. do
not contain E;(p) when there are fewer than 7 declarations in the program.



Program P :=Di,...,D; in e

Expression e ==0|M(p)|let(p)| Ei(p) | (e1 | e2) | 1 >z> €2 | e1 where z :€ e
Parameter  p u=z|v

Declaration Dj; ::= E;(z) £ e

Fig. 1. Syntax of Orc
k fresh

Iv; My (v) 2k (SEQlN) / = f/ a #v
(v) =7 f>x>g9 5 f >a>g

(SITECALL)

(SITERET) 7k "2 let(v)

(SEQIV) e
(LET) let(v) % 0 f>z>g = (' >a>g) | [v/z]g
A =7
(DEF) gl((gg) f f[g/e]? (ASYMLN) fwherez:€ g % [ wherez:€g
i\p) — ZT|Ji
syat) £ (ASYM1V) ¢ ~ 9
loe = Fle [ wherez :€ g — [v/z]f
a ’ g R g' a#!v
(SYM2) 7] Z z ? T (ASYM2) f where z :€ g % f wherez:c ¢

Fig. 2. Existing operational semantics for Orc [9]

The operational semantics uses labeled transitions (Fig. 2). The metavari-
ables f, g range over processes. Every transition is of the form f % f’, meaning
that process [ takes a step to f’ with event a. The events that occur during
transitions are publications, internal events, site calls and site responses:

BaseEvent :=lv |1 | My(v) | k?v

Let’s take a closer look at the rules. When process M (v) calls site M with
value v, a site call event occurs and a fresh handle k is allocated to identify the
call (rule SITECALL). The resulting process 7k is just an idle thread waiting
for an answer to the call with handle k. It is a necessary addition to the syntax
to represent intermediate state.

If the site replies with some value w, 7k performs a site response event k7w
and becomes let(w), as shown in rule SITERET. By rule LET, let(w) publishes
w and becomes 0, which has no further transitions.

None of the above steps is guaranteed to happen; M (v) may delay the site call
to M indefinitely, if the call happens M may never respond, and if it responds
the value may not be published.

Defined expressions E;(p) are called by name (rule DEF). The actual param-
eter p is substituted for z in the body of E; and the process continues as [p/x] f;.
This substitution is marked by an internal event 7.



(let(y) | let(2)) >z> M (z) = by LET, SEQ1V

((let(y) | 0) >a> M(z)) | M(2) "* by SITECALL, SYM2
((let(y) | 0) >az> M (z)) | 7k 3! by SITERET, SYM?2
((let(y) | 0) >z> M(z)) | let(11) = by LET, SYM2
((let(y) | 0) >a> M (x)) | O

Fig. 3. Possible evaluation of (let(y) | let(2)) >z> M(x)

The rules for symmetric composition are simple; f | g takes a step if either
f or g takes a step. The steps of the sub-processes can be interleaved arbitrarily.

Process f >x> g takes a step if f takes a step (rule SEQIN). If f publishes
v the process performs an internal event and launches a new instance of g in
parallel (rule SEQ1V). We can think of z as an implicit communication channel
between f and g.!

In asymmetric composition f where z :€ g, f and g execute in parallel unless
g publishes. Then, ¢ is terminated and the published value v is communicated
via x to f (rule ASYM1V). Rule ASYM2 shows the non-publication steps of g,
and ASYMIN shows the steps of f. Note that a let(x) or a site call M (z) in f
will block waiting for a publication from g.

The example in Fig. 3 illustrates the use of some of the rules. Observe that
processes can evaluate even when they have free variables.

Using the rules of Fig. 2, M (x) has no transitions. It behaves like 0. However,
in a context that can provide a value for x (see Fig. 3) M (x) can publish and 0
cannot. To model this behavior, Kitchin et al. add one more rule:

(SUBST) f " [u/alf

We call this new event a receive event.?2 Any process f can perform any receive
step, even for variables not free in f (of course then [v/x]f = f). The constraint is
that the SUBST rule cannot be applied to parts of an expression, in other words
the event ‘a’ in the previous rules cannot be a receive event for any variable.
The reflexive and transitive closure of the transition relation is called execu-

tion:
Definition 1 (Execution). ¢ is an execution of f i.e. f Ly Vi

—t=¢ and f=f', or

— t=at and for some f", f % " and f" L* f
For instance, some executions of let(x) are: [2/xz][1/x]12, [3/y][2/x]!2

If ¢ is a sequence of events then t\a is the sequence of events obtained from
t when all instances of event a are removed.

Definition 2. The trace set (f) of a process f is {t\7 | tis an execution of [}

For example, every trace of M (v) is a prefix of o1 My (v) 02 k?w o3 'w o4 where
01,...,04 are arbitrary sequences of receives and w is an arbitrary value.

! versus the explicit prefix form x(y).P of the m-calculus.
? This was called substitution event in [9]



3.2 Trace Semantics

Kitchin et al. attempt to provide a denotational semantics for processes by
overloading the Orc combinators to work on trace sets. They define T | 75,
T, >x> T, and T where = :€ Ty as follows.

Symmetric Composition

Definition 3 (Merge). For traces t1 and ta, t1 | to is the set of all t such that
- t1 and to are subsequences of t and every event of t belongs to at least one
of t1 and to
- every common event of t (i.e. an event that belongs to both t1 and t2) is a
receive event
- if t1 and ts contain receives for the same variable x, the first receive for x
in both t1 and to is a common event of t

For example, if t; =[1/z]!1, to2=[1/x][4/x] Mi(4), t3=1[2/x][11/y] then
(t1 | t2) contains three elements, including [1/z][4/x]!1 My (4), and (t2 | t3) is
empty.

For trace sets, define T3 | Th = Ut1€T17t26T2 ty | to.

Sequencing
Define the operator: T'[[v/xz] = {t| [v/z]t € T}. This selects the traces in T
that start with [v/x] and removes the leading receive event from these traces.
For sequences of receives, define inductively:
Tle=T
T1(jv/2)o) = (T1[v/a])lo

Also, when a trace ¢ has no publications we write P(t) and when ¢ has no

receives for = we write R(x,1).

Definition 4. For trace s and trace set T, define the set s >x> T by:
{s} Ps)
s1((s2 >a>T") | (T [u/x])) s = s1lusa, P(s1),
D is the sequence of receives in sy, T' =T |D
Note: Any receive event [v/x] in s is unrelated to x in (s >x>T)

For trace sets, define Ty >a> Ty = UseT1 s >x> Ty

Every trace s of f that does not publish is also a trace of (f) >a> (g). Moreover,
if s contains a publication, an instance of ¢ is launched in parallel and the
remaining transitions of f may spawn more instances of g. For example, consider
(let(y)) >x> (let(y) | let(x)). The trace ([2/y]!2)isin (let(y)) and D is [2/y].
Also, ([2/y][2/x]'212) € (let(y) | let(z)). Therefore, ([2/z]!212) € (let(y) |
let(z)) | D which gives (1212) € T" | [2/z]. Hence, ([2/y]!2!12) € (let(y)) >x>
(let(y) | let(x))

The note in the definition of s >z > T which we copy directly from [9] is
ambiguous; what happens if s contains an event [v/x] 7 We discuss possible
interpretations of the note in the following section.



Asymmetric Composition

Definition 5. For traces ty and ts, define the set t; where x :€ ty by:

t1 | to P(t2)
(t11 | to1)tie  t1 = ti[v/xltie, R(z,t11)

t2 = t21!v t22, P(tgl)
1] otherwise

Note: Any receive event [v/x] in to is unrelated to x in (11 where x :€ t3)
For trace sets, define  (f) where z :€ (9) = U, ¢(s),1,e(y) {1 Where z:€ 15

If t5 does not publish, asymmetric composition is like symmetric composition. If
it publishes v and t; receives v, the part of ¢5 prior to the publication is merged
with the part of ¢; prior to the receive; followed by the rest of ¢1. The rest of to
is discarded. The third branch disallows the creation of nonsensical traces that
combine a t; that receives v; for x with a t5 that publishes vs.

Like sequencing, the definition of ¢; where x :€ t5 is ambiguous about the
treatment of receives for x in to.

3.3 Problems of Compositionality

To show that these definitions give a compositional semantics, Kitchin et al.
make the following claims:

Claim. 1. (f | g) = (f) | {9)
2. (f >z>g) = (f) >z> (g)
3. (f where z :€ g) = (f) where z :€ (g)

We believe Claim 1 is true, but Claims 2 and 3 are problematic.

Sequencing
The truth of Claim 2 depends on the interpretation of the ambiguous note.

1. Rename the bound variable = to avoid naming conflicts:
Let h = let(1) >x> 0. The trace [3/z] is in (let(1)). Therefore, we pick a
fresh variable y and alpha-rename every event [v/x] in (0) to [v/y]. Let Z be
the set we obtain after the alpha-renaming. Then, the set [3/z] >z> (0) is
defined to be equal to [3/z] >y> Z. By rule SUBST however, (0) contains
every finite sequence of receives, so there is no fresh variable to pick for the
alpha-renaming; by this interpretation the set [3/x] >x> (0) is undefined.
2. Receive events for x in s are not allowed in s >x> T*:
By this interpretation, the definition of s >z> T becomes
{s} P(s), R(z, s)
s1((se >x>T") | (T"[[u/z])) s =s1lusse, R(z,s), P(s1), D is the
sequence of receives in sy, T =T | D

0 otherwise
Let h = M(1) >x> let(z). By rules SUBST, SITECALL and SEQIN,



[3/x] M (1) € (h). Let t = [3/x] My(1). We prove by contradiction that

t ¢ ((M(1)) >x> (let(x))), hence (f >xz> g) # (f) >x> (g). Assume

that ¢t € ((M(1)) >x> (let(x))). Then, there exists s € (M (1)) such that

t € (s >z> (let(x))).

a) If the first branch of the definition was used to produce ¢ then ¢t = s
which gives R(z,t), a contradiction.

b) If the second branch of the definition was used, then s is of the form
(01 M (1) o2 k?w o3 lwoy) where o1,...,04 are arbitrary sequences of
receive events for variables different from z. But then, o1 must be [3/z]
which is a contradiction because R(z,s). We conclude that there is no
s € (M(1)) such that ¢ € (s >a> (let(x))).

3. The note is simply a reminder that receives for x in s and receives for x in
the traces of T refer to different variables, and has no other impact:
In this interpretation, the definition of s >x> T is not influenced by the
note; receives for x in s are treated like receives for other variables. Let
h = let(2) >a> let(x), s = [1/2]'2, t = [1/z][2/z]!1. Clearly, s € (let(2))
and the sequence of receives in s is [1/z].
Also, t € (let(z)) and {t} | [1/z] = {[2/=]'1} = ([2/z]1) € T =
{[2/x]"1} | [2/x] = {11}. Then, ([1/z]!1) € (let(2)) >x> (let(z)). But
this trace cannot be produced by the operational semantics of h; every op-
erational trace of h is of the form (o1 !209) where o1 and o9 are arbitrary
sequences of receives. Thus, (f >a> g) # (f) >z> (g)

Asymmetric Composition

Claim 3 is false independent of the note, as the following simple counterexample
shows. Let h = let(z) where z :€ 0. The only operational rule that applies to
h is SUBST, which takes h to itself. This means that a trace of h can consist
only of receive events. By SUBST and LET, t = ([2/z]!2) € (let(x)) and also
e € (0). Then, (([2/x]!2) where z :€ ) = (([2/2]!2) | &) = {[2/z]!2}
which yields ([2/x]!2) € ((let(x)) where z :€ (0)). Clearly, ¢t ¢ (h). Therefore,
(f where z :€ g) # (f) where z :€ (g)

Dynamic Binding

Consider the defined expression E(x) = e. Kitchin et al. [9] do not impose any
constraint on e, so it may contain variables other than z. In this case, dynamic
binding can take place during the execution of a process. This invalidates a
bisimulation result in [9], namely that when x ¢ fv(g)

(f|g) wherez:€ h ~ (f wherex:€h)|g

Let E(x) = let(y), fi = (0 | E(2)) where y :€ let(1), fo = (0 where y :€
let(1)) | E(2). Then 77!1 is an execution of f; but not of fo because in any
execution of fo a receive for y must precede the publication. The details of this
are left to the reader.



(SITEC) k fresh (DEF) (Ei(x) £ fi)e A

AT M) " 2% A TF Ei(v) & [v/a]f;
(SITECV) I(z)=wv (DEFV) (Bi(z) 2 fi) e A I'(z)=wv
ATF M(z) "5 M) ATF Ef(z) "5 B
(SITER) (SEQ) ATH f5 f  Pla)
AT 7% "2 let(v) ATE f>r>g9 = [ >>g
(LET) (SEQ-P) ATFE £ p
AT F let(v) % 0 ATE f>>g9 = (f >z>g)| [v/z]g
(LETV) I'(z)=v (ASYM-L) ATH 5 f R(z,a)
AT+ let(x) [v/g] let(v) AT+ fwherez:€g = f wherex:€g
(SYM-L) ATH f 2§ (ASYM-R) ATFEFgS ¢ P(a)
ATE flg S flg A, T+ fwherez:€g = fwherez:€g'
(SYM-R) ATk g% ¢ (ASYM-P) ATF g g
ATE flg > flg A, T'F fwherex:cg = [v/z]f

Fig. 4. Our operational semantics for Orc

Note: After the completion of this work, we contacted the authors of [9], who
suggested corrections to their definitions. In s >x> T, D is the sequence of
receive events in s; for variables other than x. In ¢; where x :€ t5, add the
side-condition R(x,t1) to the first branch; the notes are no longer needed. Our
counterexamples do not apply to the changed definitions; however we did not
try to verify the adequacy of the fixed semantics.

Note that our counterexamples use processes where free and bound variables
have distinct names, but since any process can take any receive step the naming
conflict cannot be avoided in the traces.

4 New operational and trace semantics for Orc

4.1 Operational Semantics

Our operational semantics for Orcis shown in Fig. 4. Here is a summary of the
changes.

No dynamic binding. The syntax of the language is unchanged. However,
in a declaration E;(z) £ f; we demand that fv(f;) C {x}. Hence, no dynamic
binding can take place during process evaluation. This approach is also taken by
Wehrman et al. [15].



AT let(z) where z :€ (M(z) | let(z)) | /" by LET-VAR, SYM-R, ASYM-R

let(z) where z :€ (M(z) | let(“hi”)) = by LET, SYM-R, ASYM-P
let(“hi”)

Fig. 5. Possible evaluation when (z, “hi”) € I"

Defined expressions are called by value. Since we do not know of any
Orc program where call-by-name functionality is absolutely necessary, we made
this change because it simplifies the technical treatment.

A process f can take a [v/z] step only when z is free in f. By thinking
of variables as channels, we say that f can receive only on a channel it knows
i.e. when x is free in f.

When z is not free in f a receive [v/z] would leave f unchanged, therefore
such receives can be harmlessly forbidden. Consequently, closed processes do not
take any receive steps throughout their execution.

The condition x € fv(f) is necessary but not sufficient for a receive step, for
example the process 0 >y> let(z) is inert.

Addition of an environment I'. Let f take a [v/x] step to f’. This means
that if f is plugged in a process-context that can provide v for z, f can receive
v and behave like f’ (as in Fig. 3 for M(z)).

We use environments to model process contexts. An environment is a partial
function from variables to values. The metavariable I" ranges over environments.
With this formulation, M (x) can go to M (v) only when (z,v) is in I', and is inert
otherwise. Note that, unlike traditional environments in operational semantics,
I' can be non-empty at the beginning of the evaluation of a process and it
remains unchanged throughout the evaluation. This is because I" keeps track of
the free variables in a process, but local binding is handled by substitution (e.g.
rule SEQ-P).

By using I' instead of a SUBST-like rule which can be applied to whole
processes only, we do not need to differentiate between receives and base events.

FEvent ::= BaseFEvent | [v/x]

So, the event ‘a’ in our rules refers to any event, not just to a base event. Also,
observe that in ASYM-L f cannot proceed with a receive for x. Its parts that
depend on z are blocked waiting for a publication from g. See Fig. 5 for a sample
evaluation using the new operational semantics.

4.2 Denotational Semantics

We now present our denotational semantics for Orc, which is based on complete
partial orders. The meaning of a process is a set of traces in the presence of
environments for the declarations Fenv and variables Env:

[7] : [Fenv — [Env — P]]



[0] = Ap.Ap.{e}
[let(v)] = Ap.Ap-{lv},
[let(x)] = Ap.Ap.case p(x) of Absent = {e}
v = {v/z] v},
[M(v)] = Ap.Ap{ My (v) k?w lw | k fresh, w € Val}
[M(z)] = Ap.Ap.case p(z) of Absent = {e}
v = {[v/z] My(v) k?w lw | k fresh, w € Val},
[7k] = ApAp{ k?w lw | w € Val}
[E.(0)] = Ap {7t | £ € pi(0)},
[E:i(x)] = Ap.Ap.case p(z) of Absent = {e}
v ={[v/z]Tt[tepi(v)},
[ ] g] = ApAp. [R]ep || [glep
[h >2> g] = Ap.Ap. U pngep 5> Av-([9]eplz = v])\[v/z]
[ where z :€ g] = Ap.Ap. (U, ey [Rleplz =v]) <z [glep

Fig. 6. Trace Semantics of Orc

A trace is a (possibly empty) sequence of events. Unlike the previous trace
semantics, internal events appear in traces. Trace sets are prefix-closed and or-
dered by inclusion. They are also non-empty because the empty trace ¢ is a
trace of any process. Last, we consider traces of finite length only; an infinite
trace is represented by the set of all its finite prefixes.

Traces = Event™, a discrete CPO.

P={S|SC Traces N S# 0 A Sis prefix-closed}
Val = the set of all values, a discrete CPO.

Var = the set of all variable names, a discrete CPO.
Env = [Var — (Val U {Absent})]

NoRecv ={S|S€P AVteS, z € Var. R(x,t)}
Fenv = ([Val — NoRecv))*

Consider a declaration (F;(z) £ f;). Since only x can be free in f;, the traces
of E;(v) do not contain any receives. NoRecv is a CPO with bottom element
{e} and Fenv inherits its order from NoRecv in the usual way. We do not need
names to refer to the declared processes, we can index them by the order of
declaration.

The definitions of the meaning functions can be found in Fig. 6. Juxtaposition
of traces means concatenation. Various auxiliary operators are defined in Fig. 7.
The operations t\a, t1 [/ t2, t, and (t1 <, t2) are lifted to trace sets in the
obvious way.

We can easily establish the following properties of the meaning functions:

Theorem 1 (Prefix Closure of Trace Sets). For all f,¢,p, [flep € P
Theorem 2 (Continuity of Denotations). For all f, [f] is continuous.

Lemma 1 (Substitution). [[v/z]f]ep = ([f]eplx = v])\[v/x]

10



Remove event ‘a’ from a trace:
€ t=¢
t\a £ < t'\a t=at’
a (t'\a) t=d't'and a #a’

Merge:
{tl} to=c¢
t1 || t2 = {t2} t1 =¢
a(ty || t2) Ub(ty || ty) 1 = at} and t2 = bty

Prefix-closure:
;8 {e} t=c¢
" {ea}Uat, t=at'

Sequencing combinator:

5>>F_{{5}

s)
s17((s2> F) || F(v)) P

s1lvsa, P(s1)

%E‘

Asymmetric combinator:
ty ||tz R(z,t1), P(t2)

t1 || to1T R(l‘,tl) , o = tzl!v too, P(tzl)
t1 <z l2 = (t11 || tle)(tlz\[’L)/l’]) th = tll[v/l‘]tm s R(l‘,tu) s

tg = tzl!v t22 s P(tzl)
{e} otherwise

Empty environment po:
po(x) = Absent for all

Fig. 7. Various Definitions

One might expect [[v/x]f]pp to be equal to [f]eplr = v]. However, since in
the latter v is provided by the environment we have to remove [v/x] from f’s
traces in order to equate it with [v/x]f.

The proofs of these and all subsequent theorems can be found in [13]. Finally,
we apply the usual fixed-point technique [16] to give the denotation of a set of
declarations A: we define an Fenv transformer A by

A = do.(w.([1illepole = D\[v/a] x -+ x Mo.([frlepole = v)\[vo/z])
A is continuous, so we define [A] as its least fixed point
[4] = fix(A)

To prove the correctness of our semantics we need to show that the executions
of a process match its traces.

11



Theorem 3 (Adequacy).
If p=polri=v1]...[@m =vm], I ={(z1,v1),. .., (Tm,vm)} then

te[fllalp iff 3f. AT f L f

The theorem is proved by induction on the length of ¢. It relies on the following
lemma, which is proved by structural induction on f.

Lemma 2. If p=polz1 =v1]...[2m =vn], T = {(z1,v1),..., (Tm,Vm)} then

at € [fl[Alp iff 3. ATE f % fandte[f][Alp

Let’s look at an interesting property concerning the publications of a process
f- When a sub-process of f publishes, the publication is either masked as a 7 and
sent to another sub-process (SEQ-P, ASYM-P), or it is observed by f’s context.
Observable publications do not trigger other events of f. The next lemma shows
that there is no causality between a publication and the events that follow it in
a trace.

Lemma 3. If sylvse € [f][A]p then si(lv]| s2) C [f1[A]p

4.3 Semantics insensitive to internal events

Any Orc process can be a building block of a larger process, e.g. IsPrime(N)
in (Print(x) where x :€ (IsPrime(N) | RedditFeed(today))). In such situations,
the internal events of a process are not observable by its context, in the sense
that they do not entail communication between the process and the rest of the
system. Instead, 7 events represent communication that takes place within the
process. Therefore, we would like to have a semantics insensitive to internal
events:

Definition 6. {{f[} £ Ao \p.[f]ep\T

One could also define {|f[} compositionally and independent of [f] and then
prove definition 6 as a theorem.

Obviously, [f] = [¢] implies {f[} = {lg[}. Therefore, this semantics is less
discriminating than the semantics in section 4.2. We can now prove the following
equivalence, which is false in our original trace semantics:

Lemma 4. Forall f,p {|f}{Abp = {f >e> let(x)} ] Al}p

5 Strong Bisimulation Congruences

In [9], Kitchin et al. state some useful equivalences between processes using
strong bisimulation [10]. However, some of these equivalences are invalid because
of dynamic binding in the declarations. Also, they do not show bisimulation to
be a congruence and do not investigate the relation between bisimulation and
trace equivalence. For our semantics, we define a family of strong bisimulation
relations indexed by A:
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For any A such that f, g, h are well-formed,

J10~a f
flg~aglf
Fllglh)~a(flg)lh

R

(f|g)>z>hr~a (f >x>h)| (g >z>h)

f>x> (g >y> h) ~a (f >z>g) >y>h if x ¢ fv(h)
(f|g) where z :€ h ~a (f wherez :€ h) | g if ¢ ¢ fv(g)

(f >y> g) where z :€ h ~4 (f where z :€ h) >y>g¢ if x ¢ tv(g)
(

f where z :€ g) where y :€ h ~a (f where y :€ h) where z :€ g
if y ¢ tv(g) and = ¢ tv(h)

Fig. 8. Strongly Bisimilar Processes

Definition 7 (A-bisimulation). Let A be a set of declarations. Then, a binary
relation R on processes is a A-bisimulation iff

1. R is symmetric
2. for any (f,9) € R and for any T if AT+ f % f then
9. A TF g% ¢ and (f',9) €R

Definition 8 (Largest Strong Bisimulation). ~x = [J{ R | R is a A-bisim.}
For different declaration sets we get different bisimulations. For example,
E;(v) ~a, (let(v) >az> M(x)) for Ay ={E,(z) & M(x)}

but
E;(v) A, (let(v) >z> M(x)) for Ay = {E;(z) = 0}

We can prove the equivalences in [9] using our new operational semantics
(see Fig 8). Naturally, symmetric composition is commutative and associative
(equiv. 2, 3). Symmetric composition can be distributed over sequencing be-
cause symmetrically composed processes do not communicate with each other
(equiv. 4). Equivalence 6 verifies our intuition that a (where xz)-context does
not influence a process g if = is not free in g.

Lemma 5. For any A, ~a is a congruence relation

The proof proceeds by induction on contexts. By lemma 5, the equivalences
of Fig. 8 become congruences automatically. Congruence is important in a con-
current setting, because we can replace a process in a system with a congruent
process without affecting the behavior of the system. The following example
illustrates congruences 1, 2 and 6 when z ¢ fv(g)

gwherez:€h ~x (0] g) wherex:€ h ~, (0 wherez:€h)|g

Definition 7 is universally quantified over I". This helps establish a connection
between strong bisimulation and trace equivalence:

13



Theorem 4. If f ~a g then for any p,  [f][A]p = [g][4]p

As one might expect, trace equivalence does not imply bisimilarity:

Let f = let(y) where y :€ (let(1) >a> (let(2) | let(3)))

and g = (let(y) where y :€ let(x)) where x :€ (let(2) | let(3)).

For any A,p we get [f][Alp = [g9][Alp = {r7!2, 7713} .

Let R be a A-bisimulation and (f,g) € 2. Then, g must be able to match the
steps of f.

A TF f 5 let(y) where y :€ ((0 >z> (let(2) | let(3))) | (let(2) | let(3))) = f/
The possible 7 transitions of g are

A TF g5 let(y) where y :€ let(2) = ¢’

A T'F g 5 let(y) where y :€ let(3) = ¢

It should be obvious that (f’,¢’) ¢ R and (f',¢"”) € R because ¢’, g’ have lost
one publishing option while f’ maintains both. Formally, by the contrapositive
of theorem 4 we get [’ #aqg’ and f' #ag” because their trace sets differ.
Assuming that SR exists leads to a contradiction, therefore f A g.

We now discuss a limitation of our semantics. Let fi = let(y) >a> let(x), fo =
let(y) >a> let(y), I' = {(y,42)}. These processes exhibit similar behaviors in I,
they can receive 42 and publish it. However, they are not bisimilar. The reason
is that the right-hand-side of f; will receive 42 from the left-hand-side, whereas
the right-hand-side of fo will receive 42 from the context. We know that this
difference is unimportant because the value published by both will always be
the same, but we cannot equate such processes using our operational semantics.
A possible solution would be to propagate the receives with rules like:

Ab f [v/z] Iz
A g "B p | o/alg
We have not verified the correctness of this semantics. We opted for the sim-
pler semantics and as a trade-off lost the ability to equate a small class of
Orc processes.

(SYM-L/)

6 Related Work

Task orchestration is related to various industrial standards for business trans-
actions (e.g. WSBPEL [1], WSCDL ([8]). Academics have also looked at other
aspects of business transactions, such as compensations (see [2-5]). A formal
specification for a subset of WSBPEL has been proposed as well [14].

The semantics in [9] and this paper are asynchronous. Misra et al. [11] aug-
ment the operational semantics of [9] with a synchronous semantics. This is an
operational semantics that gives priority to internal events, thus allowing the
possibility for processes to synchronize on external interactions. However, they
do not give a denotational semantics, nor do they state any theorems. Hoare et
al. [7] present a tree-based denotational semantics for Orc, and sketch an oper-
ational semantics based on the same trees. They prove a number of interesting
denotational equivalences, but do not state any theorem relating the operational

14



and denotational semantics. Wehrman et al. [15] have developed a timed seman-
tics for Orc, but in their semantics the observable events are quite different;
except publications, all other events are internal.

7 Conclusions

In this paper we presented operational and denotational semantics for Orc, a
language for task orchestration. We proved an adequacy theorem, showing that
the operational transitions of a process coincide with its denotational traces.
This is not the case in [9], as demonstrated in section 3. We also discussed
strong bisimulation in Orc and showed it to be a congruence. Finally, we showed
that in Orc strong bisimulation is more discriminating than trace equivalence,
which is also the case in other process calculi like CCS and the w-calculus.
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A Various Definitions

Definition 9. Concatenate a trace and a trace-set
sT={st|teT}

Definition 10. Concatenate trace-sets
T1 T2 £ {tltg | t1 € Tl,tg [S TQ}

Definition 11. Remove event ‘a’ from a trace
€ t=c¢

tNa=<t\a t=at
at'\a t=dt and a#d

Definition 12. Remove event from a trace-set
T\a={t\a|tecT}

Definition 13. Merge for traces
{tl} to =€
t ]| t2 = < {ta} ti=¢
a(t’l H tg) U b(tl H tIQ) tl = at'l and t2 = thQ

Definition 14. Merge for trace-sets
A
Tl || T2 = UtleTl,tQETQ tl H t2

Definition 15. Prefizing

tpé{{e} t=c¢

g,ayUat!, t=at
p

Definition 16. Prefizing for trace-sets
A
Sp = Uses Sp

Definition 17. Eztend-env: Env x (Var x Val) — Env

ple =u] = (p — {(z,w)}) U{(z, w)} swhere p(x) = w
Definition 18. Alternate merge

. {tl} t2 =&
tl H tQ £ {tg} tl =&

9 V)

() || t2)a U (t1 || t5)b  t1 = tha and ta = thd

Definition 19. Alternate merge for trace-sets
S 9
Tl || T2 = UtleTl,tzeTg tl H t2

Note 6 P(t) means that trace t contains no publications. R(x,t) means that
trace t contains no receive events for x.
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Sequencing combinator:

e 9 P(s
- {817((82 > F)[FW) 5= silvss, Ps)

Asymmetric combinator:

ty || t2 R(z,t1), P(t2)

ty ||t R(x,t1),ta = ta1lvtas, P(tar)
t1 <z to = Q (t11 || tar7)(ti2\[v/2])  t1 = t1i[v/2]t1a, R(z,t11),

ty = torlvtan, P(ta1)

0 otherwise
Asymmetric combinator for trace-sets:
T <, Ty = Ut1€T1,t2€T2 t1 <y to

Absent y ==

Definition 20. p_,(y) =
ply)  y#w
Note 7 pg is an environment such that Yx.po(x) = Absent

Note 8 a<t means that trace t contains event a. a & t means that trace t does
not contain event a.

Definition 21. Ordering of pairs of integers
(1,7) T (k1) when (i <k)V(i=kANj<I)
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B Continuity Proofs

Lemma 9. The union of prefiz-closed sets is prefix-closed
Lemma 10. P is a CPO wunder inclusion

Proof. Let X C P be directed and B = (Jgcx 5. Then, B is prefix-closed by
Lemma 9 and is an ub of X. Let B’ be an ub of X

= VSeXSChB

= UsexSC B

= | |X =B O

Lemma 11. Merge : Pow(Traces)x Pow(Traces) — Pow(Traces) is continuous

Proof. 1t suffices to show that it is continuous in each argument separately. Let
X C Pow(Traces) be directed, T € Pow(Traces)

UXNT = Usex HIT

A

= Use(USQX S) User st
=Usex Uses User s It
= Usex(S17T)

= Usex(S1IT)

The proof is similar for the right argument a

Lemma 12. FEztend-env is continuous

Note 13 [Val — NoRecv] is a CPO and if X C [Val — NoRecv] is directed,
then | | X = )\v.|_|f6X flv) = )‘U'UfeX f)

Note 14 Fenv is a CPO and if X C Fenv is directed, then
HX = (M. Ugex p1(v)) X - x (M. U e x r(v)

Note 15 Similar results to Note 13 hold for [Val — P], [Val — Pow(Traces)]
Lemma 16. >>: Traces x [Val — Pow(Traces)] — Pow(Traces) is continuous

Proof. Show continuity in each argument separately. Over the left argument it
is trivial, since Traces is a discrete CPO.

Over the right argument:

Let X C [Val — Pow(Traces)] be directed and s € Traces

Proceed by induction on the number of publications in s

If P(s),

= s> |X={s} =pex(s>1F)

If s = s1lvse and P(s1),

s> | |X =517 ((s2 > | UX) || Upex F(v)) by Note 15
=517 (Upex 52> F) | Upex F(v)) by IH

=517 Upex (52> F) | F(v)) by Lemma 11

= Upex 517 ((s2 > F) || F(v))

=Upexs>F o
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Corollary 1. Let S € Pow(Traces) and F € [Val — Pow(Traces)]. Then,
Useg s > F is continuous

Lemma 17. Prefizing : Pow(Traces) — P is conlinuous
Lemma 18. Removing an event from a trace-set is a continuous operation.
Note 19 <,: Traces x Traces — Pow(Traces) is continuous

Corollary 2. <,: Pow(Traces) x Pow(Traces) — Pow(Traces)
18 continuous

Note 20 All the functions proved to be continuous are also monotonic

Theorem 5. For all f, [f] is continuous

Proof. We know that [f] € [Fenv — [Env — P]]. We will show the continuity
of [(Fenv x Env) — P] and this is enough because currying is a continuous
operation.

By structural induction on f.

Let X, X, be directed subsets of Fenv and Env respectively.

a) let(v)
— UIUX)UX) = {0}, = Upex, Lyex, Tiet@)Igp
b) 0 or M(v) or 7k
as above
c) let(x)
get(ﬂf)]](l_lXXw)(l_l Xp) = Upex, [let(@)]e(Ll X)) (c1)
—If 3p ef’)'(p. p(x) = Absent then Vp € X,. p(x) = Absent because X, is
directed.
(Cl) = |_|<peX(,,{5} = I_Lang, LIp@X,) [[let(x)]]gop
— If 3peX,.p(x) =v then Vpe X,. p(z) = v because X, is directed.
(€1) = Ugex, {lv/z]'v}, = Uoex, Upex, [let(x)]ep
d) M(zx)
as above
e) E;(v)
[E: ()] (LX) (L Xp) =
— Uyex, 1B 0L X, )p
Upex Artlte (X000},
= I_lpEXp {T t | te U¢6X¢ Qpi(v
= LlpEXp U(pEX(p {T t | te Qpi(v
= |_|@er |_|peX,, [[Ei(v)]]@p
Cases on X, and similar to the previous case

)} by Note 15
p
)} by Lemma 17

p
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l g

|=|:n

h | gl (LX) (L X)) =

[R] (LX) (LX) 1 Tgl (LX) (L X))

(Ll@qu; LlpEXp [[h]]<pp) ” (l_lcpeX‘p LlpeXp [[g]]<pp) by IH

= Upex, Upex, ([Plep |l [9]ep) by Lemma 11

= ngoexq; |—|p€Xp [n | glep

h >x> g

[7 >a> g (LX) (L X,) =

=Usemmux i x,) 5 > A-(lgl (L Xo) (L Xp) [z = v])\[v/] (h1)
But by IH,

W UX)UX0) = Upex, Lex, [lop (h2)
Also, by IHand Lemmas 12, 18 we get

Av-([gd (L X)) (LI Xp) [x = v])\[v/x] =

=M. ,ex, Upex, (I9leplz = v])\[v/z]

—Uyex, Upex, M-(glople = v)\[v/] by Note 15
Using the above and h2 and Corollary 1, we get the desired result by hl.

h where x :€ g

By Lemma 12 and IH,

U XD UX)le = o = Uyex, Lex, Tliple = vl

= UvE Val I—lcpEXg; I_lpEXp [[h]]gap[x = U] =

= I—lcpEXg; I—lpEXp Uve Val [[h]]@p[w = 'U]

By this, IH for g and Corollary 2 we get the result a
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C Prefix-Closure Proofs

Lemma 21. tl H tQ = tl th

Proof. By induction on [t1]| + [t2].
The only interesting case is when |t1| > 2 and |ta] > 2 ie.t; = aitijaz and
to = bthbg
— 11 || tg = (Ll(tllag || tg) U bl(tl || t2b2)
= al(tlag || tg) U b1 (tl || t/ bg) . . by IH
= a1 ((#; ]| t2)az U (#as [ bath)ba) U br((art] || thha)as U (¢ | th)b2)
= al(t’l ||ut2)a2 U al( ’1a8 || blté)bg U bl(alt’l ||ut’2b2)a2 U bl(t} || té)bg
= (a1(t} [|2) U bi(a1ty [ t5b2))az U (a1 (tyaz || b1ts) U bi(ta [[5))b2
(al(t' || tg) @] bl(alt’ || t bg))ag @] (a1 (tllag || bltlg) @] bl(tl || tlg))bg by IH
= (axty || t2)az U (t1 || bits)be
= (a1t] || ta)as U (t || bith)bo by IH
=t ||t O

By this lemma, we can use the operators || and H interchangeably.

Lemma 22. Ty, Ty € P implies T} || Tz € P

Proof. By Lemma 21, suffices to show that T3 ﬂ Ty € P, i.e. suffices to show that
for all t € T1 || TQ, t - T1 || T2

By induction on |¢|

Since t € Ty || T, then Jt, €Ty, to€Ts. t € 1 || to (1)
The only interesting case is when [t| > 2 and t; = t}a and t2 = thb

— te((tt)au(t ] t)b)

— ([ taU B, ]

= tp C (1 [[12)p U (t] [[12)a U (1 [ 15)p U (£ [[15)D) (2)
ButT1€P:>t'1€T1 andT26P2>t/2€T2

= by IH, (t1 [[t2)p C T || T2 and (t1 [[t5)p C TV || T2

= Dby 2, suffices to show that ((¢] || t2)a U (¢1 || t5)b) C T4 || T»

ie. that t1 || to CTy || T5 which holds by 1 O

Lemma 23. If F € [Val — P] and s € Traces, then (|J s'>F)eP

s’'€sp
Proof. By induction on the number of publications in s.

If no publications in s,

= USESS>>F Uses{s}—spep

If s= 51'1152 and no pubhcatlonb in s1,

= US "Esp §' > F= (US "€(s1)p s> F) U (81!U > F) U (Us’€s1!v(82)p s> F)
— (s0)p U 17} Usir(Uyeon, 8 > F) [ F(0)

— {51k, Usir(Uyeqe, 8 > F) | F))

= suffices to show that (U, (s, 8" > F) || F(v)) € P

which, by Lemma 22, follows by (U, ¢(s,), 8" > F) € P and F(v) € P, which
holds by IH for s
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Corollary 3. IfT € P and F € [Val — P], then (J,ep s> F) € P O
Lemma 24. T1,T5 € P implies Ty <, 1o € P

P’I"OOf. If t € T1 <, T5 then 3t e, toe€Th. t €t <, to
We must show that ¢, C 11 <, T5.
Cases depending on which branch of the definition of <, was used

a) tety ” ta, R(xvtl)a P(tQ) (1)
= t€Uye), e, 1112 = (t)p [ (t2)p by Note 20
= 1p C ((tl)p I (t2) )p = (tl)p [ (t2)p by Lemma 22
By 1, (t)p <o (t2)p = (t1)p || (t2)p
— 1y C (t)p <a (2)p
— tp CTy <, Ts by Note 20

b) tety || to1T, R(:E tl) to = tgl'vtgg, P(tgl)
= te (t)p |l (t217)p by Note 20
= tp, C((t1)pll (t217)p)p = (t1)p || (217)p by Lemma 22
= tp € ((t)p || (t21)p) U ((t1)p [ {t217})
= 1p C ((t1)p <a (t21)p) U ((t1)p <a {t21lv})
= tp, C(t1)p < (t21 V)p
= 1, CT1 <, T2 by Note 20

c) t € (tun | tar7)(ta2\[v/]), .
tl = tn[v/x]tlg, R(Z‘ tll) tQ = tgl!v t22, P(tgl)
= tp € (tur [ ta1r7)p U (t11 || t217) (ta2\[v/2])p
= tp € ({tu}, H{Etan7})p U (t11 [ t217) (ta2\[v/2])p by Note 20
= tp € ({tu}, {17} ,) U (11 [ t217) (ta2\[v/2])p by Lemma 22
By the previous case, thlb can be written
= 1p € ({tu}, <o {tarlv},) U (tua[v/a[{t12}, <o {ta1'v})

— t S ({tll}p <y {tgl!v}p) U (tll[v/x]{tlg}p <y {tgllv}p) by Note 20
— tp - {tl}p <z {tgl!v}p
= tp, C Ty <z Ts by Note 20 O

Theorem 6. For all f, [f]ep € P

Proof. By structural induction on f, using Lemmas 22, 24 and Corollary 3 O
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D Denotational Lemmas

Lemma 25. Let t € [f]ep
Then, [v/z]Et implies p(x) =v and z € fv(f)

Proof. By structural induction on f. The interesting cases are:

a) f = let(x)
Clearly, © € fv(f).
Also, [v/z]€t implies ¢ € {[v/z]lv}
= pz)=v
b) f = Ei(v)
There are no receives in the traces of ¢;(v) so this case is vacuously true.
c) f=hlg
teln|glep
= dit; € [[h]](pp, ta2 € [[g]](pp. tet || ta
Therefore, either [v/z]|Et; or [v/z] €ty
o [v/z]Ety
=  pz)=v, wzeftv(h) by IH for h
= zetv(f)
e [v/x]Ety  similarly
d) f=h>y>g, z#y
t € [h>y> glep
= 3s€[hlpp. tes>w(lgleply =w)\[w/y]
e [v/x] is an event of s
= p(z)=v, xe€ftv(h) by IH for h
= zetv(f)
e [v/x] comes from the traces of ([g]pply = w])\[w/y] for some w

= zeb(g), ply=wl(z)=0 by IH for g
— set(f) ple)=v
Similarly if f is h >ax> g ad

Corollary 4. If t € [f]ep, [v/z]EL and v # w then [w/x| &t

Proof. [v/z]€t

= pz)=vw by Lemma 25
= pla) #w
=  |w/z| &t by the contrapositive of Lemma 25 O

Lemma 26. Let t € [f]ep.

Then, R(x,t) implies t € [f]lep’ where p'(y) = {p(y) . TFY
anything x =1y

Proof. By structural induction on f. The interesting cases are:

a) f = let(w)

R(z,t) = t=e¢ = te][fler
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b) f=[h]gler
= 3t1 € [h]pp, ta € [glep- t € t1 | t2
We know R(z,t)

- R(J?,tl), R(l‘,tg)

=t € [hpp, t2€ [g]ep by IH for h,g

= te[h]|gles
¢) f=hwherezx :€yg
t € [h where z :€ g]ep
= Jt1 € UpevulMloolzr =w], t2 € [glpp. t€ts <, to

We must proceed by cases depending on which branch of the definition of

<, was used. We examine only one case, the others are similar.
Suppose tl = tll[U/{E]tlg, R({E,tll), tg = tgl!'l} tgg, P(tgl)

=t € (tu || taa7)(tr2\[v/2])

= t€t; <,th where th)=tnl

It suffices to show that that t; € (J,,c v [Rlep’ [z = w], 15 € [g]lep
By Corollary 4, [v'/z] € t1 when v # o/

Then, by cl, R(z,t) implies R(x,t2;)

= R(x,t})

But by Theorem 6, 5 € [g]ep

= th € [g]er by ¢2 and IH for g
Also, by Lemma 25 t; € [h]pplx = v]

=t € [h]ep'[r =]

=t € Uyevalhler e =w]

Similarly when f is (h wherey :€ g) and = #y

Corollary 5 (Weakening).
If x ¢ tv(f) then [flep = [flpplz = v] for any v

Proof. Let t € [f]ep and z ¢ tv(f)

= R(z,t) by the contrapositive of Lemma 25
= te[f]eplr =v] for any v by Lemma 26
= [flep C [fleplz =]

Similarly, [f]eplz = o] € [f]ep

Corollary 6. [fJep—s C [fleplz =v] for any v

Proof. t € [flpp—a
= R(x,t) by the contrapositive of Lemma 25

=t e [f]eplz =] for any v by Lemma 26
= [fler—z S [flpplz =]

Lemma 27. (¢ | t2)\a =t1\a | t2\a

Proof. By induction on |t1] + |t2]

The interesting case is when |t1] + |t2| > 2 and t; = bt t2 = ct)

Then, (ty || t2)\a = (b(t) | £2) U c(t1 || £2))\a

= (b(t1 | 22))\a U (c(t1 || t5))\a

If b # a and ¢ # a the above becomes
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= b(ty [ t2)\a U c(t || 15)\a

= b(t1\a [l t2\a) Uc(ti\a || t5\a) by IH
=ti\a | t2\a

Similarly when b and/or ¢ is equal to a

Corollary 7. (T1 || T2)\a = Ti\a || T2\a

Lemma 28. Let s € Traces, © € Var, v € Val and F : Val — Pow(Traces).
Then, (s > F)\[v/x] = s\[v/z] > Aw.F(w)\[v/x]

Proof. By induction on the number of publications in s

If P(s) then (s > F)\[v/x] = {s}\[v/z] = s\[v/x] > Iw.F(w)\[v/7]

If s = s1luse and P(s1) then

(s > F)\[v/z] = (s17)\[v/a]((s2 > F) || F(u))\[v/7]

= (s17)\[v/2]((s2 > F)\[vo/a] || F(u)\[v/z]) by Corollary 7
— (sir\[v/al((s2\[v/2] > AwP(w\[v/al) | F@\[o/a]) by IH for s,
(s1lusa)\[v/z] > Aw.F(w)\[v/x]

= s\[v/x] > Iw.F(w)\[v/z]

Lemma 29. (t; <, t2)\[v/z] = ti\[v/x] <, t2\[v/z]|, when y# z and
(tl <z tg)\[v/x] =1 <g tg\[v/x]

Proof. Assume a well-formedness constraint for t1, to similar to Corollary 4.
Cases depending on which branch of the definition of <, was used:

a‘) R(yatl)a P(tg), tl <y t2 - tl || t2
= holds by Lemma 27

b) R(y,t1), ta = tarlw tag, P(ta1) t1 <, ta =t1|[t2r 7
— holds by Lemma 27

) t1 =tnfw/y] tiz, R(y,t11), t2 = torlwtan, P(tar),

t1 <y ta = (t11 [ t21 7)(t12\[w/y]) (c1)

When z #y, by cl = ((ti1 || ta1 7)(t12\[w/y]))\[v/2]

= (t11 [ tar 7)\[v/2] (t22\[w/y])\[v/2]

= (tu\[v/a][| (t21 T)\[v/2]) (tr12\[w/y])\[v/2] by Corollary 7
= t1\[v/a] <y t2\[v/7]

When z =y, by cl = ((t1 || t21 7)(t12\[w/2]))\[v/7]

= (t11 [ tor T\[v/2] (tr2\[w/z])\[v/2] (c2)

By the well-formedness constraint, [v/z] € t12 when v # w,
therefore (t12\[w/z])\[v/z] = t12\[w/z]
(€2) = (ta1 || (t22 T)\[v/]) (t22\[w/2])

=11 <4 tQ\[’U/Z‘]
Lemma 30 (Substitution). [[v/z]f]ep = ([fleplz = v])\|[v/z]
Proof. By structural induction on f.

a) fis let(x) or let(v) or M(x) ...
by inspection of the trace definitions
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b) f=hlyg
[lv/a]h | [v/2]g]ep = [[v/]h]ep | [[v/x]g]wp
= ([]eplz = vD\[v/z] || (lg]eplz = v])\[v/2] by TH
= ([P]eplz = v] || [9]eplz = v])\[v/] by Corollary 7
= ([~ | glpplz = v)\[v/z]

¢) f=h>z>g¢g (Similarly when f=h >y> g,z # y)
[v/z]f = [v/z]h >x> g, so

[[v/z]h >2> glep = Usco/aingpp s > Aw-(lgleplz = w])\[w/z]
By Lemma 25, if v # w then [v/xz] is not in the traces of [¢g]pplz = w]
= (l9leplz = w)\[w/z] = ([gleplz = w))\[w/z]\[v/z]
= ([9leplz = v][z = w)\[w/z]\[v/z]
The above also holds trivially if v = w, so
15 U popioms S\0/2] 3 No.(Iglople = vl[e = w\fw/z\[v/2]
— Usctroine® 3 Y ([gloplz = vl = w\[w/c)\[o/z] by Lem. 28
= ([h >2> gleplz = v])\[v/z]
d) f=hwherexz:€g (Similarly when f = h where y :€ g,z # y)
[v/z]f = h where z :€ [v/z]g, so
[h where z :€ [v/z]g]pp =
=Upevalhlerlz = w] <z [[v/2]g]ep
= Uypevalllerlz = w] <z ([gleplz = v]))\[v/2] by IH
Let Th = UU)E Val[[h]]@p[x = U}], 1T = [[9]]<PP[»T = 'U]
then the above becomes 11 <, T>\[v/x]
= U e treo\[v/a) 11 <a T2
= UtlETl,tzeTz t1 <z tg\[’U/Z‘]
= UtleTl,tzeTz (t1 < t2)\[v/x] by Lemma 29
= (Utl €Ty t2€Ts i <y t2)\[”/x]
= (T1 <2 Tx)\[v/7]
(Uwevalhleolz = w] <o [gleplz = v])\[v/2]
([h where z :€ g]pplx = v])\[v/x] O
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E Operational Lemmas

All Lemmas in this section are proved by induction on the height of the derivation
and the proofs are straightforward.

Lemma 31 (Take a receive step). If A, I'+ f /] /! then

1. x e tv(f)
2. I'x)=wv
3. [w/z|f = [v/x]f

Lemma 32 (Take a non-receive step). If A, '+ f % f and R(x,a) then

1. AT F /zlf % w/2]f for any v
I'(y) T#y

2' A, Fl '_ a / h F’ =
f = f where I"(y) {unspeciﬁed/ anything © =y

Lemma 33. A, ' f % f" implies tv(f') C fv(f)

Proof. By induction on the height of the derivation. The interesting cases are

~ (DEF) Bw) 5 b/, (Ei(x) = fi)e A
tv(E;(v)) =0 = fv([v/z]f;) by the constraint fv(f;) C {z}

ATFHWMS W
(ASYM-L) A, T'+ hwherez:€g % h/ wherex:€g a7 v/l
tv(h') C tv(h) by IH (I)
fv(h' where z :€ g) = (fv(h') — {a}) Utv(g)
C (Fv(h) — o) Utv(g) by I
= fv(h where z :€ g) O

Lemma 34. If A, T+ [v/z]f = f' then

a) either A, T'F f % 7 where [v/z|f" = f

b) or A,z =]k f /el i S fo where v/2)f = [v/x)f1, [v/z]fe= [
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F Soundness - Adequacy

The following lemma is the key lemma for proving soundness. The soundness
theorem is an easy corollary of this lemma.

Lemma 35. If A, T’ f % f and t € [f'][A]p then at € [f][A]p
where p = polry =v1]...[xm =vm] and T ={(z1,v1),. .., (T, Vm)}-

Proof. Since I is a partial function from Var to Val we can assume that the
x;’s are pairwise distinct. We proceed by structural induction on f and cases on
the reduction rule used

a) (SITEC " k fresh
) ( )A,Fl— M(v) " o

[?E][Alp = {7 !w | w € Val}
Consider only the case when t = 7 lw
Then, (M (v) 7w) € [M(v)][A]p

b) (SITEC-VAR) [o72] I(z)=v
A TH Mz) "5 M©v)

[M@)][Alp = { Mk(v) 7w | w € Val, k fresh} |

Consider only the case when ¢t = M (v) T

We know I'(z) = v, therefore p(z) = v

= ([v/a] My(v) 7) € [M(2)][A]lp when p(z) = v
¢) SITERET, LET, LET-VAR, DEF-VAR similarly

d) (DEF) J—— 50) = ol (Bi(z) 2 f)eA
Let t € [[v/a]£i][Alp "2 t € ([£l[Alplz = v])\[v/2] (d1)
Also, [Ei(0)][A]p ={7t" |t € [A];(v)}, )
where [A];(v) = ([f:][A]po[z = v])\[v/2] by A([A]) =[4] (d2)
By d2, it suffices to show that t € ([fi][A]po[z = v])\[v/x], which holds by
dl and Corollary 5, because z1,...,x, arenot freein f;

¢) (SYM-L) ATH h = K

ATHh|g S h|g
Let t € [/ | g][A]p, then there exist t1 € [W'][A]p, t2 € [g][A]p
such that t € ¢y || t2 (el)
By IH for h, aty € [h][A]p =L at € aty || t2
= ate[h]g][A]p
f) Similarly for (SYM-R)

ATHRS W
g) (ASYM-L) AT+ hwherez:€g % h/ wherez:€g a7 v/al
Let t € [h' where x :€ g][A]p, then there exist
t1 € Upeva [P 1[Alp[z = v], t2 € [g][A]p such that t € t; <, to (g1)
Also, by Lemma 32, A, I'z=w]F h % b’ for any w (92)

Cases depending on which branch of the definition of <, was used for ¢:
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15¢ branch was used,

— R(:C,tl), P(tg), t ety || to (93)
By g1,92 and IH for h we get aty € U, ¢y [R][A]plz = ] (94)
= at €aty |2 by ¢3

= at € [h where x :€ ¢][A]p by g1, g4

ond branch was used, -
= R(x,t1), ta = tor1lutay, P(tar),

tet H to1T (g5)
By g1,92 and IH for h we get aty € U, ¢ yo[R][A]plr = v] (g6)
= at € aty <, ts by g5
= at € [h where z :€ ¢][A]p by g1, g6

34 branch was used,

= 11 = tufu/r|tiz, R(x,t11),

ta = torluton, Plta1), t € (ti1 [ t217)(tr2\[u/2]) (97)
t1 € [W][A]plz = u] by Lemma 25
= by g2 and IH for h we get at; € [R][A]p[z = u]
— at1 € UyeyulH[AL ol = ] (99)
— at €aty <, i by g7
= at € [h where x :€ ¢][A]p by g1, g8

4 branch was used,
This case is impossible because t ¢ ()

h) (ASYM-R) Similar to the previous case

i) (ASYM-P)

Let
_—
€ €
_—

i) (SEQ)

Let

ATF g A J

A, T+ hwherex:€g = [v/z]h
t € [[v/z]p][A]p

It e [h][A]plx = v]. t = t'\[v/z] by Lemma 30  (il)
[9'1[Alp by Thm. 6

lv € [g][A]p by IH (12)
R(z,t")
= t=t andTtect<,lv
= 7t € [h where z :€ g][A]p by 1,42
t' =t [v/z]th, R(z, ) (i3)
= Tti(th\[v/z]) € t' < lv
= Tttet <l by il,i3
= 7t € [h where z :€ g][A]p by 1,42

ATHF RS R
G a #lv

ATE h>r>g — W >1r>g
t € [0 >x> g][A]p, then there exists s € [W'][A]p

%uch that t € s > Av.([g][A]plz = v])\[v/x] (J1)

P(s)=>te{st=>t=s (J2)
By IH for h, as € [h][A]p

= at € as > \.([9][A]p[z = v])\[v/z] by j2

= at € [h>z> g][A]p
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o s =s1lusy, P(s1)
Then by j1 we get,
te sim((52 > M. (Igl[Alple = oD\[o/2]) | (Iol[ALole = ul)\[u/z])
= at € as > \.([9][A]p[z = v])\[v/z]
By IH for h, as € [Lh][A]p
= at € [h >x> ¢][A]p by 43

k) (SEQ-P) ATE W2 W

AT E h>z>g 5 (W >a> )| [u/7]g

Let t € [(B >z> g) | [u/z]g][A]p, then there exist

t1 € [W >z> g][A]p, t2 € [[u/x]g][A]p such that ¢ €ty | ta
By Lemma 30, t2 € ([9][A]plz = u])\[u/z]

By k1, 3s € [M'][A]p. t1 € s > Mv.([9][A] plz = v])\[v/x]

By IH for h, lus € [R][A]p
By k1,k2,k3 t € (s> M. ([g][Alplz = v)\[v/2]) [| ([g][Alplz = u])\[

[z
IN

= tteT((s> Mv.([g][Alp] v/z]) || (I9][Alplz = u])\[u/z])
= 7t €lus> M.([g][A]p[r = v])\[v/z]
= 7te[h>z>g][A]lp by k4

Lemma 36. If A, '+ f 5% f and ty € [f'][Alp then tits € [f][A]p

where p = polry =v1]...[Xm =vm] and T = {(z1,v1),..., (Tm,vm)}, ;s are

pairwise distinct.
Proof. By induction on |t1]

Theorem 7 (Soundness). If I' = {(x1,v1),..., (Tm,vm)},
p=polr1 =uv1]...[Xm =], x’s are pairwise distinct, then

ATHE f 55 f implies te[f][A]p
Proof. By induction on |t|

—If tj]=0st=¢

= ¢ [fllA]p by Thm. 6
—If t=at ,

— ATH S Ly

By IH for ¢/, ¢ € [f"][A]p therefore ¢ € [f][A]p by Lemma 35

The following is the key lemma for proving adequacy. Observe that it is the

converse of the soundness lemma.

Lemma 37. If at € [f][A]p then A, T+ f % f and t € [f'][A]p
where p = polry =vi]...[Xm =vm] and T = {(z1,v1),.. ., (Tm,Vm)}

Proof. By structural induction on f

a) f=0 vacuously true
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b) f = let(v)
— [et(w][Alo = (1},
= a=!v and t=¢
Also, A, T'F let(v) =% 0 and ¢ € [0][A]p
¢) f=M(v) or ?k similarly
d) f = let(x)
For a non-empty trace of f, we know p(x) =wv
= [let(2)][Alp = {[v/a] v},
Consider only the case when a = [v/x] and ¢ =lv

Then, by LET-VAR, A, I't let(x) /el let(v) and lv € [let(v)][A]p

e) f=M(x) similarly
f) f=Ei(v)
= [EWI[Alp={7t]te[Al;(v)},
By DEF, A, I'+ Ei(v) = [v/2]fi
= suffices to show that for any t € [A],(v) then ¢ € [[v/z]f;][A]p
We know [A] = fix(A) = A([4]) = [4]
Then, t € [A],(v) implies t € ([f:][A]polz = v])\[v/x]

= te[v/z]fi][A]po by Lemma 30
= te[lv/z]fi][A]p by Corollary 5 because fv([v/z]|f;) =0
g) f=hlg
Let at € [h ] g][A]p, then there exist
t1 € [R][A]p,t2 € [g][A]p such that at € t1 || t2 (91)
e ‘a’ is an event of t1,i.e. t; =at], and by g1, t€ ]| te (92)
By IH for h, A,I'+ h % 1B/ and t, € [W][A]p (93)
— ATFh|lg3HWl|g by SYM-L
= te[h[g][A]p by g1, 92, g3
e ‘a’ is an event of ty, similarly
h) f=h>a>yg
Let at € [h >z> g][A]p then there exists
s € [h][A]p such that at € s> Aw.([g][A]plx = w])\[w/x] (h1)
o P(s)
— at=s by hl
— A TFh %W and te[W][A]p by IH for h  (h2)
— ATF h>>g9 5 W >r>g by SEQ

— suffices to show that ¢ € [h' >z> g][A]p which holds by h2

o s=s1lvsy, P(s1)
Then, by hl
at € s17 ((s2 > Mw.([9][A]plz = w])\[w/z]) || (h3)
(Iol[Alplz = v)\[v/])
* ‘a’ is the first event of s1, s1 = a s}
= ATF h % W and silvsy € [W][A]p by IH for h (h4)

— ATF h>>g % W>r>g by SEQ
We know that, ¢ € sjlvse > Aw.([g][A]p[z = w])\[w/x] by h3
= te[h >z>g][A]p by h4
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x s1 is empty, therefore s =lv sy and by h3 a =7
= ATFh3Nand s € [W][A]p by IH for b (h6)
Then, by SEQ-P
AT F h>x>g 5 (B >z>g9) | [v/2]g

By h3,

t € (s2 > dw.([g][Alplz = w)\[w/a]) | ([g][A]plx = v])\[v/2]
= te [l >z> g[[Alp |l ([g][A]pl = vD\[v/x] by h6
= te (W >z>g)|v/z]g][A]p by Lemma 30

i) f=h wherez:€g
Let at € [h where x :€ g][A]p, then there exist

t1 € Upe v [M[Alplz = v],t2 € [g][A]p such that at €ty <, t2 (11)
Cases on the branch of the definition of <, used for at
o R(z,t1), P(ts) = at € t1 | ta (i2)
* ‘a’ is an event of t1, l.e. t1 =at] and t €t|| ta (13)
We know that, at) € [h][A]p by i2 and Lemma 26
— ATF L3 W and t) € [W]][A]p by IH  (i4)
ASYM-L

=" A, I'+ hwherez:€ g % h' wherez:€g

By i1, Ju € Val. at) € [h][A]plz = 4]

— AT[z=ulF h % B and t) € [W][A]plz = u] by IH
=t € Upevull Aoz = 2]

= t € [h wherez :€ g][A]p by 1,43
* ‘a’ is an event of {g, i.e. ta =ath and ¢ €ty th (5)
ATFE g% ¢ and t, € [¢'][A]p by IH for g  (i6)
ASKM-R A, '+ h where z:€ g = h where z :€ ¢’
Also, t €ty <, t) by 2,15
= t € [h where z:€ ¢'][A]p by il,i6
° R(l‘,tl), t2 = t21!w t22, P(tgl)
== at €ty ||t21’7' (7,7)

* ‘a’ is an event of ¢1, l.e. t1 =at] and t €t) | tar 7
... It’s exactly the same as the previous case for ¢;

x ‘a’ is an event of to1, l.e. to = ath, and t €ty |[th T
... It’s exactly the same as the previous case for to

% to1 is empty, a =7 and t =t

ATF g™ g and tx € [¢][Alp by IH for g

A%M-P A, ' h where z :€ g 5 [w/x]h

Suffices to show that t1 € [[w/z]h][A]p

We know that ¢1 € [h][A]p-» by i7 and Lemma 26
=t € [h][A]p[z = w] by Corollary 6
But R(z,t1) so t1 € [[w/z]h][A]p by Lemma 30

o t1 =tn[w/x|tiz, R(x,t11), t2 = tarlwtag, P(ta1)
- at € (tu || tng)(tlg\[w/{E])
* ‘a’ is an event of t11,
ile. t11 = at’n and t € (tlll || to1 T)(tlg\[w/x])
= 1€ (thlw/z]ti2 <q t2) (i8)
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By Lemma 25, t1 € [h][A]p[z = w]
= ATlfz=wF h % K and

thlw/z]tie € [W][A]plzr = w] by IH  (i9)
— ATFLS N by Lemma 32
ASYM-L

=" A, I'+ hwherez:€ g = h' wherez :c€g
Also, by i8 and i9 t € [h' where z :€ g][A]p

x ‘a’ is an event of {1,

ie. tog = at’21 and t € (tll || t/21 T)(tlg\[w/x])

— te (tl <y tél!’wtgg) (7,10)
ATE g% g and thlwte € [¢'][A]p by IH  (ill)
ASKM-R A, '+ hwhere z :€ g = h where z :€ ¢’
and t € [h where z :€ ¢'][A]p by 410,411

* to1 i1s empty, a =7 and t = t11(t21\|[w/z]) = t1\[w/2] (112)
ATF g™ g and ts € [¢][A]p by [H
ASYM-P

=" A,I' hwherez:€g = [w/z]h
By Lemma 25, t1 € [h][A]p[z = w]
= t\[w/z] € ([P][A]plz = w])\[w/x]

=t e [w/z]h][A]p by 12 and Lemma 30
O
Lemma 38. If 1ty € [f][A]p then A, T+ f 2% f and to € [f'][A]p
where p = polry =vi]...[Xm =vp] and T = {(z1,v1),.. ., (Tm,Um)}
Proof. By induction on |t1] O
Theorem 8 (Adequacy). If I' = {(z1,v1), -+, (Tm,Vm)},
p=polrr =uv1]...[Xm = vn], x’s are pairwise distinct, then
te[fllAlp implies A, T+ f L f
Proof. By induction on |¢|
—If t|=0<t=¢, then f reduces to itself in 0 steps.
— If t=at' then at € [f][A]p
— ATF f5% f and t €[f'][A]p by Lemma 37
— ADF § Yy by IH for t
— AR S L
= ATF f 5 f" O
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G Strong Bisimulation

To improve readability, in this section we use the notation (a, b) for ordered pairs
instead of (a,b).

Definition 22 (Strong Bisimulation). The binary relation & on processes
18 a A-bisimulation iff

1. R is symmetric
2. forany (f,g) € Rand forany T if AT+ f % f then ATF g5 ¢
and {f',¢') € R

Definition 23 (Largest Strong-Bisimulation). ~x 2 [J{9R | R is a A-bisim.}

Definition 24 (Strong-Bisimulation up to ~x). The binary relation R on
processes is a A-bisimulation up to ~a, if ~a R ~a is a A-bisimulation

Lemma 39. ~ A is an equivalence relation
Lemma 40. f|0~a f
Lemma 41. f|lg~ag| f

Lemma 42. f|(g|h)~a (f]g)]|h

Proof. Ry ={(f [ (g h),(f | g) | M)}

M =N, UR; " is a A-bisimulation

If f takes a step, A, '+ f 5 f' then

= ATE fl(glh) = f'l(glh)=f1(g]h)

Also,

= ATF flg= flyg

= ATE(flg)lh = (flg)lh

But (f'|(g|h),(f"|g)]|h) € R Similarly if g or h takes a step O

Lemma 43. [v/z|f ~a [v/z]g when f~ag

Proof. R = {([v/z|f,[v/x]g) | f ~a g} is a A-bisimulation.

R is clearly symmetric. When [v/x]f takes a step, A, '+ [v/z]f % f’

we must show that for some ¢/ A T'F [v/z]g % ¢ and f'Rg

By the contrapositive of Lemma 31 we know that R(z,a) because x ¢ fv([v/x]f)
Then, by Lemma 34 there are two cases for the steps of f.

a) AT f % 7 and  [v/z|f" = f'

But fr~ag so AT g5 ¢” and  f"~ag” (I)
By Lemma 32 we get, A, ' [v/x]g = [v/x]g”
= [ =/zf" Rv/2lg" =g by I
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[v/x]

b) Alfz=4k f 5 fi = fo [v/alf =[v/alfr, f' =[v/a]fe

But f~ag so

ATx=vk g /] a1 fi~aq, [v/z]g=][v/z]g1 by Lem. 31 (II)
= ATlz=vF g =g  fo~ag (ITT)
= AT+ g 5 g by Lemma 32.2

= ATF /zlgg > [v/z]g2 by Lemma 32.1

— ATF [v/z]g > [v/x]g2 by I1

= [ =W/ Rv/zlg2 =g by 111 o

Lemma 44. f ~x (f where x :€ 0) when z ¢ fv(f)

Lemma 45. ~A is a congruence relation

Proof. We show appropriate bisimulations for all possible contexts:

a) R={(f|h,g|h)|f~ag} isa A-bisimulation.

If h takes a step, trivial.

If f takes a step, AT F f =5 f

— ATF flh3S f|h

But f~ag so, A, T'F g5 ¢ and f'~ag

— ATk glh %4 |h

and (f"|h,g' | h) €R

Similarly for the transitions of g.
R={(|f,hlg)|f~ag} Iisa A-bisimulation.

As above.

R = {((f >2> h) | d,(g 52> h) | d) | f ~a g}

R is a A-bisimulation up to ~a.

The only interesting case is when f publishes, A, I'F f L f
= ATF f>r>h 5 (f >x>h) | [v/2]h

= ATF (f>r>h)|d > (f >z>h)|[v/z]h) ]| d
But f~agso, ATk g A g and f'~a(g

= AI'F g>x>h 5 (¢ >a>h)|[v/z]h

= ATF (g>x>h)|d > (¢ >x>h)|[v/z]h)|d

Then,

((f" >a>h) | [v/z]h) |d ~a by Lemma 42
(ff >a>h) | ([v/z]h |d) R

(9" >x>h) | ([v/z]h |d) ~a by Lemma 42

((g" >z>h) | [v/]h) | d

Similarly for g’s transitions.

The desired result follows by Lemma 40 when d = 0.

R = {((h>2> ) | dy, (h >5> g) | do) | [ ~a g, dy ~a d3)

R is a A-bisimulation up to ~ .

The only interesting case is when h publishes, A, '+ h By gy
= ATF h>r>f 5 (W >x> f)]| [v/z]f

— ATF (e ) |di 5 (0 >2> ) | p/alf) | da
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Also, A, T'F h>r>g 5 (W >x>g) | [v/7]g
= A TF (h>x>9)|dy 5 (W >x>g)|[v/7]g) | do
By Lemma 43, [v/z]f ~a [v/x]g

Then,

(W >z> f) | [v/x]f) |di ~a by case b
(W >z> f) | [v/z]f) |da ~a by Lemma 42
(W >z> f) | ([v/z]f | d2) ~a by cases a,b
(W >a> 1) | (o/a)g | &)

(W >z>g) | ([v/z]g | d2) ~a by Lemma 42
(0 >a>g) | [v/z]g) | da

The desired result follows by Lemma 40 when d; = 0,d, = 0.
R = {(f where x :€ h,g where z:€ h) | f ~a g}

R is a A-bisimulation up to ~ 4.

The only interesting case is when h publishes, A, I'F h Mo
— ATl fwherez:€h = [v/z]f

T

Also, A, '+ gwherex:€h — [v/z]g

[v/z]f ~a by Lemma 44
[v/z]f where z :€ 0 R by Lemma 43
[v/z]g where z:€ 0  ~x by Lemma 44
[v/alg

R, = { (h where z :c€ f,h wherez:€g) | f ~a g}
R =NRUID is a A-bisimulation.

If f publishes, AL f 5 f

— ATt hwherexz:cf = [v/z]h

But f~ag so, AT g LA g and f'~A g
— ATt hwherex:cg = [v/z]h

and  ([v/z]h, [v/x]h) € R

If f takes a non-publication step, A, '+ f 5 f’
— A, I'+ hwherez:c€f % hwherezx:c f
But fr~ag so, AT g5 ¢ and flopg
— A, I'+ hwherezr:€cg % hwherez:c g
and (h where z :€ f' h where z :€ ¢’') € R

Lemma 46. (f|g) >x> h~a (f >a> h) | (g >z> h)

Proof. Ry = {(((f | g) >a>h) | d,((f >a> h) | (g >z>h)) | d)}
R =Ry, UR, ! is a A-bisimulation up to ~x

The only interesting case is when f publishes, A, I'F+ f A i
— AIF flg=flg

= ATF (flg)>x>h 5 ((f'|g) >x>h) | [v/z]h

/T ATE ((flg)>a>h)|d = ((f'| g) >z>h) | [v/z]h) | d

— ATE feash D (f sa> h) | [v/alh

= A, TF (f>x>h)|(g>z>h) 5 ((f >x>h)|[v/z]h) | (g >x> h)
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= ATF ((f >x>h)|
(((f" >a> h)
But then,

(((f/ x> h) | [v/x]h) | (g >z> h)) |d ~a by Lemmas 41,42
((f" >2>h) | (9 >z> h)) | ([v/z]h | d) R

((f" 1 g) >x> h) | ([v/z]h | d)

The desired result follows by Lemma 40 when d = 0.

(952> h) |d &
To/alh) | (g x> B)) | d

Lemma 47. f >x> (g >y> h) ~a (f >2z>g) >y>h  if v ¢ fv(h)

Proof. Ry = {{(f >a> (9 >y> h)) | d,((f >2> g) >y> h) [ d)}
M =N, UM, ' is a A-bisimulation up to ~ if z ¢ fv(h)
The only interesting case is when f publishes, A, I'F f X 1!
= A IF f>r>(g>y>h) >
(f' >a> (g >y> h)) | [v/z](g >y> h)
= A T'F ((f >x>g) >y>h)|
((f" >a> (g9 >y> h))
Also,
= ATF f>>g 5 (f >x>9) | [v/z]g
= ATF (f>x>g) >y>h = ((f >x>g) | [v/x]g) >y>h
= ATF ((f >x>g)>y>h)|d >

((f" >z>g) | [v/xlg) >y>h) | d
By Lemma 46,

(((f" >z>g) | [v/zlg) >y>h) [d ~a
((f" >2> g) >y> h) | ([v/z]g >y>h)) | d R

)
((f >x> (g >y> h)) | [v/=](g >y>h)) | d

Lemma 48. (f | g) wherez:€ h ~ (f wherexz:€ h)|g if = ¢ fv(g)

Proof. R1 = {{((f | g) where z :€ h,(f where z :€ h) | g)}

M =R UR, ' UID is a A-bisimulation if z ¢ fv(g)

Let ATF g% ¢

We know that x ¢ fv(g) so, by Lemma 31, ‘a’ is not a receive for . Then,
= ATF flg= fld

— ATl (f|g) wherez:€h % (f|g') wherex:€h

Also, A, TF g % ¢

— AT+ (fwherex:ch)|g % (f wherez:€h)|g

But by Lemma 33, = ¢ fv(g’)

= ((f|g')wherexz:€h) R ((fwherez:€h)|g)

The only interesting case left is when h publishes, A, '+ h gy
= A, I'F (f|g) wherez:ch = [v/z](f|g)

= [v/z]f | g because x ¢ fv(g)

Also,

— ATt fwherexz:ch = [v/2f

— ATk (fwherex:ch)|g = [v/z]f|g

And obviously, ([v/x]f | g, [v/z]f | g) € ID
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Lemma 49. (f >y> g) where z :€ h ~A (f where z :€ h) >y> ¢

if = ¢tv(g)

Proof.
Ry = {(((f >y> g) where z :€ h) | d, ((f where x :€ h) >y> g) | d)}
M =M, UR, ' UZD is a A-bisimulation up to ~ if = ¢ fv(g)
We look only at the publication steps of h and f.
ATHRS W
— A, T'F (f >y>g) wherez:€ h = [v/z](f >y> g)
— A T'F ((f >y>g) wherez:c h) |d = [v/2](f >y>g)|d
Also,
= A I'+ fwherez:€h = [v/2]f
= A, Il (f wherex:€ h) >y>g = [v/z]f >y>g
= A, I'F ((f where z:€ h) >y>g) | d = ([v/z]f >y>g)|d
But z ¢ fv(g) so
{[o/2](f >y>g) | & ([v/2]f >y>g) | d) € ID
If f publishes, A, I'F f % f’ then,
= ATF f>>9 = (f'>y>9) | v/ylg
= ATt (f >y>g) wherex:€ h = ((f' >y>g) | [v/y]lg) where x :€ h
= A, T'F ((f >y>g) wherez :€ h) | d =
(" >y>g) | [v/ylg) where z :€ h) | d

Also,
A, T't fwherex:€h A /' where x :€ h
A, T+ (f wherex:€ h) >y>g — ((f' where z :€ h) >y> g) | [v/ylg
A, T+ ((f where x :€ h) >y>g) |d &

(((f where x :€ h) >y>g) | [v/ylg) | d
But z ¢ fv(g) so by Lemma 48
((f" >y>g) | [v/ylg) where z:€ h ~4

((f' >y> g) where z :€ ) | [v/ylg
which by Lemma 45 yields

(/" >y>g) | [v/ylg) where z :€ h) | d  ~a
(((f >y> g) where x :€ h) | [v/ylg) | d
By Lemma 42, the last process is strongly bisimilar to

((f" >y>g) where z:€ h) | ([v/ylg | d) R
((f" where z:€ h) >y>g) | ([v/ylg | d) ~a

(((f" where z :€ h) >y>g) | [v/ylg) | d
The desired result follows by Lemma 40 when d = 0. ]

Lemma 50. (f where z:€ g) where y:€ h ~ (f where y:€ h) where z:€ g

if v ¢ tv(h),y ¢ v(g)
Proof. The proof is similar to the previous proofs O

Lemma 51. If I'={{(x1,v1),...,{Tm,vm)} then

frag= (ATH f 5 & ATF gL y)
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Proof. By induction on [t|. Note that since I" is a partial function, and not an
arbitrary relation, we can assume that x;’s are pairwise distinct. O

Theorem 9. If f ~a g then for any p it holds that [f][A]p = [g][A]p

Proof. Let t € [f][A]p

= ATk f Ly 1 by Theorem 8

— ATF gLy by Lemma 51

= t<[g][A]p by Theorem 7

= [F1[4]p < [9][Alp

In the same way we get  [g][A]p C [f][A]p O

The next lemma may seem counterintuitive on a first reading. It is the main
lemma in order to show that the events following a publication are not caused
by it; they could have preceded it.

Lemma 52. If A, '+ f L I then f ~n let(v)] f’

Proof. By induction on the height of the derivation

vy

AT let(v) %0
Clearly, let(v) ~a let(v) | O

 ATERSW
ATFR|gSH|g
By IH, h~a let(v) |
= h|g~a(let(v)|1)]g by Lemma 45

= hl|g~alet(v)| (M ]g) by Lemma 42
Similarly for SYM-R

ATHR Y W
A, "'+ h where z :€ g = h' where x :€ g
By IH, h ~a let(v) | W

— hwherex:€ g~a (let(v) | M) where z :€ g by Lemma 45

— hwherez:€ g ~a (b where z :€ g) | let(v) by Lemma 48

— hwhere z :€ g ~a let(v) | (M where x :€ g) by Lemma 41
These are the only rules where f can publish O
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H Various properties of the trace-semantics
Lemma 53. If s=lws and s € [f][A]lp then (] ") C [f]1A]p

Proof. By Lemma 37, ATt f A f'and s e [f'][A]p

= for~alet(v) ]| f by Lemma 52

= [/1[Alp = llet(v) | f'][A]p by Theorem 9

= [let@)[Alp | 17114l < [£1[Alp

= (v|l¢) € [f11A]p by monotonicity of || O

Lemma 54. If s =s1lvsy and P(s1) and s € [f][A]p
then s1('v || s2) € [f]1Alp

Proof. By induction on |sq|

— If |s1] =0 immediate by Lemma 53

—If s1=as)
By Lemma 37 we get A, T'F f % f and s} lvsy € [f'][A]p
By IH s, (||s2) € [F1[4]p (1)
Let t € s1(lv|l s2)

teasi(lv] s2)

t=at' N tesi(l]s2)

t=at' Nt e[fT[Alp by I

at' € [f1[A]p by Lemma 35

t € [f1[A]p

s1(v | s2) € [F1[Alp o

We showed the non-causality of the first publication in a trace, but this can be
generalized to any publication.

Lemma 55. If s=si1lvsy and s € [f][Alp then si(lv] s2) C [fI[A]p

FEpeLy

Proof. By induction on the number of publications in s

— If s has one publication then we get a special case of Lemma 54

— If s has more than one publication then it is of the form sq vy so !vg s3 where
lvy is the first publication and lvy isn’t necessarily the second publication.
By Lemma 54 we know s1(lvy || s2lva s3) C [f][A]p
so it suffices to show that s1!vy sa(lva || s3) C [f1[A]p
By Lemma 38 we get
AT E f "2 ¢ and sy vy ss € [f][A]p
= sz(lvz | s3) € [f'][A]p by IH (1)
Let t € s1lv1 s2(lva || s3)
= t=3s1!1 t' and t' € 52(!1}2 || 83)

= t=s1lnt’ and ¢ € [f'][A]p by I

= s1lnt’ € [f][A]p by Lemma 36

= te[f1l4lp

= s1lvrsa(lva || s3) € [f11A]p O
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Lemma 56. {|f[{A}p = {f >2> let(x)}H{Altp

Proof. Tt suffices to show that one side is a subset of the other.

(=) easy

(<) This is the interesting case of the Lemma.

If te[f>a>let(x)][A]p we must show that ¢\7 € {f[}{A[lp

We know that there exists s € [f][A]p such that t € s > Av.{[v/z]lv} \[v/z]
therefore ¢ € s> Av.{lv}

We proceed by induction on the number of publications in s

— If s has no publications, then ¢ = s, trivial

— s=s1luss, P(s1)
= tesi7((s2> M {lv})) [ {lu},)

Also, by Lemma 38, A, I'F f 1t f"and s2 € [f'][A]p (1)
We take two separate cases because of the prefix-closed set {lu}
o t€si7((s2 > M{lv})) | e)
so there exists ¢ € (s2 > Av.{lv}) such that ¢ € sy 7¢"
Then, it suffices to show that (s; t")\7 € {{f}{A[}p
Since sz € [f'][A]p we know " € [f' >a> let(x)][A]p

= 3t e[flAlp. t"\T=t\7 by IH for so  (II)
= s lut’ € [f][A]p by I and Lemma 36

= s1(lu]||¥) C[f1[A]p by Lemma 55

=  sit'luwe [f][A]p

= st € [f][A]p by Theorem 6

= (s1t)\m € {fH{Ap

= (s1t")\T e {fH{ALp by IT

which is what we needed to show
o t€s17((s2 > M{lv})) | 1u)
similar to the previous case O
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