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Abstract. Two of the significant issues in Service Oriented Architecture
(SOA) are, first, the compositional analysis (and construction) of ser-
vices and, second, the analysis and modeling of service communication.
Existing formalisms to address these issues that have been investigated
include petri nets and process algebras. The objective of this report is
to delineate an appropriate class of petri nets, suitable for the modeling
of communicating processes (services) with value (message) passing, ex-
tending our results in [3,4]. This involves defining appropriate operators,
such as prefix, choice and, more significantly, concurrent composition.
It also involves demonstrating how recursive equations can be solved in
such a class of petri nets, providing the necessary semantic background
for recursively definable processes.
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1 Preliminaries

Two of the significant issues in Service Oriented Architecture (SOA) are, first,
the compositional analysis (and construction) of services and, second, the anal-
ysis and modeling of service communication. Existing formalisms to address
these issues that have been investigated include petri nets and process algebras.
Whereas petri net models provide a natural and intuitive account of concurrent
composition (that can be used to model service communication, see e.g. [4]),
petri nets are not designed to naturally support a compositional analysis of
processes. By contrast, process algebras are compositional in approach, though
less intuitive than petri nets. Some work on combining the strengths of the two
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approaches has been done, e.g. [3,9] and the present reports falls within the
line of research that addresses issues of process algebraic and petri-net based
approaches to value-passing, communicating processes (or services).

The objective of this report is to delineate an appropriate class of petri
nets, suitable for the modeling of communicating processes (services) with value
(message) passing. This involves defining appropriate operators on such a class of
petri nets, such as prefix, choice and, more significantly, concurrent composition.
It also involves demonstrating how recursive equations can be solved in such a
class of petri nets, providing the necessary semantic background for recursively
definable processes.

2 Communicating Petri Nets

For reader’s convenience, we first briefly recall the definition of place-transition
nets.

Definition 1 (Place-Transition Petri Nets). Assume disjoint and nonempty
sets Place and Trans of place and transition labels, respectively. A Petri Net
with place labels in P C Place and transition labels in T' C T'rans is a triple

A:(P7—>5MO)

where My C P, ¢(P) is called the initial marking, and —C P, s (P)X T X Py (P)
is the transition relation (the subscript nf indicates non-empty finite subsets). A
transition ¢t = (I, a, O) will be also denoted by t = I - O. The set I = pre(t) is
called the preset of the transition, while O = post(¢) its postset, and act(t) = a
its action. We occasionally also write PI(A) for the set P of places of A. o

Note that, for simplicity, we restrict here to markings with single tokens on
places, but this is an inessential restriction.

2.1 Open Petri Nets and Net Firings
To define open nets, assume pairwise disjoint sets Place, Trans and Port.

Definition 2 (Open Petri Nets). An open net is like an ordinary net except

for

1. its set of places is contained in the union Place U Port
2. its action labels are either
— 7 (a silent, internal action), or
— ¢l orc?, with ¢ € C, a set of communicative action names

3. af I L, 0 is a transition in the net, then I N Port = () and O = O' U {z},
with ) £ O" C Place and x € Port

4. af I . 0isa transition, then I U O C Place and, for some port name
x € Port and set of places U C Place, there is a transition O U {z} —— U



5. if I = O is a transition, then O C Place and, unless there is a transition

J % K such that KN 1T # (), the preset I of T contains no ports (i.e.
INPort=20) O

Intuitively, a transition ¢ = I < 0uU {z} is a transition that executes an
asynchronous output action and deposits the output on a communication buffer,
named z. The action is asynchronous in the sense that the net will proceed to
fire any transitions that became enabled after firing ¢, without waiting for its

output to be consumed. Similarly, a transition r = J ~“*, K is an action that
prompts (requests) input on some specific channel c. If such input is provided,
through some buffer y associated to channel ¢, then it is consumed by an internal
action {y} UK - L.

Note that we have restricted only to visible, communicating actions and any
internal action (process) of the service is uniformly designated by a 7 action.

It should be also noted that we focus on the communication exchange per se,
ignoring the type of content being communicated. Thus, in this setting, what is
passed from service to service during communication is merely a “token”.

In the sequel, we write A = B for two nets, provided there is an injective
renaming o of place (including port) names, such that Ao = Bo (where Ao is
the net obtained by applying the renaming o to the places of A).

In the next Section we recall the standard notion of “enabled transitions” and
net firings and, furthermore, we extend to appropriate notions of weakly enabled
transitions and weak net firing. The intention here is to capture the (potential)
behavior of an open net, assuming that any requested input becomes available
when needed.

Definition 3. A transition t is enabled at a marking M if pre(t) C M (i.e.
all places and ports in its preset hold a token). It is weakly enabled if all places
(but not necessarily the ports) in pre(t) are contained in the marking, in other
words, if pre(t) C M U (pre(t) N Port).

Two transitions t,t' are concurrently enabled, if they are both enabled and
pre(t) Npre(t’) = 0. They are weakly, concurrently enabled if they are both
weakly enabled and pre(t) Npre(t’) = 0. O

The definition of (weakly) concurrently enabled transitions generalizes in the
obvious way to more than two transitions.

A (one-step) firing of a net is a transformation of its marking, such that, if
T is a set of concurrently enabled transitions, then a non-empty subset S of T’
is (non-deterministically chosen and) “fires”. Intuitively, “firing” of a transition
results in removing the tokes from its pre set and depositing them in its post set.
Technically, if t = I =% O is enabled at the marking M, then firing the transition
results in the new marking M’ = (M \ I)UO and we write M %+ M’. Similarly

for a set S = {t1,...,t,} of concurrently enabled transitions we write act(S) =

act(t1) - --act(t,) and M i M’, where M’ = (M \J, pre(t;)) U, post(t;).

A sequence of firings

M = 0y 2T g BCUT) | ACHT)  actTy)



will be called a firing sequence.

A weak firing sequence is defined similarly, assuming the T;’s are weakly
enabled sets of transitions and making the input assumptions explicit by listing
the input port as if marked.

Definition 4. A place A of the net is (weakly) reachable, given the marking M,
if there exists a finite sequence of firings of (weakly) concurrently enabled sets of
transitions Ty = {ti 1, ..., tim() }

act(Ty) act(7s) act(T,)

M:MO — M1

n

such that A € M,, (for somen >0). O

The reachability of the states (weak, or otherwise) can be represented with a
reachability graph, a labeled, directed graph (a transition system) whose points
represent states (sets of marked places, i.e. markings), and arcs represent tran-
sitions between two such states.

Before proceeding to define the concurrent join of nets (including rigorous
definitions for the notions of rank numbers and rank sequence, we mention a
simple notational convention. For a set T of concurrently (weakly) enabled tran-
sitions, we write act ™ (T") for the sequence of communication actions in act(T). If
no such actions exist in act(7'), we let act~(T") = 1. Thus, if act(T) = rclrr7d?,
then act™(T") = ¢ld? and if act(T) = 7", then act™(T) = 1.

2.2 Composable Open Petri Nets

The main issue in composing open nets is to formally identify composable transi-
tions in the two nets. We have done this in detail in [4]. For reader’s convenience
we briefly review from [4] the relevant definitions of rank sequence and matching
transitions.

Intuitively, the rank sequence (t) of a communication transition ¢ with action
¢! (similarly for ¢?) consists of rank numbers of order k& > 1, denoted by (¢)g,
where k indicates the number of times ¢ became enabled in a weak firing sequence
for which ¢ becomes enabled at the earliest possible time. More specifically, if
act(t) = ¢! (and similarly for ¢?), (t)r = ¢ means that when enabled for the
k-th time, exactly ¢ — 1 transitions with action ¢! have become enabled to fire,
up to the point where the transition ¢t becomes enabled for the k-th time, at the
earliest possible opportunity. The formal definition follows.

Definition 5 (Rank Sequence). The rank sequence of a communication tran-
sition t, denoted by (t), is the increasing sequence of its rank numbers.

A natural number i > k is a o-rank-number of order k > 1 for t, if o is a
weak firing sequence

act—(1y)

M = My 25Ty, 3T Act (T

) M aCt£n+l)
n

such that



— there exist j1,...,jk € {1,2,...} such that
e ifa<b, then j, < jp
o t is weakly enabled (concurrently with other transitions) in each of Tj,, . ..
o if s < jp, for some b, and t is weakly enabled (concurrently with other
transitions) in Ts, then s = j,, for some a < b
— if act(t) = ¢! (and similarly if act(t) = c¢?), then there are exactly i — 1
transitions tD ... t0=1 with act(t")) = ¢!, for each v =1,...,i — 1 such
that t") € T}, for some j;.

The number i is the rank number of order k for t (denoted by i = (t)1 ), provided
that i is the least o-rank-number of order k for t. m]

For details and examples the reader is referred to our [4].

Now let A, B be two nets and ¢t = I < 0uU {z} an output transition in A.
Consider its rank sequence (t). The rank number (¢); designates the number of
output transitions that have become enabled up to, including, the point when ¢
becomes enabled (at the earliest possible opportunity) for the first time. Turning

toB,let r=J <, K, KU{y} - L be an input prompt transition, followed by
a transition that consumes the input when provided. Consider its rank sequence
(r). Assuming the nets are to be composed concurrently, under what conditions
should it be possible and permissible for output from ¢ to be fed as input to r?
The Definition that follows captures our proposed notion of matching transitions
and, therefore, of composable services.

Definition 6 (Matching Transitions). Let A, B be two nets, t = I L!>A

O U {z} an output transition in A and r = J g K, Ku{y} "5 L be an
input prompt transition in B, followed by a transition that consumes the input
when provided. If there exist m,k < min{length(t), length(r)} such that for all
n < min{length(t),length(r)}, (t)m+n = (7)ktn, then we shall call t and r
matching transitions. m]

Matching transitions are precisely the composable transitions, i.e. precisely
those pairs of transitions in the two nets that can be composed, allowing for
output from one net to flow, as input, in the other net. In the next Section, we
use this notion of matching transitions to define an operator of composition of
open nets.

3 Operators on Open Nets

In this section we define some natural operators on oPN’s; including a 0-ary nil
operator, three different types of prefix operators, composition and choice. We
start with an auxiliary and elementary operation of “place fusion”, which we
shall need in order to provide rigorous definitions for composition and for the
solution of recursive equations on nets.

)

T
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3.1 Place Fusion

If A is an oPN and A, B are place labels, possibly labeling places of A, appro-
priately identifying A, B in A results in a new oPN A/, . This operation is of
interest only in the context of defining the composition operation (as well as in
computing fixed points).

Technically, the renaming operation (place fusion) /5. 4 is a unary operator
with A,,_, being the net obtained by renaming all places or ports labeled by
B, using the new label A (which may already be used to label a place or port
in the net) and appropriately modifying the transition relation and marking of
the net. The net A/, _, is rigorously defined as follows:

— The places of A, _, are exactly (PI(A)\ {B})U{A}
M _ Mo, 4 if B¢ Mo,a
0A/pea = {MO,A \ {B})U{A} otherwise
— The transition relation is derived from that of A, in the obvious way.
e If ] % O is a transition in A and (IUO)N{B} =0, then I > O is a
transition in A, ,
e If B¢ I - OU{B} is a transition in A, then I —~ O U {A} is a
transition in A/, _,
e If TU{B} % O # B is a transition in A, then I U {A} % O is a
transition in A,
o If TU{B} % OU{B} is a transition in A, then T U {A} % O U {A}
is a transition in A,, .

The operation generalizes to more than one equations in the obvious way:

A/B«—A,D«—C’ = (A/BHA)

and similarly for more equations.

/D—cC

3.2 nil

A O-ary operator; it designates an oPN consisting of a single, ordinary place.
Formally, for any place A, nil is defined as the oPN ({A}, (), {A})(the choice of
the place name A is of no significance when considering behaviorally equivalent
nets, as we shall eventually do).

3.3 prefix
A unary operator; it comes in three variants: 7..( ), cl.() and ¢?,().
Definition 7 (Prefix). Let

A= (P,—, M)

be an oPN and A, B,x ¢ P with A, B € Place and x € Port.



— 7. A is the net
(PU{A}, — u{{A} — Mo,a},{A})

— ¢! A is the net
(P U {Aa w}a —ch {A})

where — .y is defined by:
— o= U{{A} -5 My 4 U {z}}
— c?. A is the net
(P U {A,l‘}, — et {A})
where — 7 is defined by:

e = — U{{A} -5 (B}, {B,z} = Mo} O

Since eventually we shall only be interested in open nets up to a natural
notion of behavioral equivalence, the choice of the place and port names A, B, x
in the above definitions is immaterial.

3.4 Choice

The choice operator @ is a binary operator, where the net A @ B is formed by
adding a new place name A and two transitions {A} — My 4 and {A}
My 5.

Definition 8 (Summation). Let
A = (Pla —)laMOJ))B = (PQ, —>25MO,2)

be two oPNs and A € Place not in Py U Py. Then
A D B is the net
(PLU P U{A}, —a,{4})

where —¢ is defined by:

—rp=——1U —2 U{{A} = 1\4-()717 {A} SN M(),Q}.

In Figure 1 we show an example of these operators, namely the net ¢?,nil &
dl.c?.nil.

3.5 Concurrent Composition of Open Petri Nets

We introduced this operation in [4], from which we briefly review the definition.
To make the concept simple to understand, we first define a notion of com-
position at a single pair of matching transitions.



Fig. 1. The net ¢?,nil & d!.c?,nil

Definition 9. Let A, B be two nets, t = I -5, OU {z} an output transition in

Aandr=1J iB K, KU{y} —=5 L a matching input prompt transition in B
(we do not assume that x # y). Assume the set of place (but not necessarily of
port) names of A is disjoint from the corresponding set of B (otherwise, injec-
tively rename them). Let also z be a new port name (not occurring in either A or
B). The join A®, B of the nets at the matching pair (¢,7) is the net obtained as
the union of A, B, after renaming both ports x (in A) andy (in B) to z. In other
words, let A" = Ay, B' =By, and A®, B=AUB =A/,_.UB. .0

This operation can be generalized to any number of matching transitions.
We first present an example.



Example 1. Consider the two nets in Figure 2.

Fig. 2. Example for the join of two nets

The net A on top performs an initial output transition on channel ¢ and then
gets into a loop, continuously performing output on c.

Let t; = {A} <, {z, B} and t; = {B} <, {z, B} be the two transitions of
A.

The net B at the bottom executes a silent action, prompts for input and, if
input is received, it consumes it and repeats this behavior.

Let r = {D} -, {E7} be the input transition of 5.

Then we have length(t;) = 1, (t1)1 = 1, lengh(te) = w, (t2)r = k + 1,
length(r) = w and (r); = k.



Notice that
(ti)hr=1=(h
(ta)k=k+1=(r)kt

By Definition 6 both (¢1,7) and (t2,r) are composable pairs of transitions. To
obtain the desired composition, let z1, zo be two new port names. Let

AM — A/zkzl B — B/szl

A® = A B® =B)

and
A B=A2yB?
= A/I‘*Zth‘*Zz U B/y%m,m%@

The resulting composite net is shown in Figure 3. The reader may wish to ex-

Fig. 3. Concurrent join of the nets of Figure 2 (without hiding the communica-
tion port)

periment with variations of the example, with more than one initial ¢! moves
on the left, before getting into the loop, and with several ¢? transitions on the
right, before getting into the input loop as well. o

Having illustrated, with an example, the intended general notion of com-
position of open petri nets, we proceed to the formal definition, after a small
technical Lemma.



Lemma 1. Let A, B be two nets and J be the set of all matching pairs of tran-
sitions (transitions t of A, paired with matching transitions r in B). There exists
a renaming function o, defined on the port labels of A, B, such that in Ao, Bo
all matching pairs in J have their associated communication ports tagged by the
same label.

Proof. We have presented the proof in [4], but it is useful to repeat it here.

If J is finite, then obvious. Otherwise, let jg, ..., jn,... be an enumeration
of the members of J and for each j;, let (2;,y;) be the pair of port names of the
two matching transitions in j;. Let also (2;); be a sequence of new port names
(not occurring in either A or B). Define a sequence of partial renaming functions
as follows:

00t dom(og) = {0, 90} and oo(x0) = 20 = 00(yo)
on+1: Having defined o,,, let

dom(op41) = dom(oy,) U{pn, yn}

Case @, yn & dom(oy,)

Then extend o, setting o,+1(2n) = 2 = Tnt1(Yn)

Case {zn, yn} C dom(cy,)

Then let oy 41 =0y

Case x,, € dom(oy,), but y,, & dom(o,,)

Let ont1(7n) = 0n(Tn) = ont1(yYn)

Case x,, ¢ dom(o,,), but y,, € dom(c,,)

Let ont1(7n) = 0n(yn) = on+1(Yn)

o: Define o = J,, on

By definition of o, if (t,7) = ji is the k-th matching pair, then in Ao and Bo
the matching transitions ¢, r have their corresponding ports tagged by the same
label.

Definition 10 (External Concurrent Join of Open Nets). Let A, B be
two nets, assuming their sets of ports and places are disjoint (if not, injectively
rename each one of them) and let o be the port renaming function of matching
transitions, as in Lemma 1. The external concurrent join of A, B, is defined as

A®B=AcUBo

where recall that Ao is the net obtained from A, but with communication port
names modified by o. O

Remark 1 (Internal and Mized Join). We can slightly modify our definitions and
obtain notions of internal concurrent join (hiding the ports after composition)
and mized concurrent join (selectively hiding or not the communication ports,
depending on the nature of the communication to take place).

To achieve this, the definition of oPN’s needs to be slightly modified, allowing
for a distinction between ezternal and internal communication ports, Port;,,
Portest, so that internalization of all (or some) ports after composition can be



performed. But also, by introducing a distinction between private and public
(internal and external) communicative actions.

The case of internalizing all ports after composition of matching transitions
is straightforward, by letting A|o (where o is the renaming function of Lemma
1) be the net obtained by first renaming according to o, but also by removing
from its set of external communication ports the range of o and adding it to its
set of internal communication ports.

For the case of a mixed concurrent join, communicative actions can be as-
signed an annotation, e.g. l¢:in, ?d:ex (or no annotation, meaning that both
private and public communication are acceptable). This affects the definition of
matching (composable) transitions, since now the additional requirement that
the annotations agree must be imposed. Furthermore, the set of composable tran-
sitions for two oPNs splits into two sets J;,, Je, and similarly for the renaming
function o of Lemma 1, splitting to 0;;,, 0c,. The mixed concurrent join can be
then simply defined as Aoey |0 U Boey|oin. Details are left to the interested
reader. ]

4 Polynomial Nets and Equations

In this Section we deal with recursion (cyclic nets, specified with net terms of
the form pX.P). To do this, we proceed as in our [3], solving equations in a class
of polynomial nets.

The class N of open petri nets, together with the operators we defined,

(N,nil, 7, cl, ¢y, D, ®)

is an algebraic structure and we may consider polynomials over that structure.
To do this, we let X be a set of indeterminates disjoint from the sets of place
and port names of oPNs in N. The class N[X] of polynomial open nets in the
indeterminates in X' is the smallest class satisfying the conditions

— If Ais an oPN (i.e. A€ N), then A € N|[X]
— If X is an indeterminate, then ({X},0,{X}) € N[X]
— If A, B € N[X], then

o 7. A, clL A, ¢ A e N[X]

e Ae B, A® B e N[X)|

It is convenient to introduce a syntax for members of N[X], letting members
of N name themselves. In the syntax below, see (2), all but the last term have
the obvious interpretation as polynomial open nets, given the definition of the
operators we have provided, and we shall not make any notational distinction
between the terms and their interpretation.

Our claim is that the class N also contains nets that satisfy equations of the
form X = P(X). A solution to such an equation is designated in the syntax
below by the term puX.P.

P=AAeN)| X (Xe€X)|nil| 7P |cP|c?P|
| P&P|P®P|uXP (1)



In the syntax above, for recursively specified nets 4 X.P, the indeterminate X is
assumed to be guarded in the recursion body P (i.e. it appears within the scope
of a prefix operator). As mentioned above, a recursively specified net uX.P
designates a solution of the equation X = P. We will argue for the existence
of solutions, but we first note that, because of nested recursions, a recursively
specified net uX.P is in fact equivalently specified as the solution of a system of
equations (soe, in the sequel)

(Xi = Pi(X1, -, X)it, o

For example, if P = pX.(a. X & pY.(b.Y @ X)), where a,b are action names,
then because of the recursively specified subnet ©Y.0,Y @ X, the associated soe
is

X=a.XpY

As a matter of agreement, given a system of polynomial equations, we will always
list first the equation corresponding to the top recursive term. Consider the soe
e={e1,...,e,} below:

(61) X1 :Pl(Xl,...,Xn)
(62) XQZPQ(Xl,...,Xn)

(en) Xn = Pn(Xl, e ,Xn)

Each one of Py,..., P, is a net where the indeterminates amongst Xi,..., X,
that appear in P; label terminal places.

To solve the soe we proceed by induction on the depth n > 1 of P =
qu.Pl(Xl, N ,Xn)

If n = 1, then P; has no recursive subterms and the soe reduces (omitting
the subscript) to a single equation X = P(X) in N[X]. In fact, it suffices to
consider this case only since, if n > 1, then by induction each of the equations
Xit1 = Piy1(X1, ..., X,) has a solution A; 11 € N[X;]. Then the first equation
becomes X; = P1(X1,As,...,A,) and thus the problem reduces to a single
equation in A[X7], to be solved in N.

Before proceeding to constructing solutions to equations, we present a simple
example.

Ezample 2. The net in Figure 4 is the polynomial net corresponding to P(X) =
Tu (ke XD (X ®c?,.X)). In drawing the polynomial net, we have drawn instances of
the indeterminate X as a store, for emphasis. Note that we speak of “instances
of the indeterminate X” because of renaming taking place in the case of the
concurrent join and choice.

The net in Figure 5 is the solution of the equation

X =7(ch X ® (X ®c?.X))
designated by the term uX.7.(cl X @ (X ® ¢?,.X)). |



Fig. 4. The polynomial net P(X) = 7.(cl, X & (X ®?.X)). For clarity, we draw
all instances of the indeterminate X using the store notation.

Remark 2. In [3], some of the operators (in particular, the choice and syn-
chronous product operations) did not allow to resolve terms involving the in-
determinate as a component (e.g. terms like X ® A, or X @& .A). In the present
report we dealt with internal choice, which gets resolved to its components by
an internal 7 move. Also, the product operation (concurrent join) is essentially
a union operation (with possible sharing of a communication port). As a result,
in any polynomial net of the form P(X), arising according to (2), X will only
appear as a name of a terminal place. This is manifested in Figure 4. As a con-
sequence, and unlike the situation in our [3], capturing the recursive structure
appears to be elementary in the present context, due to the nature of the op-
erators considered here. However, a novel complication arises, when considering
communication ports. O

Theorem 1. Every equation X = P(X) in N[X] has a solution in N .

Proof. To solve an equation of the form X = P(X) we proceed as follows:



Fig. 5. The solution to the equation X = 7, (cl, X & (X ® ¢?. X))

— First, replace each transition t = I - O U {X} in P(X) by the transition
t' =1 - OUMy and, if P(X) = (P, T, M) and T is the resulting (modified)
transition relation, then let Py = (P \ {X},7", M). Figure 6 shows the net
Py for the specific example of the net in Figure 4.

— Second, rank each subterm of P(X) according to the number of occurrences
of the product operator ®. Next, define a port renaming function o, by
induction on the rank of subterms of P(X).

e Let 0g (corresponding to subterms Q; ¢ of rank 0) be the empty function.
e Next, define o;.
Let Qj1 = Aj1(X) ® Ajo(X), for j =1,...,k, be all the product sub-
terms of P(X) of rank 1 (for an illustration, this is the case of the term
X ® c?,.X in Example 2, see also Figure 4).
Consider the terms A;;(P1), ¢ = 1,2 (in the example, these are the terms
Py and ¢?Pq). Let 0j1, for each j, be the port renaming of Lemma 1,
used in forming the product A;i(P1) ® Aj2(Pr).
Define o1 in k steps, as follows: Let O’% = 01,1. Having defined o] and
while r < k, for each x € dom(co]) N dom(c,+1 1) modify 0,411 so as to
agree with of on x. More specifically, if 0,41.1(z) = z, let A = a;}l,l(z)



and define

o () = ors11(u) If u € dom(o,41,1) \ A
r+i.1 ol (u) otherwise

Do this for each x € dom(c7) N dom(c,41.1), let 07,1 ; be the modified
function and let ot = o7 U 07411 Finally, set o1 =, 07

e Having defined o,, and while n < rank(P (X)), let Q¢ 11 = An(X) ®
A (X), for t = 1,...,s, be all the product subterms of P(X) of rank
n+ 1.
Consider the terms Ay (P10y,), i = 1,2 (recall that Po denotes the net
obtained from P after renaming ports using o). Let o 5,41, for each ¢, be
the port renaming of Lemma 1, used in forming the product A4 (P1o,)®
.Atz (Pldn).
Define 0,41 in s steps, as follows: First, for each « € dom(o,,)Ndom(01 j+1),
modify o1 41 to U/1,n+1 so as to agree with o,, (in the same way as ex-
plained in the previous step) and set o), = 0, Ud] ;.
Having defined o ; and while p < s, for each z € dom(c? , ;)Ndom(0p41,n+1)
again modify 011,041 t0 0}, 41 50 as to agree with o} | on z (again,
(in the same way as explained above) and set aﬁii =0p 1 U0t
Finally, set 0y41 = U, 0741

Having defined an increasing sequence of port renamings
o1 Co2C--Con C

for n < rank(P(X)), let o0 = J,, on-

The solution to the equation X = P(X) can be now defined by uX.P = P;o.
Indeed, P; captures the recursive behavior, while, by its construction, o performs
all necessary port identifications that become necessary when passing from P (X)
to P;. In the example we presented, the resulting solution is demonstrated in
Figure 5, as the reader may easily verify.

5 Conclusions and Further Research

In Section 4 we introduced a syntax, where each term of the syntax has a straight-
forward interpretation as a polynomial petri net. As the reader has no doubt
noticed, this is essentially the syntax of value-passing CCS.

P:=X (X €X)|nil | 7. P | ]P | c?(z)P |
|P&P| PP | uX.P )

where c![v]P is the process that can output the value v on channel ¢ and con-
tinue like P and ¢?(z)P is the process that prompts for input on ¢ and, when
an input value v is received it behaves like the functional application (Az.P)v,
i.e. like P[”/,]. The only difference is that in the present setting we focused on



Fig. 6. The net P; of the proof of Theorem 1

communication per se and have only admitted a single value (a token) to be
passed around during communication. However, we do not expect any signifi-
cant issues, or difficulties, to be raised by allowing multiple values of distinct
basic types to be passed around during communication, except for needing to
distinguish different colors of tokens in our petri net setting.

We have established, in this report, a framework for the modeling and analysis
of communicating services, with message passing, which is semantically based
on petri nets, while at the same time the language for designating open nets
is a standard process algebraic language. This makes it possible, we think, to
employ both process algebraic and petri net based techniques in the study of
communicating services.

From a process algebraic viewpoint, it should be interesting to extend our
present results, by aiming to establish a full abstraction result. It should be
also interesting to extend in the direction of higher-order value passing, where
processes themselves are being transmitted as values.

Finally, we pointed out in Remark 1 that our setting allows for both an in-
ternal and an external operation of concurrent join, as well as a mixed approach.



It should be then interesting to further investigate the possibility to extend our
present results in the direction of providing semantics for the w-calculus.
We will leave such extensions, however, for subsequent research.
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