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The Participants-as-Interfaces (Pal) methodology for system composition proposes that system par-
ticipants can be regarded as interfaces. For each system in a given collection, one participant is
designated to serve as its interface. When the systems are composed, these interface participants are
replaced with gateways that communicate with one another by forwarding messages. We generalise
the approach to partial gateways, where gateways can forward only a choosen set of messages. As
for the standard Pal approach, we exploit such extended version for systems of communicating finite
state machines (CFSMs). This extension is fully detailed for the binary case, and can be scaled up
to the multicomposition case. We prove that many relevant communication properties (deadlock-
freeness, reception-error-freeness, etc.) are preserved by Pal composition via partial gateways in
case also the connection policy (i.e. the system representing the way we wish gateways interact
with each other) enjoys the same properties. Such a proof turns out to be just a corollary of a prop-
erty preservation result for a restricted and partial composition method, dubbed fusion-composition.
Fusion-composition hence turns out to be at the heart of the Pal composition approach.

1 Introduction

Pal is an approach to the composition of concurrent/distributed systems introduced in [3} 4] and fur-
ther investigated in papers among which [8, 9} [7, 6, 2 [10]]. It is specifically designed for systems that
communicate via message passing, in which the communication behaviours of participants can also be
interpreted as interfaces. Our intended meaning of “interface” (a term actually used in the literature with
several different connotations) is, informally, a description of the behaviour of an outer system. In the
drawing (T)) below we sketch two systems S; and S,. For the sake of simplicity and to focus only on the
most relevant issues, we now abstract the participants’ behaviours from everything but the possibility of
sending/receiving messages in such a drawing and throughout the present introduction. In particular, we
abstract away from dynamic issues such as the logical order of the exchanged messages, the representa-
tion of which depends on the chosen formalism. System S; has a participant, hy, which can receive and
send messages, sbs and inf, respectively, from and to other participants of Sy, say r and r’. Meanwhile,
in S», hy can send and receive messages, sbs and inf, respectively, to and from another participant of S»,
say s. For simplicity, only participants h; and h, are shown inside the dashed boxes representing systems
S1 and S, respectively.
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2 Composition via Partial Gateways

S1 may represent a domotic system in which component h; controls the diffusion of a given substance
upon receiving the “set-by-sensor” message sbs from either r or r’ (the sensors). Through the message
inf, hy can also provide the other participants with some informations about the effects of the diffusion.
S,, instead, can be seen as an aroma diffusion system where, following a request from a sensor h, partic-
ipant s coordinates the release of an aromatic substance. Participant h, may likewise receive information
about the resulting effects.

Now, rather than interpreting h; as the behaviour of a participant of S;, we could interpret it as
the behaviour of an outer system interacting with S; by sending the message sbs and receiving inf. In
other words, it can be viewed as an interface, in the previosly hinted at sense. Analogously, h; can
be viewed as an external system interacting with S, by receiving sbs messages and sending inf. The
idea underlying Pal composition is that, once two participants are identified as interfaces according to
our current needs, they are replaced by forwarders, referred to as “gateways”. In our simple example,
the resulting system would look like (2 below, where dotted lines indicate message forwarding. The
gateway that now replaces h; (while retaining the same name) forwards any sbs messages received from
the other participants of S;, to the gateway that has replaced h, (which also retains the same name).
Upon receiving such a message, the gateway h; forwards it to s. The process is symmetrical for the inf
messages received by hy.

Note that any participant can be treated as an interface. This makes the approach suitable for the
composition of closed systems. However, some conditions are required for the chosen interfaces in
order to ensure that Pal composition is safe, i.e. property preserving. These conditions clearly depend
on the formalism used to describe participant behaviours. Several results have been established using
the automata-based formalism of Communicating Finite State Machines (CFSM) [11]. It has been
shown in [8} [9] that a given communication property P (e.g. deadlock freedom and orphan-message
freedom among others) is preserved by composition if the connection policy used for the composition
also enjoys P. A connection policy is intended as a description of of how messages should be forwarded
by the gateways in a composition and it can be formalised in terms of another system. In our present
simple example a natural connection policy would consist of a two-CFSM system, which is abstractly
represented as follows.

3)

In Pal binary composition, there is always just one connection policy since the participant to which
a message can be forwarded is uniquely determined. Therefore, the gateways that we substitute for
interfaces are also uniquely determined. The results in [8, 9] consider the composition of more than two
systems, where the forwarding policies among several interface participants can be chosen with greater
freedom. It is worth noting that the notion of a connection policy and the aforementioned property
preservation results do not depend on any “duality” relationship between the chosen interfaces for the
composition. This means that we could choose interfaces and connection policies that result in gateways,
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some of which cannot actually exchange messages, although they are forwarded or expected by one of
the gateways. Although this unseemly conduct does not necessarily hinder property preservation results,
it can be prevented by imposing connection policies that comply with connection models, as defined in
references [8, 9. (We do not address this notion in the present paper). Alternatively, one could argue
that certain messages, although present in an interface, should not be forwarded by the gateways at all.

In the present paper, partly inspired by [S], we generalise the Pal approach by considering partici-
pants as interfaces only in part. Let us consider the following example. (From now on, unless necessary,
we will avoid representing systems by dashed boxes and will only represent the participants identified as
interfaces. Their belonging to different systems is indicated by dashed vertical lines.)

S1
lsbs 2 )
inf sbs
Ay, | h, 223
| par

System S§; remains as before, whereas in system S, the participant hy can, in addition to sending the
message sbs, also provide parameters for properly adjusting the diffusion of the aromatic substance via
the message par. In this example, substituting h; and h; with uniformly built gateways, as required by
the Pal approach, would result rather unreasonable. The gateway for h; would never be able to emit inf
since, as a forwarder, it would never be able to receive it from the gateway for h,. This might disrupt
most of the communication properties that the two systems satisfy.

A more reasonable approach would be to consider only the actions concerning the message sbs as
“interface actions”, leaving the interpretation of the others as pertaining to their respective participants.
Following this approach, we would replace the interface participants with partial gateways that only
forward messages relating to interface actions, as informally shown below.

lsbs (5
inf h1 By sbs
par

In this paper, we extend the Pal approach to include the composition of systems via partial gateways
and identify the conditions under which this is applicable. We achieve this in the context of the CFSM
formalism. The safety of the approach is proven by resorting to a restricted and simplified form of com-
position that we refer to as partial-fusion composition.

Overview. In Section [2] we present an informal description of Pal composition via partial gateways and
show how this can be derived from the restricted form of composition we refer to as partial-fusion compo-
sition. The CFSM formalism is described in Section [3] where some relevant communication properties
are also defined. A complete formalisation of the Pal composition via partial gateways in the CFSM
setting is provided in Section ] Before their formalisation, the underlying notions will be introduced
and discussed by means of a running example. The property preservation result for Pal composition
via partial gateways is stated at the end of that section. Section [5]is devoted to the formalisation of
partial-fusion composition and how to obtain Pal composition from it. The latter’s property preservation
result can therefore be obtained by applying a similar result for the former. A concluding section briefly
summarises the paper and provides some guidelines for future work.
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2 Informal description of Pal composition with partial gateways.

While maintaining an abstract level of description, we now elaborate on the idea of partial gateways
mentioned in the introduction, using a further example. By considering the possibility of forwarding
only some messages in a composition, partial gateways are generally not uniquely determined by the
interface participants chosen for a composition, even in the binary case. Consider, for example, the
following interface participants for systems S; and S,.

S1 | i S2
<~ hy l hy (e (6)
|

1 k)

Message c cannot reasonably be considered one to be forwarded (although the usual binary Pal compo-
sition would make it). We have, however, definitely a choice concerning messages a and b. According
to our intentions, we can decide whether they have to be exchanged between the partial gateways (i.e.
whether they belong to the interface parts of h; and hy) or not (i.e. whether the partial gateways will deal
with them as h; and hj did prior to the composition). This type of decision can be represented graphi-
cally by using thicker lines for the actions intended for the interface parts of h; and hy. The following
reasonable choices are possible.

b b

o e 1

It is also possible to make choices that would hardly result in safe compositions.

\ ! |
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The notion of “participant with interface actions”, hinted at above, will be formalised in terms of CFSMs,
as CFSM with interface transitions (see Definition ..

Our goal is to generalise the results in [8| 9]], where the preservation of a property by composition is
implied by the property also being satisfied by the connection policy used. In our setting, a connection
policy determines how messages labelling interface actions are exchanged among partial gateways in
the intended composition. The interface actions represented in (7) correspond to the three connection
policies abstractly described as follows.

From the connection policy represented in (9) we get different compositions by means of the following
partial gateways.
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In general, not all choices of interface actions make sense. In some cases, it is clearly unreasonable to
select an action as an interface action. For example, consider the message c in (6). However, there are
other cases where the selection of an interface action is not sound for subtler reasons. Let us consider the
participant h, in (TI)) below. Assume also that the CFSM specifying the dynamics of the behaviour of h)
contains an actual branching between sending either a or b. In this case, the choice of interface actions
described in (12) would not make sense.

by [ (11 ny (° (12)

d d

(10)

In fact, selecting the transmission of message a as interface action implies that when the interface par-
ticipant h; is substituted with a partial gateway in a composition, the latter should decide whether to
wait for a message a to be forwarded or to autonomously send the message b. Therefore, it is possible
that the partial gateway sends message b, even though message a is about to arrive. Since CFSM is a
formalism involving asynchronous communication, the message a might remain in the communication
channel indefinitely once received, thereby disrupting some communication property of the composition.
In particular, orphan-message freedom. It could be argued that the aforementioned problem actually in-
volves the indirect presence of mixed states (states containing both input and output outgoing transitions).
The presence of mixed states is often problematic in CFSM systems. However, we shall discuss other
cases of problematic interface action selection that do not involve mixed states, neither directly in the
interfaces nor indirectly in the partial gateways. In order to prevent issues like the one described above
from occurring, we shall provide a syntactic condition that must be satisfied by the selection of interface
actions.

The above sketched Pal approach to binary composition via partial gateways naturally scales up to
Pal multicomposition and Pal orchestrated multicomposition [8, 9]. However, for the sake of clarity and
due to space limitations, we consider only the binary case.

One of the paper’s main findings is that Pal composition via partial gateways preserves a number of
communication properties if the connection policy used for the composition satisfies the same properties
and some specific requirements due to partiality. For all the properties, but orphan-message-freedom,
the no-mixed-state condition is required for interfaces. This result is obtained as a corollary of a preser-
vation result for a restricted and simple form of binary Pal composition, which we call partial-fusion
composition. All forms of Pal composition for asynchronous CFSMs that have been investigated so far,
as well as the one via partial gateways that we introduce in this paper, can be obtained via a number of
binary partial-fusion compositions. This composition can therefore be considered at the very core of the
Pal approach to system composition.

Partial-Fusion Composition This particular form of composition is binary. To get an intuition, let us
consider the following simple example, in which both Sj and S, have a participant named h that we select
as their respective participant for the composition.
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51 S5 (13)
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The composition method requires that some actions are choosen as interface actions in only one of the
two participants so that, if possible, we get two participants that complement each other perfectly. For
instance, by choosing

b 14

|
|
| h e
|

and “restricting” the behaviour of h in §; (the participant with interface actions) to its interface actions
only, we obtain é

n’ (15)

Now L' above and h of S, in are perfectly complementary (roughly, one has an input where the
other has an output, and vice versa). Such a complementarity relation enables the h in S; and the h in
S» represented in to be partially fused. The fusion makes the two hs a single, partially forwarding
gateway. Messages pertaining to interface actions are forwarded, while the partial gateway continues to
behave as the h of S| with regard to non-interface actions.

h
S fuse Sy

La (16)
<t h'pa

Notably, the relationship between fusible participants corresponds to that between interface participants
and their respective participants in a connection policy within the Pal composition via partial gateways.

We now informally show how Pal composition via partial gateways can be achieved through a num-
ber of partial-fusion compositions. This is the primary objective of partial-fusion. From this perspective,
the requirement to consider participants with the same name in the two systems is not as restrictive as it
seems at first glance.

Consider the interface participants for S| and S, in (4)) and the following selection of interface actions.

S1
S
lsbs l 2
inf hy | hy ﬂi a7
| par

Since we are considering a binary case, the connection policy is uniquely determined by the selected
interface actions.
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| hy hy || (13)

S2).

i lsbs i i h; hy i (19)
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We now consider the following two systems.

hy
S1fuseC
el A ‘r 777777777777777777777777 1‘ S2
; | | @D
| | sbs S |
| | | sbs |
| inf by sbs hy || ' hy P |
SR S [ ; l par l
By applying fusion composition again, we get the following system.
h h P e .
(Sl fulse C) fuzse SH ! !
i l sbs i (22)
i inf b o sbs i
: par :

hy hy hi<hy hi<*hy . .
We have that (Sl fuse (C) fuse S = S>, where S| S7 is the system obtained by Pal

composition via partial gateways using the connection policy C as depicted in (3)).

3 Systems of Communicating Finite State Machines

Communicating Finite State Machines (CFSM) are a widely investigated automata-based formalism for
the description and analysis of distributed systems, originally proposed in [11]].
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Definition 3.1 (FSA). A Finite State Automaton is a quadruple (Q,qo,-£,8) where Q is a finite set of
states, qo € Q is the initial state, £ a set of labels and 6 C Q x £ X Q is a set of transitions.
An €-FSA is an FSA such that € € Z.

CFSMs are particular finite state automata representing processes which communicate by asyn-
chronous exchanges of messages via FIFO channels. We now recall (partly following [12, [13} [17]])
the definitions of CFSM and systems of CFSMs. We assume a countably infinite set Py of participant
names (ranged over by p,q,r,h,k,v,w...) and a countably infinite alphabet Ay of messages (ranged over
by a, b, ¢, m,...). We also assume an infinite set of indexes, ranged over by i, j, ... and use [, J, ... to
range over finite sets of indexes.

Definition 3.2 (Communicating Finite State Machine). Let P and A be finite subsets of Py and Ay,
respectively.

i) The set Cp of channels over P is defined by Cp = {pq |p,q € P,p # q}

ii) The set Actp  of actions over P and A is defined by Actp 5 = Cp x {!,7} x A
Given an action [ we define sbj(l) (the subject of I) by sbj(l) =p if l=pq!m orl=qp?m.

iii) A communicating finite state machine M over P and A is an FSA where £ = Actp p and such that
all the actions have the same subject, to which we refer as the name of M.

We shall write M, to denote a CFSM with name p. Where no ambiguity arises we shall refer to a CFSM
by its name. We assume /,/', . . . to range over actions and w,w’, ... to range over A{| (the set of finite words
over Ag). The symbol € (¢ Ay ) denotes the empty word and | w | the length of a word w. The transitions
of a CFSM are labelled by actions; a label sr!a represents the asynchronous sending of message a from
machine s to r through channel sr and, dually, sr?a represents the reception (consumption) of a by r
from channel sr. A state g € Q with no outgoing transition is final; q is a sending (resp. receiving) state
if it is not final and all outgoing transitions are labelled with sending (resp. receiving) actions; ¢ is a
mixed state if there are at least two outgoing transitions such that one is labelled with a sending action
and the other one is labelled with a receiving action.

A communicating system is a finite set of CFSMs referred to as participants of the communicating
system.

Definition 3.3 (Communicating system). Let P and A be as in Def. A communicating system (CS)
over P and A is a set S = (My)pep where for each p € P, M, = (Qp,qop,Actp 4, 0p) is a CFSM over P
and A.

The dynamics of a system are formalised as a transition relation on configurations, where a configu-
ration is a pair of tuples: a tuple of states of the machines in the system and a tuple of buffers representing
the content of the channels. A buffer is described as an element of Af.

Definition 3.4 (Configuration). Let S be a communicating system over P and A. A configuration of S is
a pair s = (4,w) where
4 = (gp)pep With qp € Oy, and W = (Wpq)paec With wpq € A*.

The component q is the control state of the system and q, € Qp is the local state of machine My,
The component W represents the state of the channels of the system and wpq € A™ is the state of the

channel pq, i.e. the unread messages sent from p to q. The initial configuration of S is so = (4o, €) with
qo = (qo, )pep-
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In the following we will often denote a communicating system (Mp)pe(x,},; DY (Mr,)icr-
Notice that the above definition of CFSM is generic with respect to the underlying sets P and A. We
shall often use C and Act for specific Cp and Actp », when no ambiguity can arise.

Definition 3.5 (Transitions and reachable configurations). Let S be a communicating system over P and
A, and let s = (¢, w) and s' = (¢',w') be two configurations of S. Configuration s’ is reachable from s by

firing a transition with action I, written s — s, if there is a € A such that one of the following conditions
holds:

1. l=srlaand (gs,l,q4.) € 65 and
a)forallp#s: q,=q, and b)wg, =ws-aand forall pq# sT: Wpy = Wpq;

2. l=sr? and (qr,l,q.) € 8; and
a)forallp#x: qy=qp, and b)wsy =a-w, and for all pq # ST : Wpq = Wpq.

. . . 1 . . . . I
We write s — s' if there exists | such that s — s’ and we write s -/~ if no s’ and no [ exist with s — '
As usual, we denote the reflexive and transitive closure of — by —*. The set of reachable configurations

of Sis RC(S) = {s|so =" s}.

According to the above definition, communication happens asynchronously via buffered channels fol-
lowing the FIFO principle.

The aim of analysing communication systems is to verify the properties that ensure certain patho-
logical configurations, such as deadlock or reception errors, cannot be reached. We formalise now a
number of relevant communication properties for systems of CFSMs that we deal with in the present
paper.

Definition 3.6 (Communication properties). Let S be a communicating system, and let s = (§,w) be a
configuration of S.

i) s is a deadlock configuration of Sif w=¢€ and Vp e P. gy isa receiving state.
Le. all buffers are empty, but all machines are waiting for a message.
We say that S is deadlock-free whenever, for any s € RC(S), s is not a deadlock configuration.

ii) s is an orphan-message configuration of S if Vp € P. gy is final and W # €.
Le. each machine is in a final state, but there is still at least one non-empty buffer. We say that S is
orphan-message free whenever, for any s € RC(S), s is not an orphan-message configuration.

iii) s is an unspecified reception configuration of S if dr € P such that

a) g is a receiving state; and
b) Vs €P.[(gr,51%2,4.) €8 = (Wsr| >0 AN wer €a-A%)].

Le. there is a receiving state g, which is prevented from receiving any message from any of its
buffers. (In other words, in each channel sr from which participant r could consume, there is a
message which cannot be received by r in state q,.) We say that S is reception-error free whenever,
for any s € RC(S), s is not an unspecified reception configuration.

iv) S satisfies the progress property if for all s = (¢,w) € RC(S), either there exists s' such that s — s’
or Vp € P. g is final.

Note that the progress property (condition implies deadlock freedom, but the converse is not
true. For example, consider a non-final stuck configuration with a non-empty buffer. Communication
properties above are essentially as presented in [11} 12} 13} [17].
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4 Pal composition via partial gateways

In this section we formally define the Pal composition of CFSM systems via partial gateways. As men-
tioned before, for the sake of simplicity due of space motivations, we only consider the binary case.
However, the definitions we provide naturally scale up to the composition of an arbitrary number of
CFSM systems. To introduce and discuss the main issues, we use two communicating systems that im-
plement the communications of the following systems as a running example.

Systems, S; and S, describe two simple home automation protocols. Participant h; in Sy is
an autonomous robot that performs various housekeeping tasks once activated. It also func-
tions as a humidifier. In order to perform this task, the robot remote controller r must send
either the humidity parameter or the message sbs (set-by-sensor), indicating that the param-
eter is set by the robot’s own sensor rule rather than the controller. System S, on the other
hand, is a humidification system. Through the remote controller hj, one can instruct the
controller s (through message hum) to compute the humidity parameter or to set it accord-
ing to the humidifier’s sensor (through message sbs). If the parameter is computed by the
controller, the actual humidity level (deg) is sent back to the controller for display after a cer-
tain amount of time. Alternatively, one can send a parameter manually set by the user (mus).

For enhanced readability, all parts relating to our running example will be delimited by “»” and “«”.
» Focusing only on communications and abstracting from the actual values carried by the messages, the

behaviour of the systems 7 and S, previously described can be represented by communicating systems,

as follows.
T ® ®
N
&,
6:%\®/“\.:\>& |
E‘ 6& + '("0\
z 5 |
| @)
\\ebe \):4/_,6 ﬁ ‘
o ¢,
@ ® hy

The standard Pal composition [8] of S| and S, using, respectively, h; and h, as interfaces, requires the
interfaces to be replaced by forwarders, the gateways. In the present case, this replacement would be
completely unreasonable, since it would mean to replace the entire robot with a gateway. A more rea-
sonable approach would be to keep the robot as it is and use, for humidification, the more sophisticated
humidification tool in S». To achieve this, rather than considering entire participants as interfaces, we
can consider only some specific transitions as description of the behaviour of external systems. In the
present example, for instance, we could still decide to compose S1 and S, through h; and h,. However,
when interpreting the diagram (24)) below from the perspective of S; and S5, only the bold edges should
be considered as actions belonging to an outer system.
r @ ®

b <&
é/%é <\‘$\°
$ & shy?deg

®
hys!deg
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Intuitively, by considering the bold edges above as interface transitions expresses the intention to replace
the robot’s humidification task with the function of ;. To achieve this, only messages relating to these
transitions need to be forwarded. A possible connection policy should be then represented as a CFSM
system that only deals with the interactions between the ’interface parts’ of h; and hy, as shown below.

| |
L Q ® |
| |
| éw@ o | (25)
| .%s/ «g»{&' |
| by |
1 1
| |
O J

Such a communicating system enjoys all the communication properties of Definition [3.6] even if the h;
and h, are not perfectly complementary, in particular even if state 3 of hy cannot belong to any reachable
configuration. <

In our envisaged approach, the composition would be achieved by replacing participants with interface
transitions with partial gateways that forward only the interface parts’ messages. The non-interface parts
would continue to describe what the participants used for the connection are still in charge of. Each par-
tial gateway is therefore constructed in a similar way to the standard composition via gateways, using the
CFSMs of the interface participants and those forming the connectiolicy.

. .. hy s!sbs . .- hy hy?sh
» In our example, out of the interface transition @/28—~L® ofhy in li and of the transition @/12—5:;(0

. . . . Isbs _ has! . . .
of h; in the connection policy 1| , we introduce %@&Sbi o in the resulting partial gateway,

where 1 is specifically introduced by the partial gateway construction. Note that, to enforce conservativ-
ity [I8] — that is, to minimise the impact of the composition on the systems involved — partial gateways are
given the same names as the corresponding participants with interface transitions. The above discussion
applies, dually, for the interface transitions of h; labelled with output actions. Non-interface transitions
are instead left unchanged by the partial gateway construction. So, the resulting composed system in our
running example is as follows.

@ ®
@ =
2 “E: hys!sbs
r ) =
\ — c
< 3
o)
= o ?hum hpsthum shy?deg
@},\M@ ® ® ®
o+ 2 R !
3 S5 X o hys!deg
& €
W0y, g
< “ = O——0
g hys!mus
® ®
A

hy
(26)
Our results guarantee that the above Pal composition via partial gateways satisfies the same communica-
tion properties (among those of Definition [3.6)) satisfied by S in S, in (23)) and the connection policy in
25). <
However, in general, once two interface participants have been chosen, some care must be taken when
deciding which of their transitions to consider as interface transitions. Not all transitions are suitable for
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this purpose. That is why in Definition below we define the set of the inferface decorations of a
CFSM, where an interface decoration corresponds to a possible suitable selection of interface transitions
preventing issues like those we discuss below.

» Consider again h; and h; of our running example, in particular the following interface transitions.

shy?deg

hys!deg

©

This communicating system, as well as S; and S5, is orphan-message free. The composition obtained by
building partial gateways out of such connection policy is then

©)
2
r N }: hys!sbs
4
B 7h th d
= 1thp?hum_ hyslhum shy?deg
o) %M ® © @ (28)
2 6 ) o hys!deg
& ~—Q
;5i/ck;2<
%,
< )
@ ®

This communicating system, however, is not orphan-message free. In fact the following configuration,
made by final states only, is reachable: s = ((3y,3n,,3n,,3s), W), where w # €, in particular wyy, =
(hum). Hence s is an orphan-message configuration. <

The problem in the above discussion arises from the fact that the resulting partial gateway h, is actu-
ally a CFSM with mixed states. However, issues can arise also in the absence of mixed states. Consider
the two following systems S| and S, we wish to compose through, h; and hj. Both the systems satisfy
the progress property.

u
N
h;

(29)

g;nly

hlu!a

qicun

Dée?e
© ® )
We then make the following choice of interface transitions for the interface participants.

|
“ |
|
|
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(30)

hjula

qiun

r--~--T-T - -~ STT-T TS T T T T T T T T T T T A
! h2 !
| |
I b < N I
| |
&
| hohy%a N
| @
L e e e e e e e e e e e m—— - o -
However, the Pal composition via partial gateway below does not satisfies the progress property.
®
u ao v
W
N o n, @ N

E b “

g hy ® &

By N S

O——® %

©0) hyhy%a De© hoh, la

In fact, some states in s = (0y,0,, 1n,, 1) are not final, s is reachable and s ——.

In both of the previous examples, there is a state that contains both normal outgoing transitions and
outgoing interface transitions. However, the following example shows that progress preservation can
also be disrupted by states with no outgoing interface transitions.
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The (unique) connection policy satisfies progress. The composition below, however, does not.
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In fact, some states in the configuration s = (0,0, , In,, 1) are not final, s is reachable and s . In-
tuitively, the main problem with some of the previous examples is that the choice of transition in the
composition does not depend on a single participant anymore, involving actually both h; and h;. In
the last example, problems also arise when a choice that depends on h; conflicts with what the other
partial gateways does. We therefore need to avoid such issues, possibly by syntactic means. Our pro-
posal requires outgoing non-interface transitions must always be single, i.e. if a state has an outgoing
non-interface transition, this must be its only outgoing transition. We formalise such restriction in the fol-
lowing definition of CFSM with interface transitions, where the symbol 1 is intended to identify interface
transitions and [ is intended to identify non-interface transitions.

Definition 4.1 (CFSM with interface transitions). A CESM with interface transitions (CFSM' for short)

is a tuple M = (Q,qo,Act, 8) where Q, qo and Act are as in the definition of CFSM, whereas
O COxActxQx {1, 1}



14 Composition via Partial Gateways

and such that - (q1,1,92,%),(q1,1,q2,y) €8 = x=y.
- (q1:L,92,. 1), (q1, 0, ¢5,2) €8 = (I=1"and gy = q3)
(and hence z = 1 by the previous item).
An element of 8 of the form (_, _, _,1) is called interface transition.

As done in the previous examples, we use the notation g LN q for (¢,1,4', ¥) and g N q for (q,1,4',1).

It is possible to check that h, in (24) above is a CFSM with interface transitions, whereas participants
h, in 27), and are not. It is worth also noting that the usual Pal composition via gateway is a
particular case of composition via partial gateways where all transitions are interface transitions. Absence
of non interface transition makes conditions in Definition 4.1|above vacuously satisfied.

We now describe the various stages of the Pal composition via partial gateways that have been
roughly presented so far, and provide formal definitions of the involved notions. We continue to use
our running example to illustrate the various stages.

Indentifying interface participants and selecting interface transitions. Pal composition via partial
gateways consists, first of all, in identifying one participant per system and then properly selecting some
transitions in order to get CFSMs with interface transitions. Given a CFSM M, an interface decoration is
one of the possible CFSM with interface transitions that we can get out of M.

Definition 4.2 (Interface decorations). Let M = (Q,qo,Act,8) be a CFSM. We define the interface deco-
ration set of M as the following set of CFSM's:
IDS(M) = {(Q,qo0,Act, 8) | (Q,q0,Act,8) is a CFSM™ with 8| gxacrxo = 6}
where 8| gxacxo = {(q,1,4') | 3x s.t.(q,1,4',x) € 8}.
We refer to an element of IDS(M) as an interface decoration of M.

» By the above definition, h; and h; in are interface decorations for h; and h; in (23). In the fol-
lowing we focus for simplicity just on the interface of S;. <

Extract the intended interface behaviours from the chosen decorations. Given a CFSM with inter-
face transitions — for example h, in (24)) — these transitions identify the behaviour of the external system
that we intend to connect to via the composition. Such a behaviour is represented by focusing on inter-
face transitions only, disregarding the non-interface ones, which we label by €.

» From h, in @]) we hence intend to get,

O—2 50 32)

We use the € symbol since we manipulate it as the empty string in automata theory.
To formalise the process through which we get (32)) from the h; of (24), we use the following function.

Definition 4.3 (¢(M)).

Let M = (Q,qo,Act,8) be a CFSM™. We define €(M) as the &-FSA (Q, qo,ActU{e}, ") where
6'={(q,€,4) | (1.4, 1) € 8} U{(q,1,4) | (¢,1,4',1) € 8}
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From an &-FSA like we need now to get a proper CFSM which behaves the sam
» In our running example such a behaviour should hence correspond to the following CFSM.

(33)

<

According to the conditions in Definition outgoing transitions in a CESM'™ are single if they are
non-interface transitions. Therefore, the € transitions in the CFSM obtained by the application of €(_)
are also single. With this restriction, the interface behaviour can be obtained by simply making all the
e-transition “collapse”. This transformation is a much simpler algorithm than the standard algorithms for
eliminating €-transitions in €-FSA, due to our strong restriction on &-transitions. In general, however,
the CFSM that describes the behaviour of the £-FSA might even differ from that obtained using the
aforementioned algorithm, provided it is possible to establish a precise correspondence between the non-
€ transitions in the €-FSA and the CFSM transitions. We therefore introduce the following definition
which focuses not on a particular algorithm for eliminating €-transitions, but rather on the properties that
the result must satisfy.

Definition 4.4 (£-versions). Let M = (Q,qo,ActU{e},8) be a e-FSA and M' = (Q',q)),Act,8) be a
CFSM. We say that M’ is a g-version of M via f ( £¢-version of M for short) whenever

a) M’ is deterministic;

b) f:0Q— Q' isonto and such that f(qo) = f(q5);

¢) g1 = qr implies f(q1) = f(42):

d) q1 = qr implies f(q1) = f(q2);

e) f(q1) LN f(q2) implies q Y q (i.e. q i)*q’l LN g i>*qu0r some ¢ and ¢b).

» The CFSM in (33|is a g-version of the £-FSA in where

£:40,1,2,3,4} — {0,1,2,3} with f(4) =2 and f(q) = q for g € {0,1,2,3}. (34)
<

Describing the forwarding behaviours i.e. the connection policy. As previously mentioned, a con-
nection policy is a communicating system that describes how in the intended composition, partial gate-
ways forward the messages involved in interface transitions. We can obtain an element for the desired
connection policy from a g-version of an €-FSA by (a) “dualising” the actions labelling the transitions
and (b) replacing the senders in inputs and the receivers in outputs with participant names of the con-
nection policy. Note that, unlike in the composition of multiple systems, such a replacement is uniquely
determined in the binary composition case. In the following definition of P-duality, P is the set of the
names of the other participants in the intended connection policy.

Definition 4.5 (P-duality). i) Let [,I' € Act and let P # 0 be a set of participants. We say that I’ is a
P-dual of [ whenever

I'The usual algorithm for £-FSA are not useful for our purposes.
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- l=1rq?’m = I'=qs!mwiths € P;
- l=qgr!'m = I'=sq?m withs € P;

ii) Let 6,8’ € Q x Act x Q and let P be a set of participants. We say that 6' is a P-dual of 6 whenever
0’ is a minimal relation over Q x Act x Q such that

q 4 q €0 implies q LN q € &', wherel' is a P-dual of 1.

iii) Let M = (Q,qo,Act,8) and M' = (Q,qo,Act, ') be two CFSMs and let P be a set of participants.
We say that M is a P-dual of M whenever &' is a P-dual of 8.

» We have that h; in is a {h; }-dual of (actually the only {h; }-dual, since {h;} is a singleton
by the fact that in our running example we consider binary composition). <

In order to formalise the notion of connection policy, we now define a binary relation on CFSMs.
Two CFSMs are related if the first CFSM is an element of a possible connection policy, and the second
CFSM is a participant whose certain transitions are intended to serve as interface transitions. This relation
depends on the concepts of interface decoration, €(_), £-version and P-duality.

Definition 4.6 (P-embeddability). Let M} = (Q,qo,Act,8") and M} = (Q,qo,Act, ) be two CFSMs
with the same name h, and let P be a set of participants. Moreover, let 8 C Q X Act x Q x {1, 1}.
We say that M} is P-embeddable into M2 via & and f, written M THFP.S) M2, whenever

M, is a P-dual of a g¢-version of €(M})
where M}, = (Q,qo,Act,8) € IDS(MZ). We refer to €(M}) as the e-counterpart of M. We write simply
M, & MZ whenever there exist P, 8 and f such that M, TfP.S) M} and in this case we say that M}, is
embeddable into M?2.

» In our running example we have that

s 0 (35
where f is as in , P ={h;} and & is as for h in . <

We can now formally define the notion of connection policy, intended as the description of the way
partial gateways has to communicate in a Pal composition.

Definition 4.7 (Connection policy). Let S; = (M.)ycp, be two communicating systems with interface par-
ticipants h; (i = 1,2). A connection policy for the set of interface participants H = {hy,hy} is a commu-
nicating system C = (MS)uep such that, for each i € {1,2}, for some f; and 8;: My, T fH\ {1 },8) M.

» The communicating system of (23) is hence a connection policy for our running example. <

Build the partial gateways. In the Pal composition via partial gateways, such gateways are constructed
using the interface participants and their corresponding participants in a connection policy (those pos-
sessing the same name).
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Definition 4.8 (Partial Gateway). Let M} = (Q1,q},Act,8') and M} = (Q2,q3,Act,8%) such that
My 4 p.5)Mz. The partial gateway M} ||M; obtained from My and M is the CFSM with name h
defined by
ML|IME = (Q*U0,q3,Act, )
where o Q: quQ{q(%hq/) | (q’laq/?l) € 8}’

e 5= {(g,7h?3,9),(g,hs'a,q') | (g,hs!a,q',1) € 8,(f(q),rh%, f(q')) € 8!, g= q("’hS!a’q/)}U
{(g,sh%,9),(g.hrla,q') | (¢,sh?%,q',1) € 8, (f(q),hrla, f(¢)) € 8", §=gl@=t0)} U
{(¢,1,4) | (¢,1,4', 1) € 8}.

We refer to 8 as 8, whenever h is not clear from the context; similarly for Q.

» Using the two participants h; in (35)) we can build the partial gateway intended to be substituted for
h, in the composition. Namely h, in (26). <

A simple condition has to be satisfied in order two communicating systems can be elegible for Pal
composition via partial gateways.

Definition 4.9 (Composability). Let S| and S, be two communicating systems such that S; = (M}i{)xgpi
(i=1,2). We say that S| and S, are composable whenever P1 NP, = 0.

Definition 4.10 (Pal composition of communicating systems via partial gateways). Let S| and S, be
two composable communicating systems such that S; = (ML) yep, (i € {1,2}) and let C = (MS)yey be a
connection policy for the interface participants H = {h;,h,}. The Pal composition via partial gateways
of S| and S, with respect to C is the communicating system

PE({Si}ieq1.2),C) = (My)per,up,

M MI‘; if p¢HandpeP;
P MC|| M, ifp=h;andic {1,2}

where

We claim that all the previous definitions can be extended in a natural way for the composition of an
arbitrary number of systems where in each of them an interface participant is selected.

For most properties, preservation by composition requires the no-mixed-state condition (see the nota-
tions after Definition[3.2)) to be met. Indeed, the presence of mixed states among the interface participants
would otherwise result in some counterexamples that can be obtained by adapting those in [8, 9].

Theorem 4.11 (Safety of Pal composition via partial gateways). Let S| and S» be two composable com-
municating systems with, respectively, interface participants hy and hy with no mixed states; and let C
be a connection policy for H = {hj,h;}.

Let & be either the property of deadlock-freedom or reception-error-freedom or progress (as defined
in Definition . If & holds for both Sy and Sy, as well as for C, then & holds for 26 ({Si}ic(1 2}, C).
Moreover, the above holds also if the no-mixed-state condition is removed and & is orphan-message-
freedom.

The proof of the above theorem descends from the fact that any system obtained by Pal composi-
tion via partial gateways can be actually got by two applications of (binary) partial-fusion composition
(Proposition and that this particular composition is property preserving (Theorem [5.3). In the fol-
lowing section we define partial-fusion composition and provide the mentioned results.
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5 Partial-fusion Composition

We consider now a particular composition of two communicating systems where a participant of a system
is embeddable in a participant of the other system. Their partial-fusion composition is obtained by
replacing the two participants with a single participant obtained throught the gateway construction of
Definition[4.8]that in the present context we call partial fusion.

Definition 5.1 (Composition by Partial Fusion). Let S| = (M))xep, and Sy = (M?)ycp, be two commu-
nicating systems such that Py NP, = {h} and M} 18P\ (1)) M;. We define the composition of S; and
S» via partial fusion of h by

F6n(51,52) = (My)xep,up,

where o My =M} if xePp\{n};
o M, =M> if xeP;\{n};
o My =M.} | M
We refer to M, as the connector of S1 and S, in the composition. We say the connector M, is obtained by

partial fusion of M and M?.

Example 5.2. By taking as S; the system in and as S, the system on the right in (23] we can check,
as done in 1} that M1]12 is embeddable into Mﬁz. Hence, the composition of S; and S, via partial fusion

of hj returns the system
hys!sbs

Q ® w Yihp?hum_ hys!hum shy?deg
) 3)
é/ & &/ &
ée_/ AN hys!deg
6, R4
S AT N
h; o
hys!mus

<

Theorem 5.3 (Safety of partial fusion composition). Let S = (M})ycp, and Sy = (M?)ycp, be two
communicating systems such that Py NPy = {h} and where M} has no mixed state. Moreover, let
M} <,’—>( £.6.P\{n}) M2. Let now 2 be either the property of deadlock-freedom or reception-error-freedom
or progress (as defined in Definition[3.6). If & holds for both S\ and S, then & holds for F€x(S1,55).
Moreover, the above holds also if the no-mixed-state condition is removed and &’ is orphan-message-
freedom.

The theorem above can be proved by contradiction. Specifically, one shows that if & fails to hold for
S, then it must already fail for either S; or S,. Following the approach of [8, 9], a central concept is that of
projection of a reachable configuration of the composed system onto the corresponding configurations of
the individual systems S; and S,. In fact, one can prove that the projections of reachable configurations
that do not involve intermediate gateway states are themselves reachable configurations. The proof of
Theorem [5.3] can be found in [1]].

Theorem {.11] can be obtained as a corollary of Theorem [5.3] above by using the following propo-
sition, which states that any binary Pal-composition via partial gateways can actually be obtained by
applying the partial-fusion composition twice. First between one of the systems to be composed and
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the connection policy; then beween the other system and what has been obtained by the first fusion-
composition. This result follows from the definitions of Pal composition via partial gateway and partial-
fusion composition.

Proposition 5.4. Let S| and S, be two composable communicating systems such that S; = (M.)ycp,
(i € {1,2}) and let C = (MS),cy be a connection policy for the interface participants H = {h;,h}.
PE({Si}icq12y,C) = FCn, (851, F6n,(C,S2))

6 Conclusions

The Pal composition via partial gateway” approach is a method of composing two systems. This ap-
proach transforms one participant from each system into a partial gateway. Any two participants can be
chosen. The partial gateways are obtained from the chosen participants and a connection policy. One
can choose one’s preferred connection policy as long as certain requirements (such as embeddability)
are met. The resulting composite system is guaranteed to satisfy many properties that are satisfied by
all the individual systems and the connection policy. The way in which such properties are proven for
the individual systems or the connection policy is beyond the scope of the present paper. The property
preservation guaranteed by this method of system composition is shown to descend from a similar result
for a simpler method of system composition: composition by fusion.

A thorough discussion on works related to system composition in general and Pal composition in
particular, can be found in [9, Sect.8]. Although numerous approaches to system composition in the
literature can support some form of partial composition — for example through selective interfaces [15]],
partial specifications [16]], or modular synchronisation in process algebras like CCS or CSP — the Pal
approach via partial gateways looks conceptually distinct to the best of our knowledge.

We are planning to formally define partial versions of the Pal multicomposition and orchestrated
multicomposition [8, 9] and to show that they can be obtained by appropriate numbers of application of
the binary fusion-composition proposed in this paper. The property preservation of those composition
approaches would then be entailed by the property preservation result of partial fusion composition. It
would also be interesting to investigate whether and how our approach fits into the composition calculus
[[14]), a very abstract framework of modules and their composition.

Our results does not apply to the property of lock-freedom, i.e. the property guaranteeing the absence
of reachable configurations where some participant remains stuck in all possible continuations (see [8}, 9]
for a formal definition). Actually, counterexamples for lock-freedom preservation can be obtained by
simply adapting [8, Example 5.7] for both Pal composition via partial gateways and partial fusion. We
anticipate that the simple and straightforward nature of partial fusion will enable us to focus on the
essential issues underlying the lack of lock-freedom preservation, and hence identify appropriate and
manageable conditions ensuring it.
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