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Abstract. Critical issues that arise when process algebras are usguldimcol specifications are
discussed. To overcome some of these problems, a procetwalipr protocol specifications is
presented. It is based on Milner’s Calculus of Communigg8gstems, which is enriched by time
and network reasoning. Several bisimulation based seosdioti the calculus are defined and their
properties are discussed.

Keywords: Concurrency, Specification, Process Algebras, Protocols.

1. Introduction

Formal methods play a growing role in the design of (mainitiaal) software applications and hard-
ware components. Among their main benefits, are clear degigaification and support of verification
methods.
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In practice, various formalisms are used. They range fraaplgjcal languages such as Petri Nets or
Statecharts to algebraic, logic or special programminguages/models. They permit the description
of concurrent systems at different levels of abstractionorddver, almost all of the formalisms are
supported by special software tools that allow further gtigmtion of system descriptions.

Process algebraare an important class of such formalisms. They succegsfabicribe the behavior
of systems as “communicating systemsZommunicating Sequential Processes, 9P Algebra of
Communicating Processes, AQH, Calculus of Communicating Systems, JC3§ are typical exam-
ples of this approach. At this level of description, the\attiof a whole system is reduced to atomic
(synchronous) communications, either inside the systdmetwveen the system and its environment. This
paradigm predetermines the main area of application, naspelcification of protocols. In the case of
the above mentioned calculi, the protocols for communicativia networks with static topology. These
protocols might be of very different levels, ranging frone #ipplication level to the physical level.

Now, standard process algebras abstract away many rearpespof existing systems, such as dura-
tions and structure of actions, properties of communicatietworks, distribution of system components,
and so on. This leads to a relatively simple syntax for thguage, but it might result in inadequate, too
complicated or also incorrect specifications.

More precisely, the standard process algebras are rdjasiveple tools for describing and to study-
ing “principles” of behavior of concurrent processes. They universal in the sense that practically all
features of concurrency can be modeled. For example, NBIGEES is based on one-to-one synchronous
communications of messages via communication channelsf Beeded, thanks to its universality, one
can model (by means of CCS) also one-to-all communicatibreaficasting), asynchronous communi-
cations, communications of names of channels (as messatge$) those cases new auxiliary processes
have to be introduced. They imitate a broadcaster, an agymohs communication medium, passing
of channels names, and so on. This approach generates td® dfipproblems. On a syntactical level,
resulting descriptions might be very complex. A number ofiliary processes can increase dramatically
and overall system analysis can be very difficult. Not onlg ¢mmuch higher complexity (of resulting
descriptions) but also due to problems with distinguisHimgdamental and auxiliary processes. This
happens if one wants to analyze such a specification witleoce$p number of communications or num-
ber of processes needed to perform a particular task.

On a semantical level, some important aspects cannot liedratall. For example, semantics which
take into account localities or distribution of processasnot be used.

It turns out that in many cases it is more advantageous tofgnadstandard” process algebra instead
of indirectly modeling all features which cannot be expeessdirectly. Following the above mentioned
arguments many specialized process algebra are suggedshtedliterature. They are tailored for partic-
ular needs (timing, way of communication, system architexcetc.).

The aim of this paper is to discuss some problems that arise wtocess algebras are used to specify
lower level communication protocols, and to propose a mdegjaate specification language.

A basic skeleton of many communication protocols is as fadtoa sendersends a message to a
receiver after receiving the message the receiver sends an ackignvent back to the sender. So,
the sender knows that data have arrived safely and is readyrfew transmission. The message might
consist of just one bit or it can be a very complex data strectlihe acknowledgment might have various
forms as well. Typical CCS terms describing the sender amdetbeiver might be as follows:



D.P. Gruska and A. Maggiolo-Schettini/ Process Algebras\ietwork Communication 3

Sender = Z mputy.Sy
zeM
Sy = transg.(ack.Sender + S;) forx € M

Receiver = Z trans,.(ack.output,.Receiver + Receiver)
zeM

Above, actions are composed with the operators “+” and tdhding for choice and sequential com-
position respectively. To distinguish between input anghouactions, output actions are overlined. The
setM represents all possible messages to be transmitted. B®eerdercan input any messagec M
from an external medium, and then it behaves as praggs€hoices within brackets in processgs
andReceiverexpress the possibilities that a message may get lost orrbgpted during transmission.
So, S, performs an output actiolrans, and, afterwards, it can either receive an acknowledgmepu(i
actionack) and be ready for a further transmission, or do nothing (itaves asS,). ProcessReceivey
after performing an input actiotrans,., can either transmit an acknowledgment and output the messa
to an external medium, and then be ready for further reagivim do nothing (namely behave Be-
ceivel). The protocol skeleton can now be described as a paratiebfrprocesses Sender and Receiver
which can synchronize on complementary input-output asticalled als@ctionsand coactions(for
exampleack andack). Actionsack andtrans, are intended to be internal to the system, namely they
can be used only for a communication among system comporeotshe complete process is

CoSy = (Receiver | Sender) \ {trans,,z € M} U {ack}.

From this skeleton concrete protocols are derived, tallboedifferent properties of the medium by
means of which messages are sent, different length of paskafgnformation to be sent, and so on.

The above specification can be proved to be correct in thewWaily sense. The system takes an input
message, then it makes two or more internal actions (depgrui the number of errors attributable to
the medium) and eventually (if the medium cannot lose a ngessdinitely many times) it makes an
output action. If one does not consider internal actionscgssCoSy behaves like procesSoSy’ =
input,.output,.CoSy'.

There is at least one not very well specified aspect of thefsgamon, namely that it would be more
realistic to allow the sender to retransmit a message ontiidrcase that an acknowledgment has not
arrived in time. Earlier transmissions have no sense. Na@raktimed extensions of process algebras
have been introduced in the literature (see the overvigalaftl] and [15, 16]), which usually offer the
ability to specify atimeoutproperty. So, by means of an enriched calculus, the prosaéeton could
be specified as follows:

Sender = Zz’nputx.Sw

zeM
S, = trans,. Timeout(ack.Sender,S,,rt) forx € M
Receiver = Z trans,.(ack.output,.Receiver + Receiver)
zeM

CoSy = (Receiver | Sender) \ {trans,,x € M} U {ack}
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where Timeout(ack.Sender, S,,rt) indicates thatS, is performed only if during timet actionack
has not been performed. (It might be a new operator or jusbpepty expressible in a time-enriched
language.) Response time corresponds to time needed for both message and acknowdeddrans-
missions plus time for error recovery plus time needed taftire acknowledgment, etc.

But things are not so simple. Every timed process algebr#otdesal with aminimal idling property
This property means that if two components can communitetg have to communicate immediately.
In general, there are two possibilities, namely either tovalminimal idling or not. The first case
corresponds to a system whose components are fully comhecteetter, that can be considered to be
such at a given level of abstraction. In this case, if two congmts are willing to communicate there is
no obstacle in their way. On the other hand, if the componerag have to wait for a communication
channel, then non-minimal idling must be allowed. In faattsidling should be allowed if the number
of free channels is less than the number of communicatiorishwhight be performed at any given
moment.

Let us now return to our specification. Tinme represents the only problem. If processes have
a full interconnection network at their disposal, with ciam link speeds and such that other delays
can also be reasonably estimated, the protocol specificatavks. But let us assume a more realistic
environment. Suppose that there are three pairs of SenddrReceivers which have to share a full-
duplex communication line. We can assume that (followingiaderlying protocol) the duplexer fairly
assigns lines according to requests. Now, our specificatimit fail completely. If a sender sends
its message and immediately another does the same, thenheolinks are busy. If the third sender
also wants to send its message, it has to wait until one of teeiqus transmissions finishes before
being able to transmit. But suppose that on the way back amoadkdgment is delayed. The sender,
waiting for that acknowledgment, understands that it hasetal its message again. This may cause the
network to become overloaded by redundant messages. Edwnoincreases traffic and delays others.
Finally one could get an infinite sequence of transmissiaitisowt any of the three messages being both
sent and acknowledged allowing the next transmission. ArglhHappens even when no message gets
lost or corrupted. This is the consequence of the shared cmication network, or more precisely of
the fact that its capacity (number of independent commtinicgoaths) is lower than the number of
transmissions to be carried on. The transmission time septe the main part of while the rest can
be usually neglected. If we abstract away the communicatitawork, anyrt time that we take as a
parameter of the timeout operator might cause unwantedmyisehaviors. So, since typical networks
are shared, we conclude that there is a need to develop a miteible specification calculus. This
calculus should follow a typical communication architeetscheme, but the scheme should be general
enough to cover various existing networks.

To illuminate the design of the language we are going to prteset us start with a typical example
where the above mentioned protocol is used. We assume arsgsitesisting of DTE’s, their DCE’s
and a communication network (DCE stands fodata circuit-terminating equipmergnd DTE for a
data terminal equipmentespectively (see [7]) ). An interconnection network ibesmatically depicted
in Fig. 1. Requests for data transmission are sent from a TIEStDCE; for these transmissions
there are fast local physical links (Physical Communiceg)o([7]). They can be abstracted as a full
interconnection network. Connections between DCE’s analiysvia a network of logical links (Logical
Communications). For communications between DTE’s anol D@E’s and communications between
DTE's and their environment we accept the handshaking marah complete interconnection network),
for communications among DCE’s we assume a network with gddrcapacity.
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Figure 1. Network Scheme

We assume that performing communications via a limited cigpaetwork decreases the number of
free communication links. It means that a communicatiorhaf kind consumes a communication link,
and therefore the communication is possible only if thereeis link in the network. After completion
of the communication the link is free again. At the descoiptievel presented, we do not distinguish
between active interconnection networks, such as crossbratimensional cubes, omega networks, and
passive ones, such as multiple global buses, rings, tradgplaxing, optical networks with wavelength-
divison multiplexing and so on (see [7]). Similarly, we da ngstinguish between physical and logical
connections. We only require thatlinks can transmit: pieces of information at the same time. We
assume that the current number of free links depends on trentmmumber of communicating processes.
This means that, during an execution, a process may haveitdowva free communication link. Now,
if there are no free links, a networked process cannot paréary communication via the corresponding
(sub) network. At this point we depart from a common assuomptif timed calculi that communications
are instantaneous (minimal idling property, see [8]), Wtdanplifies problems of communications to an
unrealistic level, and instead we assumestricted minimal idling property This means that, in case
of “limited” communications, an internal communicatiomddle if there is no free communication link
in a network. In general, we assume that the duration of aarantight be different from the duration
of its communication part, i.e. the time for which the actmmtupies a link. So, this does not lead to a
restriction on the maximal number of concurrently runniatans or processes.

In general, the presented calculus allows to model two tyfeswtworks and any combination of
them. In this way it covers any possible network architectufig. 2 shows a network of subsystems
Py, ... P, which are connected via an “ethernet like” link of a limiteabacity. That means any com-
munication betwee®; and P; occupies one link (not just a path betwegnand P;). Communications
inside each componei}; are considered to be made by means of a fully connected rietwor

A network where a communication between two subsystems dasflauence on other commnuca-
tions is depicted on Fig. 3
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P Py ce P,

Figure 2. Network Scheme 1
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Figure 3. Network Scheme 2

As a basis of our specification language we take CCS, whicimigle and yet powerful enough to
express parallelism, non-determinism and synchronizatind we enrich it with the capacity of express-
ing time and network properties. First we introduce intodhkeulus an auxiliary actionthat represents
a run of discrete time. Actually, this approach is rather owm, and since it seems to be convenient also
for our purposes we adopt it. Actianwill allow us to model timeout and action duration. To expres
durations, actions will be enveloped by sequences dhis enveloping will be called time refinement
Actually we will distinguish between duration of an actierid(a)) and duration of a “communication”
part of the actiond(a)). With this distinction process behaviour may be specifretiétter detail. We
assume that the time needed for a communication might béeshban the time needed to complete the
whole action. For example, if(a) = 2 andd(a) = 4 then every occurrence of actiarwill be followed
by fourt actions. In this sense the duration is syntactically exq@esn process description byctions
while the duration of communication part is expressesed byithe functionc. We prefer this solution
instead of employing a new auxiliary action to express efid@mmunications.

Now an atomic action will not represent a communication bst jts beginning. We will distinguish
two kinds of communications. For communications (of conenily running processes) via a complete
network we will use the standard CCS parallel operatoFor communications via a network with a
limited number of links we will use the new parallel operatpr]|| ..... || .]7. To count the number of
busy links, we will indicate the total number of links and tharent number of busy links. As regards
busy links, we need two pieces of information. The numberusfyldinks and the time needed to finish
communications. We will indicate this by a multi-set of go& integersL = {ny,no,...,ng}. A
processP; || P»... | Py]} hasn links at its disposal but at the momenof them are busy. Number;
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indicates how many time units are needed to complete a coiwation and to release a link.

For the specification language presented we give an opeaasemantics in terms of labeled transi-
tion systems. This is sufficient for analysis of process biel, but if one needs to check whether two
specifications represent the “same” behaviour, differargually equivalence based - semantics are re-
quired. We consider both strong and weak bisimulation, aagmeve properties about them. By means
of weak bisimulation a testing equivalence is defined. Thisivalence is based on the usual observa-
tional scenario, but also networked testing processesoagdered which interact with tested processes
via the net. The bisimulations mentioned allow comparingvoeked timed processes, but one may have
a specification as a CCS term and want to compare it with a mkeégdgrocess. Therefore the need arises
of introducing a concept of abstracting time and networkpprties. For this purpose two equivalences
are defined and their properties are discussed.

The paper is organized as follows. In Section 2 we describedahguage NTICCS and give an
operational semantics for processes in terms of labelatitian systems. In Section 3 we present
several algebraic semantics and their properties. In &edtiwe discuss our approach and compare it
with related works.

2. Thelanguage

The language presented - NTICCS - is based on CCS, whosesgpiilp is maintained even though
some new features are introduced. These will enable the lingd® duration of actions and network
exploitation, thus allowing specification and analysisiofet properties of concurrent systems running
in a concrete network. Similarly to CCS, in NTiCCS atomid@us$ represent basic execution units. A
run-of-time unit is expressed by a special time action

To define the language NTICCS, we first presuppose the sebwofi@aaction symbolsd not con-
taining symbolsr andt, and such that for every € A there existsa € A anda = a. We define
Act = AU {7}, Actt = Act U {t}. We assume that,b,... range overA, u,v,... range over
Act, andz,y ... range overActt. We suppose thak is a finite multi-set of positive integers. By
|L| we will indicate the cardinality of.. Let L = {ni,...,nt}. By L — 1 we will mean a multi-set
{n;i —1]1 <i<k,n; € Lyn; —1 > 0}. If Lisempty then, — 1is the empty set. Let,d : A — N
such thatl(a) > ¢(a). By d(a) we will indicate the duration of actiom and byc(a) we will indicate the
duration of a communication part af

The set of NTiICCS terms over the signatiiés defined by the following BNF notation:

P = X | op(P1,Ps,...P,) | uXP
whereX € Var, Varis a set of process variableB, P, , . .. P, are NTICCS termsy X — is the binding
constructopp € ¥. Assume the signatu’e = (J,», ¥, where
Yo = {Nil}
¥ {z |z € AU {t}} U{[S] | whereS is a relabeling function ovedctt} U {\M | M C A}

S = AL 5
S o= Ll | RG> 2
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with the agreement to write unary action operators in prefirif the unary operatoi§], \ L in postfix
form, and the rest of operators in infix form. To have termsrgcsometimes the termvil will be
omitted.

Relabeling functionsS : Actt — Actt are such thalS(a) = S(a) fora € A,S(r) = 7 and
S(t) = t. Moreover,M C A,n € N andL is a multi-set of positive integers.

The set of CCS terms consists of NTICCS terms withcattion and. || . || ... .. || .]} operators.

A structural operational semantics of terms will be defimederms of labeled transition systems.
The set of terms represents a set of states, labels are aftion Actt. The transition relation— is a
subset of NTICCS< Actt x NTICCS. We writeP % P’ instead of(P, z, P') € — and P /% if there
is no P’ such thatP = P’. The meaning of the expressidh-—= P’ is that the termP can evolve taP’
by performing actiorz, by P - we will denote that there exists a tet® such that? - P’. We define
the network transition relation as the least relation Batig the following inference rules:

Al

xT

r.P = P

7 A2

u.P = u.P

— A3
Nil 5 Nil
rPLp

o Pal
PlQ—P|Q

rPLp

Pa?2
QIPLQ|P

PLPQIQ
PlQ5P|Q

Pa3

PLPQLQ.PIQF

. Pa4
PlQ—P|Q

rPLp

—_— S1
P+Q 5 P

rPLp

—_— 52
Q+P5% P

PLPQLQ

t S3
P+QL P +q
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P; % P! for somei, 1 <i<m

n Y / n N1
(Pl MR Pl = (PN B Pl
P, % P/, P; % P! for somei, j,1 <i,j <m,|L| <n v
[Plu"'HPZ'||"'HPjH‘“HPm]TLl;[Pluu-HPZ{H'“HPJ{H‘“H mlLoe(a))
P, L P! foreveryi,1 <i<mand[P, || ... | Pn]? /% N3
t
T 0 5 A A P O A
rPEp
j (z, T & M) Res
P\M Z P\ M
PluXP/X| < P’
pXP/X] = e
uXP 5 P
PEp
ST) RI
X
P[S] =" P'[S]

Here we mention rules which are new with respect to CCS. Agiai, A3 allow arbitrary idling.
Concurrent processes connected via full connection n&tean idle only if there is no possibility of
an internal communicationHa4). A run of time is deterministic £3). If concurrent processes are
connected via a network of a limited capacity, they behavdlaily except internal communications and
t action. Any internal communication increases the numbéusy links. It adds td. the duration of the
communication part of the corresponding actiod®). By anyt step every member df is decreased
by 1. If any number was equal to 1 then after that step it is kmtidrom L. This means that a link gets
free. The actiont can be performed\3) if there is no possibility of an internal communicationheit
between processds, P; (there are no two processes ready to communicate or thecefiea link for
such communication) or there is not a possibility of an imécommunication “insideP; for every: (it

can be easily proved by structural induction tiats implies P ).

In the definition of the labeled transition system we havelussgative premises (sé&4, N3). In
general this may lead to problems, for example with consistef the defined system. We avoid these
dangers by making derivations ofindependent of derivations of For an explanation and details see
[3].

In CCS, terms correspond to abstract states of a system.dBetary NTICCS term (which is more
concrete) corresponds to a CCS one. Some of them can be vésanetermediate states and some have
no meaning at all. For example, let us consider the CCS psec@&! and its timed version.t.t.Nil,
which indicates that the actiontakes two time units, and more precisely that its commuitingbart
takes one time unit and its post communication part takethantime unit, i.ed(a) = 2 andc(a) = 1.
The timed process can perforand then it behaves liket. Nil. Now, this process has no counterpart
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in CCS; the actiom has started but has not finished yet, which is against CC8gaghy of atomic and
instantaneous actions.

Example 2.1. Let us return to the protocol considered in the introductidlow we can specify three
Sender-Receiver pairs running in a duplex network, i.e. tevord of capacity 2. Let us estimate the
response time to be just one time unit. The specificationagdtowing:

System = [CoSy[S1] || CoSy[Ss] | CoSy[Ss])y,

where S1, S; and S3 are relabeling functions which index all actions by 1,2 ande3pectively, and
CoSy is as follows:

Sender = Zz‘nputw.Sx

xeM
Sy = transg.t.(ack.t.Sender +t.S,) forx € M
Receiver = Z trans,.t.(ack.t.output,.Receiver + Receiver)
xeM
CoSy = (Receiver | Sender) \ {transz,z € M} U {ack}.

This new specification permits a finer description of the elsprotocol behaviour. In fact, it allows
us to distinguish between delays in delivery caused by métwaffic and fundamental errors in the
protocol.

3. Algebraic network semantics

In this section we define an algebraic semantics by meansisifauation, i.e. as an equivalence relation
on the set of processes. Informally, we require that if twacpsses “behave in the same manner”, then
both of them can perform the same actions, and resultingepsas again “behave in the same manner”.
A formal definition follows.

Definition 3.1. A binary relationft C NTICCS x NTICCS is called gstrong) bisimulationif PRQ
implies, for allz € Actt,

1. Whenever? 5 P’ then, for som&)’, Q = Q' and P’RQ’
2. WheneverQ = @' then, for some?’, P = P’ andP'RQ’.
Two termsP, () arebisimilar, abbreviated? ~ Q), if there exists a bisimulation relating andQ.

Compoasitionality is an important property of any semantitallows bottom-up design of specifica-
tions, i.e. a composition of larger systems from smallersomMdéow we show that bisimulation supports
this specification technique. In other words, we show thatréiation~ is a congruence. Since the
recursion operator handles open terms, i.e. terms withveidgables, we have to extend the definition of
bisimulation to the set of all terms. L&f be the only free variable occurring ia or Q or both. Then
P ~ Qiff, for every NTiCCS closed and guarded teftp P[R/X]| ~ Q[R/X].
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Theorem 3.2. Let P;, ;, for 1 < i < m, andR be NTIiCCS terms, and |g8;, ~ ;. Then

z.P, ~ x.QQ;
P+R ~ Qi+R
PR ~ Qi|R
(Pl Pall ~ (@ | QulL
B[S] ~ QilS]
P\L ~ Qi\L
pX P~ pXQ;.

Proof: The proof is a slight modification of the proof of the analog@uoperty of CCS (see e.qg. [13]).
We shall give the proof for the|| ..... || .]7 operators. We need to show thais a bisimulation, where
R is the symmetric closure of

R=A{{PL - [ Pulz, Qo - [ Qulz) B ~ Qi 1 <i < m}.
Now suppose[P; || ... || Pu]3, (@1 || --- || Qm]?) € R. Let[Py || ... || Pu]} = R. There are
three cases:

LP o TP e | Pl S [P | PLL - || P}, withw € Act. Then, asP; ~ Q;, we
have[Qu [| ... | Qi ll .- | Qulf = [Qu ]l .- 1 Q|| ... || Qu]} and P/ ~ Q.

2P B B Bl S P B | PEL o | Pl ey then
sinceP; ~ Qi, Py ~ Qj,we havelQy || ... [ Qi |l ... 1 Q; | .- | Qul? = [Qu || ... || @} |l
N o Qm]gu{c(a)} andP! ~ Ql, P} ~ Q.

3P| - | Pal} LA [P/ || ... || P.,]T_,- By using similar arguments as in the previous case we
get[Qu | | Qulf = [@1 Il || Q)7 andP ~ @} for1 < <m.

O

Processes are designed to model concurrent systems wl@amsaate non-atomic, in the sense that
they might have a duration. Usually with such assumptioasrtterleaving paradigm must be abandoned.
In fact, if an execution of actions takes some time, then allghrun of two actions is easily distinguished
from the nondeterministic choice of their sequentialimasi. Processes describe “system actions” by
means of sequences of “language actions”. These indicateo$t'system actions”, their duration, and
so on. And, what is important, they can be interleaved. Hargean formulate two kinds of expansion
theorem, one fofand one fof. || ... || .]7 operators. With the help of these theorems processes can be
sequentialized, i.e. parallel operators can be removed tlims out to be particularly important for a
proof system, as we shall see later. In this way parallelsreplaced by nondeterminism. For example,
procesga.Nil || b.Nil]} can be replaced by the non-deterministic sequential psac&sVil +b.a.Nil.

On the one hand, the resulting (sequential) processes atactigally more complex, but, on the other
hand, as we shall show, there is an axiomatic charactemizafibisimulation for such processes. Proofs
of the both theorems come directly from the inference rules.
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Theorem 3.3. (Expansion Theorem 1) Lét = (P1[S1]| ... |Pn[Sn]) \ M.

P~ ¥ Si(w).(PL[S1|. . |PLSH| - [Pl Sm]) \ M
P P!LSi(w)gMUM
+ Y . (PS| |PSH| IS [Pl Sm]) \ M
P,[Si] P[], P; 1851 Pl[S;]
+ ) L(P[S1]] - [PlSm]) \ M
p5p!, for everyi,p/
Theorem 3.4. (Expansion Theorem 2) Lét = [P [S1] || ... || Pn[Sw]]7 \ M. For everyn, m andL
P~ S S PUST PISA - PlSmll \ M
P P!LS; (u)g MUM
+ > PSP PSP Sl ey \ M
Pi[Si]%P{[Si],P;[S;] % P{[S; ]| LI <n
+ ) RS PrlSalli \ M

r, L p/ for everyi,p7

As regards a proof system for bisimulation we focus our étiaron finite processes, since, due to the
Turing-power of CCS, there is no effective complete proaitesn for arbitrary processes. Such a system
helps to answer the fundamental question for a system dasigamely whether a formal system de-
scription satisfies a system specification. For examplddrcase of a communication protocol, whether
a description of the protocol (detailed formalization df@mponents as senders, receivers, mediums
and their cooperation) satisfies desired behaviour, aedhta are transmitted “correctly” (specified in
some language, possibly in the same language).

With the help of the expansion theorems (Theorem 3.3 andv@4dan gradually remove parallel
operators and replace them By Then to show that two finite processBs() are equivalent we can use
the proof system given by Tab. 1.

Let F denote the set of equations in Tab. 1 together with the emuafiven by the Expansion
Theorems and, lIeP =5 () mean that” can be transformed int@ by application of the equations if.
Then we have the following theorem.

Theorem 3.5. For finite processe®, ), P ~ @ holds if and only ifP =g Q.

Proof: We use a technique of normal forms. With the help of the Exippan§heorems and axioms
A9 — 15 we can safely transform any term into an equivalent secgientie, i.e. into the term which
does not contain parallel operators, renaming and rdetricperators. Then using axiomld — 8 terms
are simplified. For the rest of the proof it is easy to show that equivalent terms have the same
normal forms. A normal form differs from that of CCS only iratha new kind of summands (given by
“distributivity” of ¢ prefixing) is added. O

So, if we have a protocol specification and the specificatfatesired protocol properties, both given
in terms of our calculus, we can use the equations to chedkadeuce, in the sense of bisimilarity.
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P+P = P Al
P+Q = Q+P A2
P+(Q+R) = (P+Q)+R A3
P+Ni = P A4
t.Nil = Nil Ab
t(P+Q) = tP+tQ AT
tu.P+u.P = u.P A8
Nil\M = Nil A9
(x.P)\M = Nilifz,ze M A10
(x.P)\M = z.(P\ M) otherwise All
(P+Q)\M = P\M+Q\M A12
Nil[S] = Nil A13
(.P)[S] = S(x).(P[S]) Al4
(P+Q)S] = PIS]+QIS] Als

Table 1. The equational characterizationof

For processes we have also developed a model checker thas arifying properties expressed in
a logical languagejck-ACTL, a timed variant of ACTL [12].

Strong bisimulation is usually considered to be too disorating. It distinguishes also processes
which cannot be distinguished by an observer who does notngesmnal communications. A week
bisimulation overcomes this.

Definition 3.6. If = € Actt theni = z if = # 7 and7 = € (empty sequence). We will writ® = P’ if
P(5) 5 (D) P,

Definition 3.7. A binary relation® C NTICCSx NTICCS is called aveak bisimulationf PRQ implies,
for all x € Actt, that

1. whenever® 5 P’ then, for some)’, Q X Q' and P'RQ’

2. whenever) = Q' then, for someP’, P X pr andP'RQ’.

Two termsP, () areweakly bisimilar abbreviated® ~ @), if there exists a weak bisimulation relating
P andQ.
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One cannot expect that weak bisimulation would be congeidr@cause it is not a congruence in
CCS, which is actually a sub-calculus of NTICCS. But, simijlao CCS, it is a congruence with respect
to all the operators but nondeterministic choice. A refastronger than weak bisimulation and which is
congruence can be obtained by similar technique as for CCS.

Theorem 3.8. Let P;, );, for 1 < i < m, andR be NTiCCS terms, and |8, ~ ;. Then

P IR ~ Qi|R
[P - [ Pt Qi - || QulE
B[S] = QilS]
P\L =~ @Q;\L
pXP o~ pXQ.

Q

Proof: Again the proof is a slight modification of the proof of the knymus property of CCS (see e.g.
[13]). We shall give the proof for the || ..... || .]7 operators. We need to show tHatis a weak
bisimulation, wheré® is the symmetric closure of

R=A{P - Bl [@u - N Qul2) P~ Qiy 1 < i <m}.
Now suppose[P; || ... || Pu]%,[Q1 |l --- || Qulp) € R. Let[Py || ... || Pu]? = R. There are
four cases.

LP o [P | Pl =[Pl | P - || P}, withw € Act. Then, asP; =~ Q;, we
havelQi || ... [ Qi | --- | @ulE = (@11 1 Q¢ ]l - || @n]} and P ~ ;.

2P [l P P Pudy S P L Pl Pl then
sinceP; ~ Q;, P ~ Qj,we havelQq || ... [ Qi ll ... | Q; || .- | Qulf = [Qu |l .. || Q7
Q5 @il o)y @NAE ~ Q5 P =~ Q).

B[P ... || Pul} L. P! 17 _,. By using similar arguments as in the previous case, we
get(Qu |- || Qulf = (@1 Il || @JF and P} ~ Qjfor 1 <i <m.

O

Note that according to derivation rules Pa4 and N3 an exatuwdf ¢ actions of a “parallel” term
depends on the possibility of an execution of action. Since weak bisimulation does not take into
accountr actions it has no influence on being a congruence with respgectrallel operators.

Quite a different situation occurs when we take even idahtierms and let them communicate
via two different limit capacity networks. Then the resudtibehaviour strongly depends on network
properties.

Theorem 3.9. For every n, with n > 0, there exist processesP,@ such that

[@Q Il Py # Q|| PI*".
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Proof: Let

P = al.fl.t.bl.Niu - |C_Ln+1.ifn+1.t.bn+1.N’L'l
Q = xlthl| e |£Cn+1.t.Nil

andc(z;) = d(z;) = 1. ltis easy to check thalQ || PJ;™" = but[Q | P]j & wheres =

ai... a/nJrltbl e bn+1'
O

Moreover, if we think about an observer as an environmenthvhiteracts with processes, we have
to specify the way in which the environment and the processasmunicate. For example, in the case
of the ethernet like network (see Fig. 2), i.e. the netwogkesented by terfP, || ... || P,]¥, it would
be natural to suppose that also the observer communicatesessame limited capacity network which
interconnects processes. In this case, a more appropeatansics than weak bisimulation would be a
variant of testing semantics. An observer will employ aibgsNTICCS term which will communicate
with tested processes via and only via a limited capacitwodt. The resulting semantics is sensitive to
the number of possible communications which can be conatlyrperformed by the process under test
since communicationg-(actions) are not visible to an observer.

Definition 3.10. Let P = {Py,..., P,},Q = {Q1,...,Qx} be two multisets of NTICCS terms and let
Mp = ;- M(P;) andMg = |~ M(Q;) where M (R) is a set of actions fromt which occur in a
term R. We say that? and(@) are testing equivalent via a network with capadityabbreviated® =, @,

if for any NTICCS termI" it holds [T || Py || ... || Pl \ Mp =~ [T || Q1 || --. || Qul§ \ M.

In general, relationsz;, are defined between multisets of terms but they can be restiic relations
on terms asy;, N NTICCS x NTICCS. From now on we will consider these restricted rel&i The
following theorem shows that two processes which are etgrivén a network offerings links may not
be such anymore in a network offering more tidimks but they remain equivalent in a network offering
less thark links.

Theorem 3.11. ~#~, for everyk, k > 0 and~; D~ D~3D .. ..

Proof: Let P~y Qie. [T | PI§™ \ Mp ~ [T || Q5™ \ Mg. Itis easy to check that then
also Plw.Nil =~ Qw.Nil, wherew is a new action which does not occur Q. Let us suppose
thatc(w), with c¢(w) = d(w), is infinite. Practically, we can choose a value which is bigugh, as it

will be seen later. Since both the processes have to passemgal testl” they should pass also the
testT'|w.t*®) . Nil. If testing starts with a communication by actian one link in the communication
network will be occupied forever (for timgw)) and hence the system will behave as a system with just
k links. This means thaP ~; Q. To show thatz;#~ 1 let us consider the following processes:

P = 1‘1.15’... ’karl-t
Q = (xg.t.xl.t]mg.t\ e ’warl-t) + -+ (I'Q.t‘.%'g.t’ c ‘.%'kJrlt.l'l.t)—i-

+(z1txppr o] . |Tpt) + -+ (21 t|xo ] |ag by )
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It can be checked thaP ~; Q but P %1 Q andP #% @ . As a testing process we can take
T = a1.Z1.t.by] ... |ag11.Tps1-t.bry1 With ¢(z;) = 1, and the rest is the same as in the proof of Theorem
3.9.
O

Another possibility of testing processes might be a comhinaof a testing term and direct observa-
tions. In this case we would allow examinations of processethe testing term as well by an observer.
This means that we would remove the restriction operatans fDefinition 3.10. But this would not
result into new equivalences - all of them would be equal éowleak bisimulation.

The above mentioned notion is useful if one needs to comperespecification of a concurrent
system with the specification of its desired behaviour. Bthappens very often is that there is no full
specification of the desired behaviour available, or it isafonterest.

For instance, we may have, on one side, a “networked” proBemsd, on the other side, an abstract
CCS proces8). We would like to know whether these two processes behaveiadme manner - except
for network traffic and time, of course, since this is not dibsdl by(. In this case bisimulation as it has

been defined cannot be used. So we reformulate the origifiaitam. We define a transition relation

that abstracts actions, namely we také,= (-5)* & (L),

Definition 3.12. A relation )t C NTICCS x NTICCS is called ai-abstracting bisimulationf PRQ
implies, for allz € Actt,

1. WheneverP 5, P’ then, for som&)’, Q =, Q" and P'RQ’
2. Whenever) 5, @' then, for some?’, P 5, P’ andP'RQ’.

Two processe$’, () aret-abstracting bisimilar abbreviatedP ~; Q, if there exists &-abstracting
bisimulation relatingP and(.

Contrary to weak bisimulation, t-abstracting bisimulatie a congruence.

Theorem 3.13.Let P, Q;, P, ~ Q;,1 < i < m andR be NTICCS terms. Then

x.P ~ x.Q;
P+R ~ @Q;+R
PR ~y QiR
[Pl I Bulf ~e (@] [l @ulT
Bi[S] ~t QilS]
PA\L ~ Qi\L
pXP o~ pXQ;
Proof: We shall give the proof for the most interesting case, nartiey of the choice operator. Let
us suppose that # t andR + P -, W, which means there exists a sequesce t'.z.t/ such that
R+ P > W. This means that there are procesB&sP’ such thatR + P LR +P ,R+P SW

andW’ % W. And this means that eithé® - TW or P = . SinceP ~¢ Q we getR + Q =, W,
whereW ~; W”. In case ofr = t the proof is similar.
0



D.P. Gruska and A. Maggiolo-Schettini/ Process Algebrad\fetwork Communication 17

Now let us consider an abstract CCS procBsand suppose we know time properties of its elemen-
tary actions (i.e. a duration refinement given by functidresxdc). We can get a timed version &f by
syntactical substitution of every actianby the sequence.t(*). The resulting process can be denoted
by d(P).

But an observer who cannot see elapsing of time can disshdwetweerP andd(P).

Example 3.14. Let

P = (z.Nil|z.a.Nillb.c.Nil) \ {z}
d(P) = (z.Nil|x.a.Nil|b.t.c.Nil) \ {x}.

Itis easy to see thae "Z¢ butd(P) ‘.

The problem why these two processes behave in a differenh@naven when time is abstracted is
rooted in minimal idling property. If there is a possibiliof an internal communication:} this has to
be performed immediately, which means befbraction is completed. To get a behaviour of the timed
processi(P) similar (up to time elapsing) we would need to change the Rié in the definition of
labeled transition system for NTiCCS. The new rule shouldd®llows.

PLPQLQ
PIQ5P|Q
Transitions based on this rule will be denoted-by and— and corresponding bisimulations will

be denoted by~: and~ . In the case of the parallel operator, action can be performed regardless the
possibility of internal communications. There is no infation about free links so also the possibility
that all of them are busy has to be admitted. In this case amiatcommunication cannot be performed.
Hence time may elapse. If we would consider t-abstractisgrhilation based on the labeled transition
system with the rulé®a4 replaced byPa’4 (abbreviatedv,/) we will get that processeB andd(P) are
t-abstracting bisimilar. This means that an assumptiowaiminimal idling property is not appropriate
if there is no exact information about interconnection rakaproperties.

Pad’4

Theorem 3.15. Let P be a CCS process. Then for ayt holds P ~ d(P).

Proof: By structural induction. We give the proof for the most ietgting case whe# = P;|P, and
when an action different from is performed. Leti(P) —, P’ i.e.without lost of generality we can
assume that there exists a sequence t'.u.t/ such thatd(P;)|d(P,) > P/|P;. This means that

there are processes; such thatd( P, )|d(P) £, X1|X2. Then there are two possibilities. Actianis
performed just by one of process&s or it is an internal communication between them. Let us ssppo
that X;|X> —% X!|X, and thenX!|X, -5 P!|P}. This means thal(P;) -, P! andd(P,) — Pl.
By induction assumption we gét —, P” andP’ ~, P”. Other cases are similar. O

The previous theorem allows us to define a semantics for C&®gses which is sensitive to duration
properties of actions, hence it has to be parametrized by

Definition 3.16. Let P, be CCS processes amfda duration refinement. We defin@  to be d-
equivalent, abbreviatio®® ~; Q, if d(P) ~/ d(Q).
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These equivalences are non-interleaving ones. Itis ea$yettk thalz. Nil|ze. Nil) g (z1.22. Nil+
x9.x1.Nil) if d(z1) = d(xz2) = 1. But all of them are refinements of strong bisimulation on C&Su-
ally, if P ~4 Q thend(P) ~, d(Q). Itis easy to check that.C~y, and hence, sinc® ~ d(P) and
Q ~yp d(Q), we getP ~y Q. Itis clear that~y and~ coincide on CCS terms, and hene~ Q.

Let us return to the original system NTICCS. Procé&B) does not contain network information,
neither which processes communicate via a full connecti@limited capacity network nor the capacity
of its subnetworks. This information can be added by reptasbme operators by operatofs]|| .. ... I
]7. In this way a more concrete NTICCS process, $ayis obtained from the abstract proce3s At
this moment we have to stress again that pro¢easd P’ are not t-abstracting bisimilar in general (see
Example 3.14). There are several ways how to solve this dianEither we change the embedding of
processP into an interconnection network or we change the networkitecture or we consider new
action durations or we admit that the original abstract gigation given byP was not correct.

We remark that in [4] similar bisimulations are studied. ¥ihelate CCS processes with timed CCS
ones running in an environment which offers a limited numbeprocessors. In case that there are
more processes than processors they have to either exedytasomany actions as are the processors
at disposal, or they can run more actions but some of themtioave (temporarily) interrupted. These
two possibilities lead to two different bisimulations on E@rocesses, parametrized by time refinements
and by the number of processors. It turns out that one of th@ntides witht-abstracting bisimulation
in case that all processes are fully connected, and anotirecides with the case that all processes are
connected via a network with a limited capacity and commation and duration parts of actions are
equal.

4. Discussion and related works

In this paper we have defined a timed extension of CCS whiatstakto account properties of an inter-
connection communication network of limited capacity tigh which processes communicate.

Modeling a network behaviour within “pure” CCS would face flollowing obstacles. Specification
on the low level considered requires to express time prigsesuch as that the network is occupied for
a certain amount of time units. So we need to use a timed vYasfaBCS. Suppose we have one. To
model the network we have to employ new processes which ¢entl&Now, sending a message through
the limited capacity network will be represented by sendimgmessage to an auxiliary process. This
process will keep the message for the time needed and thdhdgend it to a final destination. Moreover,
the number of such “re-senders” has to be limited by the dgpaicthe network and they have to run in
parallel.

For instance, let us model in such a way the simplest posailgtecture consisting of two groups
of processors communicating via a network of capagityn this case the number of auxiliary parallel
running processes (modeling the network) goes upnto The number of additional communications
is doubled as well. But not only system descriptions becormehmmore complex. Suppose that the
system described is an implementation of a communicatiotopol and one wants to analyze also its
efficiency. This might depend on the number of communicatineeded to transmit data, number of
processes involved, etc. All such analyses are complidateixiliary processes and communications.
In fact, these should not be taken into account. And it doegmadter whether we use a syntactical,
semantical, dynamic or static analysis. Moreover, soméaast do not allow to differentiate between
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fundamental processes/communications and auxiliary ehedl. Note that more complicated is the
network architecture we emulate more are the problems we hav

We have argued that it is more practical to develop directiyedworked” calculus, called NTiCCS.
The more complicated syntax with respect to that of CCS iartwaEd by shorter, clearer and easier
to analyze specifications containing also information otwoeking and distributivity. For NTICCS
we have developed operational semantics in Plotkin stytebéasimulation semantics. An abstracting
bisimulation relates a CCS specification with a NTiCCS manececete one (containing information on
a network) that can realize the wanted behaviour. The basiceapts of CCS have been maintained
so that many of existing tools developed for CCS can be (witines minor modifications) used for
NTIiCCS as well. The network we assume in the present papegéneralization of those assumed in
preliminary versions [5] and [6]. Optical networks with WD3e expected to be the key technology
for the future. They allow not only high speeds and multipigxbut they can be tuned for different
types of data transmitted at the moment. Now, such tuninggdslevel of multiplexing and number
of communication links. To model such networks the preskntéculus can be modified in such a way
that some communications (audio/video streams etc) dittaer the original capacity of the network or,
whenever they start, they decrease the number of free lpdssibly by more than one, as several links
at once may be occupied.

There are many examples how process algebras can be usedtémgb descriptions and subsequent
verifications. But, naturally, such descriptions are orhslewel of a protocol which can be captured
by the specification language used. For example, in [10] aesd@l consistency protocol for shared
memory multiprocessor systems is specified in CSP and \erifiee role of the protocol is to guarantee
consistency among the shared memory and processors catteesystems considered have architecture
similar to the one of Fig. 1 but instead of DTE’'s and DCE'’s ¢hare processors and their caches,
respectively. The shared memory is connected directly ttasesl network. While processors and their
caches are directly connected, the shared network mighnyshiag from a local bus to an optical
network, in case of distributed computing. Actually CSRwl to describe only a high level of the
protocol and does not permit taking into account time andvoid architecture, even though this is
known.

In [11] a specification language TCOZ (Timed Communicatirige®t-Z) is presented. It extends the
Object-Z notation with Timed CSP constructs and with a netwaek topology operator. This allows
specification of complex networks of communicating proeesst can describe all possible networkings
of single/multiple processes over a single/multiple cledsn Authors argue that the operator simpli-
fies and clarifies specifications, and therefore it shouldhbkided directly in the basic CSP notation.
NTICCS includes network operators but gives also an ogaratimeaning to them, which is lacking in
the case of TCOZ.

We want to mention also a paper ([14]) where a process aldebeapolymorphic subset of concur-
rent ML is presented. Using the process algebra a statigsiadbr communicating behaviour of CML
programs is developed. Such analysis predicts the numbgrasinels (and processes) required during
the execution of the CML program. In case that a program eseanly a finite number of channels (fi-
nite communication topology) we have information on how ynlimks (at most) are needed to connect
appropriate processes. But such upper bound is much abe@sanable trade-off between performance
and cost.
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