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Abstract

In this paper we describe a formalism which uses the stachaisicess algebra PEPA as
the inscription language for labelled stochastic Petrs netewed in another way, the net
is used to provide a structure for linking related PEPA systeThe combined modelling
language naturally represents such applications as mobile systems where the PEPA
terms are used to model the program code which moves betvetwnnk hosts (the places
in the net). We describe the implementation of a tool to stpiis modelling formalism
and apply this to model a hierarchical cellular network.

1 Introduction

Variants of Petri nets have been widely used in the desorn@nd performance
analysis of computer, telecommunications and manufagjeystems [1]. The ap-
peal of Petri nets as a modelling formalism is easy to seey previde a graphical
presentation of a model which has an easily accessiblenetation and they also
have the advantage of being supported by an unambiguouslifeamantics.

In their use as performance modelling languages stochBstic nets have re-
cently been joined by stochastic process algebras such B& PB], EMPA [4]
and IMC [18]. Stochastic process algebras lack the atitagiaphical presenta-
tion of Petri nets and properties such as the depiction cdaldy and conflict in
a model. In contrast though, in stochastic process algedwasxplicit composi-
tional structure is imposed on the model. This structureeadke model easy to
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understand, may alleviate problems of model constructmhcan be exploited for
both qualitative and quantitative analysis. A comparisbthese two modelling
formalisms [11] concludes that “there is scope for futurekmacorporating the
attractive characteristics of the formalisms, such aggiral analysis or functional
abstraction, from one paradigm into the other”. Some worklbeen done in this
area in beginning to develop a structural theory for pro@gebras [14] on the
one hand and in importing composition operations from sietib process alge-
bras into net formalisms on the other [30,21,19]. The preserk considers using
both Petri nets and process algebras together as a simgletuseéd performance
modelling formalism. There is some reason to believe thesehiwo formalisms
complement each other.

Petri nets have previously been combined with other moaglormalisms such
as the lazy functional programming language Haskell (usild mon-stochastic
Petri nets in [29]) and queueing models (used with genedbsochastic Petri nets
in [3]). The combination of stochastic Petri nets with quagenetworks in partic-
ular has been a source of inspiration to several authoréieEwaork in this area
includes Bause'Queueing Petri netf2] and Haverkort'®Dynamic Queueing Net-
works[17]. An extension of (non-stochastic) Petri nets whichvites modelling
concepts similar to ours is ValkElementary Object systeni31]. The tokens in
an elementary object system are themselves Petri netsghiandividual dynamic
behaviour.

Coloured Petri nets are a high-level form of classical Redts. The plain (indistin-
guishable) tokens of a classical Petri net are replacedtoirany terms which are
distinguishable. In stochastic Petri nets the evolutiothefnet from one marking
to another is associated with a random variable drawn fromxgonential distri-
bution. Here we consider coloured stochastic Petri netgevtie colours used as
the tokens of the net are PEPA components. We refer to theBERA netdfrom
here on.

Structure of this paper: Section 2 introduces the notation and terminology of
PEPA nets, to give the reader an informal explanation ofdkas. However, PEPA
is a formal language with a precise semantic definition anthssection 3 we
present the operational semantics of PEPA nets. In Sectiasm gresent two small
examples, a simple mobile agent system and a Jini archieedioth modelled as
PEPA nets. Having presented the reader with examples of limgdeith PEPA
nets we then compare them to the related modelling formalishietri nets and
the PEPA stochastic process algebra in Section 5. In eaelweaseek to show that
PEPA nets offer some expressivity which is not directly adteby the other for-
malisms. Section 6 is a more detailed case study of a hiecatatellular network.
In Section 7 we discuss tool support for PEPA nets. Relatett vgodiscussed in
Section 8. Concluding remarks and further work are present8ection 9.



2 PEPA nets

In this section we present the concepts and definitions us&EPA nets. In the
following paragraphs we give a brief overview of PEPA. Read®e referred to
[20] for a more detailed introduction.

2.1 Summary of the PEPA language

The PEPA language provides a small set of combinators. Talése language
terms to be constructed defining the behaviour of componeigshe activities
they undertake and the interactions between them. The)xsyrag be formally in-
troduced by means of the grammar shown in the lower part airEig. In that
grammarS denotes ssequential componerand P denotes anodel component
which executes in parallel.stands for a constant which denotes either a sequential
or a model component, as defined by a defining equation. Thep@oamt com-
binators, together with their names and interpretatiors,paesented informally
below.

Prefix: The basic mechanism for describing the behaviour of a systéongive
a component a designated first action using the prefix cortdsindenoted by a
full stop. For example, the componefat, r).S carries out activity(a, ), which
has action typex and an exponentially distributed duration with parameteand
it subsequently behaves &8s

Choice: The life cycle of a sequential component may be more complax any
behaviour which can be expressed using the prefix combiaétoe. The choice
combinator captures the possibility of competition betwddferent possible ac-
tivities. The componenP + () represents a system which may behave eithd? as
or as@. The activities of bothP and( are enabled. The first activity to complete
distinguishes one of them: the other is discarded. The syst#l behave as the
derivative resulting from the evolution of the chosen comgrd.

Constant: It is convenient to be able to assign names to patterns ofvimira
associated with components. Constants are componentevhesning is given
by a defining equation.

Hiding: The possibility to abstract away some aspects of a compsneet
haviour is provided by the hiding operator, denofed.. Here, the sef of visible



action types identifies those activities which are to be ictaned internal or private
to the component and which will appear as the unknown type

Cooperation: In PEPA direct interaction, orooperation between components
is the basis of compositionality. The set which is used assthescript to the co-
operation symbol, theooperation sef., determines those activities on which the
cooperandsare forced to synchronise. For action types noLjrthe components
proceed independently and concurrently with their enabt#iities. However, if
a component enables an activity whose action type is in tbpa@ation set it will
not be able to proceed with that activity until the other comgnt also enables an
activity of that type. The two components then proceed togreto complete the
shared activity The rate of the shared activity may be altered to reflect thekw
carried out by both components to complete the activity @tails see [20]). We
write P Dfl () to denote cooperation betweéhand( over L. We write P || @ as

an abbreviation foP >1Q whenL is empty.

In some cases, when an activity is known to be carried out apermation with
another component, a component mayhssivewith respect to that activity. This
means that the rate of the activity is left unspecified (detdt) and is determined
upon cooperation, by the rate of the activity in the other ponent. All passive
actions must be synchronised in the final model.

Model components capture the structure of the system insteifnits static com-
ponents. The dynamic behaviour of the system is represéaytéide evolution of
these components, either individually or in cooperatioime Torm of this evolu-
tion is governed by a set of formal rules which give an operati semantics of
PEPA terms. The semantic rules, in the structured opewdtgiyle, are presented
in Figure A.1 in the Appendix without further comment.

The semantics of each term in PEPA is given via a labelatli-transitionsystem—
the multiplicities of arcs are significant. In the transit®ystem a state corresponds
to each syntactic term of the language,darivative and an arc represents the
activity which causes one derivative to evolve into anothiéle complete set of
reachable states is termed therivative sebf a model and these form the nodes of
thederivation graphwhich is formed by applying the semantic rules exhaustively

The timing aspects of components’ behaviour are repredemtesach arc as the
parameter of the negative exponential distribution gawgrthe duration of the
corresponding activity. The interpretation is as followsien enabled an activity

a = («,r) will delay for a period sampled from the negative exponéerdistri-
bution which has parameter If several activities are enabled concurrently, either
in competition or independently, we assume thaae@e conditionexists between
them. The evolution of the model will determine whether tkieeo activities have
beenabortedor simplyinterruptedby the resulting state change. In either case the



memoryless property of the distribution eliminates thednteerecord the previous
execution time.

When two components carry out an activity in cooperationréte of the shared
activity will reflect the working capacity of the slower cooment. We assume that
each component has a capacity for performing an activitg &ypvhich cannot be
enhanced by working in cooperation, unless the compongatssive with respect
to that activity type. For a componeRtand an action typa, this capacity is termed
theapparent ratg20] of « in P. It is the sum of the rates of the type activities
enabled inP. The apparent rate of in a cooperation betweeR and@ overa will

be the minimum of the apparent ratecoin P and the apparent rate afin Q).

The derivation graph is the basis of the underlying Contirsiime Markov Chain
(CTMC) which is used to derive performance measures fromRAPBRodel. The
graph is systematically reduced to a form where it can begdeas the state transi-
tion diagram of the underlying CTMC. Each derivative is tlaestate in the CTMC.
Thetransition ratebetween two derivativeB and( in the derivation graph is the
rate at which the system changes from behaving as compétterivehaving as).

It is denoted by (P, @) and is the sum of the activity rates labelling arcs conngctin
nodeP to node?). In order for the CTMC to bergodicits derivation graph must be
strongly connected. Some necessary conditions for ergpdicthe syntactic level
of a PEPA model, have been defined [20]. These syntactic tonsliare imposed
by the grammar in Figure 1.

2.2 Introduction to PEPA nets

In PEPA, as in most performance modelling formalisms, tiseaesingle modelling
mechanismactivities used to represent changes of state within a system. PEPA
nets are motivated by the observation that in many systentawedentify distinct
types of change of state. A PEPA net differentiates betweernytpes of change of
state. We refer to these &sngs of the net andransitionsof PEPA components.
Each are special cases of PEPA activities. Transitions ¢&tAPEomponents will
typically be used to model small-scale (ocal) changes of state as components
undertake activities. Firings of the net will typically bsad to model macro-step
(or global) changes of state such as context switches, breakdowngpaills, one
thread yielding to another, or a mobile software agent npWwom one network
host to another.

A firing in a PEPA net causes the transfer of one token from daeepto another.
The token which is moved is a PEPA component, which causesmgehin the
subsequent evaluation both in the source (where existingerations with other
components now can no longer take place) and in the targetrémpreviously
disabled cooperations are now enabled by the arrival of eoniing component



which can participate in these interactions). Firings rglebal effect because they
involve components at more than one place in the net.

A transition in a PEPA net takes place whenever a transiti@ilREPA component
can occur (either individually, or in cooperation with amet component). Com-
ponents can only cooperate if they are resident in the saaoe ph the net. The
PEPA net formalism does not allow components at differeatgs in the net to
cooperate on a shared activity. An analogy is with messagstpg distributed sys-
tems without shared-memory where software components @sdme host can
exchange information without incurring a communicatiorihead but software
components on different hosts cannot. Additionally we dbatlow a firing to co-
incide with a transition which is shared, i.e. it is not possifor two components
in one place to cooperatnd transfer to another place as an atomic action. Thus
transitions in a PEPA net have local effect because theynievanly components at
one place in the net. Maintaining this strict distinctionvieeen firings and transi-
tions is essential in order to provide the separation intoroxaand micro-step state
changes that we are seeking to represent.

Each place has a distinct alphabet for transitions and &ringeaning that the same
action type cannot be used for both. Thus there can be no ampbietween such
micro- and macro-scale transitions.

Within the set of firings offered at the net level of a PEPA netaltlow the modeller

to assign different priorities. Note that this does not misath more than two time-
scales of activity are being represented. This mechanisfideed as a modelling
convenience to allow one macro-step transition to be firgaéfierence to another
when both are enabled.

A PEPA net is made up of PERgontextsone at each place in the net. A context
consists of a number dftatic components (possibly zero) and a numbeceis
(at least one). Like a memory location in an imperative paogra cell is a storage
area to be filled by a datum of a particular type. In particidar PEPA net, a cell is
a storage area dedicated to storing a PEPA component. Theocemts which fill
cells can circulate as the tokens of the net. In contrassttitee components cannot
move. Most variants of Petri nets do not include static tekéime closest concept
being “self loops” where a token is deleted from a place amsh tnmediately
replaced. Here static components provide the infrastreabil the place and act
as cooperation partners in synchronisation activities wokens. Contexts have
previously been used in both classical process algebrdsd@é in the stochastic
process algebra PEPA [9].

We use the notatio)[_] to denote a context which could be filled by the PEPA
component) or one with the same alphabet.(f has derivatives)’ and@"” only
and no other component has the same alphabéX teen there are four possible
values for such a contex®|[-|, Q[Q], Q[Q’'] andQ[Q"]. Q[-] enables no transitions.



Q[Q] enables the same transitions@sQ[(Q)’] enables the same transitions@'s
Q[Q"] enables the same transitions@$. As usual with PEPA components we
require that the component has an ergodic definition sottieaiways possible to
return to a state which one has previously reached. Thishasansequence that
if " is a derivative of) then it is also the case th@tis a derivative of)’, for any

Q andQ)'.

For any token component its action type set can be partdiamelistinct subsets
corresponding to transitions and firings respectively. &aomponent) we will
denote these sets b4;(Q) andA;(Q), whereA,(Q) is the set of local transitions
currently enabled i) and.A;(Q) is the set of firings currently enabled f@Qr Note
that for a firing to be enabled the token must enable the quoreting activity, it
must be in a place connected to a net-level transition of éimeestype and there
must be an empty cell at the output place of the transitioh@tbrrect token type.

We use capitalised names to denote PEPA components (sufhaasl Q) and
lowercase for PEPA transitions (suchaandb). We use bold capitalised names
for PEPA net places (such &5 andP,) and bold lowercase for PEPA net firings
(such asa andb).

2.3 Markings in a PEPA net

Themarkingof a classical Petri net records the number of tokens whiglhesmident

at each place in the net. Since the tokens of a classicalfegtie indistinguishable
it is sufficient to record their number and one could preseatnarking of a Petri

net with places?;, P, andP; as(P; : 2, P, : 1, P5 : 0). If an ordering is imposed
on the places of the net a more compact representation ofdhkdmg can be used.
Place names are omitted and the marking can be written usttgnnotation thus,
(2,1,0).

Consider now a PEPA net with placPs, P, andP3 as shown below.

P1[Q] £ Q[QI >R

def

P2[Q] & Q@] DX 5

P3[Q] = Q[Q] XX (R || S)

KUL

From its use in the contexts at each place we see(hista component which
can move as a token around the net whereéa@asd.S are static components which
cannot move. There is a copy Bfat placeP; and another aP3. There is a copy
of S at placeP, and another aPs;.



Given the above definitions for the places in this PEPA netavedenote a marking
of this net by(P,[Q], P2[-], P3[-]). In general, a context may have more than one
parameter, to be filled by PEPA components of different tyjdésere an ordering

is imposed on places and each context has only a single cb# fdled we can
abbreviate such a marking g, _, ).

Moreover, the local state captured by a place marking wstb @lepend on the cur-
rent state of the static components in the place. To idettié#ge states we allow
place definitions to specify a particular state of each oétac components. Thus,
in the example above, B can evolve to5’ we can defin@4[Q] = Q[Q] B9

2.4 Net-level transitions in a PEPA net

Transitions at the net-level of a PEPA net are labelled imalar way to the la-
belled multi-transition system which records the unfofdof the state space of a
PEPA model. A labelling functiohmaps transition names into pairs of names such
as(a,r) where it is possible that(t;) = £(t;) butt; # t;. The first element of a
pair («, r) specifies amctivity which must be performed in order for a component
to move from the input place of the transition to the outpatpl The activity type
records formally the activity which must be performed if thansition is to fire.
The second element is an exponentially-distributed randamable which quanti-
fies therate at which the activity can progress in conjunction with thenpmnent
which is performing it.

As an example, suppose th@tis a component which is currently at plagy
and that it can perform an activity with rate r; to produce the derivativg)'.
Further, say that the net has a transition betwBerand P, labelled by(c, r3).
If @ performs activityw in this setting it will be removed fror?; (leaving behind
an empty cell) and)’ will be deposited intd,, (filling an empty cell there).

A priority function 7 maps action types to the natural numbers, and can be used
to eliminate some firings from the labelled multi-trangitisystem: only enabled
firings with the highest priority value are considered éligito fire. For example,
suppose thaf) is a component which is currently at placE; and that it can
perform activities of types, 5 andy wherer(a) = 7(f) = 2 whereasr(y) = 1.
Further, suppose that there are net transitions betWgeand each oP,, P3 and

P4 labelled bya, 5 and~y respectively. Assuming that there are empty cells in all
places,Q may perform activitye and be deposited in plad®,, or activity 8 and

be deposited in placB; but it cannot perform activity and be deposited in place
P4. Only if there are no empty cells in plac®s andP3 will activity v become
enabled.



2.5 Net structure of a PEPA net

From the preceding explanation it is clear that the expoessf the macro-level
structure of a PEPA net could be represented by any tranditised modelling
formalism. Indeed it would be possible to use a PEPA compiotzeaontrol the
possible “firings” (macro-steps) of the model. However, @@l that there are some
advantages to using a Petri net in this role.

Firstly, using a different formalism gives a clearer separaof concerns within
our model making it both easier to construct and to undegstaarthermore, this
macro-level is often of a size that can benefit from graphiegkesentation, to
give an intuitive understanding of the coarse structureéhefrhodel. Finally, the
movemenbdf components—to a new host, to a new context, etc.—has aesen
with the systems we study.

The class of nets that we currently use for modelling the tnectire of a PEPA net
is restricted tostructural state machinese. nets whose transitions can have only
one input place and one output place. This means that we pegsent conflicts at
the net level, while synchronisations are not allowed. Thi®nsistent with the fact
that PEPA components cannot cooperate on a shared acthvy they are resident
in different places. However, we have imposed this resbricin the interests of
developing a clear theory of PEPA nets incrementally; itasin anyway inherent
in the formalism. Indeed we hope to relax it in due course.

It is usual with coloured Petri nets to associate functioitls arcs, offering a gener-
alisation of the usual, basic “functions” offered by arc tiplicities. In PEPA nets
the arc functions are implicit. The modification of a tokeniethtakes place when
it is fired is wholly specified by the action type of the firinggetdefinition of the

token and the semantics. Furthermore, although we allovipteikokens within

net places, only one token can move at each firing. Thus artpincities greater

than one are not allowed.

3 Semantics

The PEPA language is formally defined by a small-step opmratisemantics. In
order to describe the firing rule for PEPA nets formally wedhaeelational oper-
ator which is to be used to express the fact that there existstatular transition
in the net superstructure. This operator must have the pgiepdhat it identifies
the source and target of the transition and that it recorglathivity which is to be
performed in order for a component to cross this transinooying from the source



to the target. We use the notation

(a,7)

Pl—)ﬂ—)Pz

to capture the information that there is a transition cotingplaceP; to placeP,
labelled by(«, r). This relation captures static information about the $trecof the
net, not dynamic information about its behaviour. We cowddatibe the net struc-
ture in a PEPA net using a list of such declarations but theerfaamiliar graphical
presentation of a net presents the same information in a auzessible way.

The introduction of contexts requires an extension to theasyof PEPA. This
extension is presented in Figure 1.

N ::=D™M (net)
(definitions and marking)

def

M = (Mp,...) (marking) D :=1=S5 (component defn)
def

Mp = P[C,...] (place marking) | P[C] = P[C] (place defn)

| PlC,..]EP[CIDUP (place defn)

(marking vectors) (identifier declarations)

S = (a,7).S (prefix) P :u=P DL<IP (cooperation) C ="' (empty)
| S+8 (choice) | P/L (hiding) | S (full)
| I (identifier) | P[C] (cell)

| I (identifier)
(sequential components) (concurrent components) (cell éxpressions)

Fig. 1. The syntax of PEPA extended with contexts

We assume that there is a sébf PEPA action types which can be partitioned into
disjoint subsets4, and.A; corresponding to firings and local transitions respec-
tively.

Definition 1 A PEPA netV is a tupleN = (P, T,1,0,¢,,C, D, My) such that

e P is afinite set of places;

10



7T is afinite set of net transitions;

I: T — Pisthe input function;

O : T — P is the output function;

:T — (Ap, RTU{T}) is the labelling function, which assigns a PEPA activity

((type, rate) pair) to each transition. The rate determities negative exponen-

tial distribution governing the delay associated with thasition;

e m: Ay — Nis the priority function which assigns priorities (repreded by
natural numbers) to firing action types;

e C : P — P is the place definition function which assigns a PEPA context
containing at least one cell, to each place;

e D is the set of token component definitions;

e M, is the initial marking of the net.

The semantic rules for PEPA nets are provided in Figure 2. Gék rule con-
servatively extends the PEPA semantics to define that a ¢edhws filled by a
component) has the same transitions @sitself. A healthiness condition on the
rule (also called dyping judgementrequires a context such &¥-] to be filled
with a component which has the same alphabe) ag/e write Q =, Q' to state
that@ and@' have the same alphabet. There are no rules to infer transitio an
empty cell because an empty cell enables no transitions.

The Transition rule states that the net has local transtishich change only a
single component in the marking vector. This rule also stttat these transitions
agree with the transitions which are generated by the PERRastcs (including
the extension for contexts). Recall that the transition famelg alphabets of any
place must be distinct. We do not give priority to one alphabexctions over the
other; the highest-priority firings and the transitions pete based on a race policy.

The Firing rule takes one marking of the net to another mgrkin performing a

PEPA activity and moving a PEPA component from the inputeliacthe output

place. This has the effect that two entries in the markingorezhange simultane-
ously. In order to take account of the priorities we defineraber of supplementary
transition relations, one for each priority level.

A net level transition’s eligibility for firing depends on twconditions. Firstly there
must be an empty cell in the destination place into which tken can be trans-
ferred. The Enabling rule ensures that this is the case, efited a transition rela-
tion, decorated with the priority level of the corresporgactivity type. The rate at
which the activity is enabled is calculated as in the PEPAzs#its of cooperation.

In order for a firing to take place it must also be the case tatype of the en-
abled firing has the highest priority level in the set of thatdad firings. This is
imposed by the Firing rule in which we discard those enablatgl which do not
have the highest priority. In other words for a firing to octhere must not be any
other firing satisfying the Enabling rule (empty destinatiell) which has a higher

11



priority.

Cell:
o (a,7) Q"
(a,r) (Q :a QI)
QRIQ] — Q[Q"]
Transition:
e en
P ) P (a (S .At)
(ccoyMp,..) —— (..., ML, ..)
Enabling:
(o, 71) o p (a,72) p
—) i HH_) .
(o R) : (o€ .Ay)
("aPi["aQ, "]7 7P_] ["7—7 "], ) —)W(a) ("aPi["a - "]7 7P_] ["ana "]7 )
Firing:
a,T B,s
w0 B
(n > m)

(a,7)

M — M'

Fig. 2. Additional semantic rules for PEPA nets

3.1 The net bisimulation relation

In this section we define a bisimulation relation for PEPAsrestllednet bisimula-
tion. This relation is important both in theory and in practicetHe evolution of the
state space of a model by our tool we only store states up tbisietulation, i.e.
we carry out automatic aggregation over equivalent statas.provides a dramatic
reduction in the state space of the model under certain tondi

Our relation is defined in the style of Larsen and Skou [25§edaon a condi-
tional transition rate betweemarkings rather than the strong equivalence rela-
tion of PEPA which considers the transition rates betweeanpmments. Theon-
ditional transition ratefrom markingM to markingM' via action typex, denoted
q(M, M’ ), is the sum of the activity rates labelling arcs connectimg ¢orre-
sponding nodes in the derivation graph which are labelledhbyaction typex.
Thetotal conditional transition ratdrom a markingM to a set of marking€ is

12



defined as

qM,E,a] = Z q(M, M', )
M'CE

Definition 2 An equivalence relation over marking®,C M x M, is anet bisimu-
lationif whenever(AM, M') € R then for alla: € A and for all equivalence classes
E € M/R,

q[M,E,a] = q[M', E, o]

4 Examples
4.1 A mobile agent system

We present a small example to reinforce the reader’s uratetstg of PEPA nets.
In this example a roving agent visits three sites. It intexyadth static software
components at these sites and has two kinds of interact@hsen visiting a site
where a network probe is present it interrogates the prob¢éh® data which it
has gathered on recent patterns of network traffic. Whertutme to the central
co-ordinating site it dumps the data which it has harvestethé master probe.
The master probe performs a computationally expensivisstal analysis of the
data. The structure of the system allows this computatidoet@verlapped with
the agent’s communication and data gathering. The manspalhd unmarshalling
costs for mobile code applications are a significant expsos®erlapping this with
data processing allows some of this expense to be offset.

The structure of the application is as represented by thé&REPIn Figure 3. This
marking of the net shows the mobile agent resident at thealet-ordinating site.
In this example the activities which can cause a firing of thieanego andreturn.

(gO,Al) (goaA’f')
Ty T3
P. P2 @ Ps3
Ty Ty
(return, y;) (return, y,)

Fig. 3. A simple mobile agent system

Formally, we define the places of the net as shown in the PERfexbdefinitions
below. We denote the local state of the conieéxtby P5,. This local state is arrived

13



at when the static componehfaster has evolved td/aster’.

P1[Agent] = Agent[Agent] D Probe

{interrogate}

Py[Agent] = Agent|Agent] [><L} Master
P)[Agent] = Agent|Agent] ESP} Master'

P3[Agent] £ Agent[Agent] DX Probe

{interrogate}

The initial marking of the net i§_, Agent, -). The behaviour of the components is
given by the following PEPA definitions.
Agent = (go, \).Agent' Master = (dump, T).Master'

def

( (

Agent' f(mterrogmfe,7"1-).Agent" Master' = (analyse,r,).Master
( (
( (

def m
t

Agent” £ (return, p). Agen Probe £ (monitor, ry,). Probe +

def

Agent" dump,rq).Agent interrogate, T).Probe

The derivation of the transition system underlying the niagléhe first step in the
performance analysis of such a system. The transitionmsysbtatains the specifi-
cation of a Continuous-Time Markov Chain model of the syst&éhis CTMC is
solved for its stationary distribution and performance sueas are calculated from
that. For a model as simple as this one we can solve it simgly @aussian elim-
ination. We also have available solvers such as an effiaeptkeimentation of the
preconditioned biconjugate gradient method.

4.2 A Jini Federation

In this example we present a model afiai Federation The Jini architecture is de-
signed to support spontaneous networking, allowing batltlients and the servers
within a network to change dynamically. In this model we e¢dasthe discovery
and use of servers by clients, and since the model is presttdlustrative pur-
poses we consider only two distinct services, a printer andfarmation server.

The matching of clients and servers in Jini is managed mokup servemwhich
provides the discovery service. Servers wishing to acaapice requests register
with one or more lookup servers. A client with no current @sd® a lookup server
sends a join message to a well-known IP port, and any lookweisehich receives
it will respond with its own address on which it receives digry requests. The
client can then access the discovery service and on discaxttbe given a proxy
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to the service required. This allows the client to then makectlcontact with the
relevant server.

In order to cope with disconnection both proxies and regjiigtn are considered to
be granted by the lookup server oteasedbasis meaning that after some time the
proxy or registration is assumed to have expired and sulesgigunust be explic-
itly re-established. This means that if a server has crgghed after some period
the client will no longer be granted a defunct proxy, and tfexies already held by
clients will expire. The following model could be used to ekment with the trade-
off created by the leasing mechanism. If the expiry ratews tben clients can be
granted proxies which will not work. However if the expiryteas high, overhead
is increased due to the delay incurred in re-registeringnatfaning server.

Printer Info_Server

I release ‘ ‘ I release

pr_register praxequest pr_deregister i_defegister i_regdest i_register

Lookup
Service

expire [ ] foin

Clients

Fig. 4. The net-level description of the Jini Federationnegke

In the PEPA net model the net-level represents the diffezentexts of operation
experienced by the clients. In the plaC&ients, clients are assumed to be newly
connected or in possession of expired leases to a discosrigs, and so without
access to servers. In the pladceokup_Service the presence of a client indicates
that the client has joined the service, while the presen@s#rver indicates that
the corresponding service is currently registered withadlo&up service. Thus the
services that a client can access from the lookup servideleplend on the servers
which are currently registered (i.e. have tokens curreintiyat place). There are
also place®Printer andInfo_Server corresponding to each of the potential ser-
vices, and the presence of a client token in these placesspmnds to the client
being in possession of a proxy for that service. In this medeklssume that the
leasing periods are set so that the probability of a cliemtdm possession of two
proxies simultaneously is negligible.
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The tokens of our model are the PEPA componétitsPS andS. The Cl compo-
nent represents the evolution of the client, containind ioings (net-level transi-
tions) representing changes of context and transitiongsepting computational
steps within a context.

Clients[CI, CL,Cl]Z (c1[Cl] || ci[ct] || ci[c)

Cl E (join, r,).Cl'
crE (pr_lookup,re).PProzy + (i_lookup,rs).IProzy
+ (expire, r4).Cl

PProzy = (pr_request, r5). PProzy’
PProzy’ = (print, T).PProzy"
1 def . " I
7 - 7 -
PProzy" = (print, T).PProxy" + (release, rg).Cl
IProzy £ (i_request r7). IProzy’
Y q ) Y
IProzy' £ (info, T).IProzy"
def , . " !
IProzy" = (info, T).IProzy” + (release, r¢).Cl

Each of the serviceBrinter andInfo_Server is represented as the composition
of a static service elemenPferve and IServe respectively) and a token compo-
nent, which acts as the service proxy with the lookup serwghen a client is
granted a proxy by the service proxy in the lookup serviceait make a request,
represented by moving to the service context. Once thereidre cooperates with
the server directly until all its needs are satisfied or uihi@ proxy expires. The
role of the static service element is simply to satisfy servequests from proxied
clients.

Printer[PS, _, _, .| £ (PServe || PS[PS]) B (PProzy|.] || PProzy[.] | PProzy[.])

{print}

PServe £ (print, pr).PServe
PS £ (pr_register, r5).PS’
PS' £ (pr_deregister,rq).PS + (pr_lookup, T).PS'

Info_Server[IS, _, _, .| = (IServe || IS[1S)) {Efil} (IProzy[.] || IProzy[-] || IProzy[-])

IServe Z (info, ir).IServe
8= (i_register,rg).15’
18" £ (i_deregister, r11).IS + (i_lookup, T).IS’

The lookup service itself is represented by the plaeekup_Service. This place
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has no static elements but a context for each potential spregy and each po-
tential client. The lookup activitiesp(_lookup and i_lookup) are carried out in
cooperation between a client and a server proxy, and thusreetipe presence of
both in theLookup_Service place.

Lookup Servicel_, -, -, -, ,] < (PS[] || IS[]) > (I - | al)

{pr_lookup,i_lookup}

We have run this PEPA net model for different numbers of ¢iemd servers. In
the simplest case of one client, one printer server, onermdtion server, and when
considering the following ordering for the net plack®6kup_Service, Printer,
Info_Server, Clients), the initial markingmy is

mo = (Lookup_Service[, _, _|, Printer[PS, _|, Info_Server[IS, _], Clients[CI])

The model has 32 states, 20 transitions and 88 firings; aopooti the transition
system, describing some possible accesses to the primter sed some possible
accesses to the information server is shown in Figure 5. dautability, many fir-
ings and transitions are omitted from the graph as well agigctates; solid lines
represent local transitions while dotted and dashed liggsesent firings.

Figure 5 also describes the markings in the path whose stegedrawn as black
squares. This path shows one possible evolution of thetartacting the printer
server. Starting from the initial marking,, the printer server registers with the
lookup server. This is obtained by moving the comporighfrom the placéPrinter

to the placd.ookup_Service, filling the appropriate empty cell therm( ). After-
wards, the client joins the lookup server, as shown in markiz where the com-
ponentCl has left placeClient and has reached the appropriate empty cell into
Lookup_Service. Now the internal transitiopr_lookup can take placeniss).
The client is granted the printer proxy and can move to theg®Rrinter (msg).
Finally, the request can be satisfied thanks to the cooperan actionprint per-
formed by the two components resident in the same plagcg) A similar evo-
lution is possible for the path in the right part of the grajpmmecting markings
my, my, My, Mg, Myg, M9 When considering the information server instead of
the printer server.

The right part of the graph describes a situation in whicthls&rvers have reg-
istered with the lookup server and the client can choose gmoe of them (see
markingmg in Figure 5).
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m3i@< @ nis
print info prregister
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my2 : (Lookup_Service
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mj : (Lookup_Service
(
mys : (
(

[
[
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[
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[

mnag :

=" prllookup_---""

i_request

@mio

reléase

info

Lookup_Service[_, _, _|, Printer[PS, _], Info_Server[IS, _], Clients[CI])
Lookup_Service[PS’, _, ], Printer|_, ], Info_Server[IS, _], Clients[Cl])

PS', _, Cl'], Printer[_, _], Info_Server[IS, _], Clients]_])

PS', _, PProxy], Printer[_, _], Info_Server[IS, _], Clients[_])
Lookup_Service[PS’, _, ], Printer[_, PProzy'], Info_Server[IS, _], Clients[.])
Lookup_Service[PS’, _, _], Printer[_, PProzy"], Info_Server[IS, _], Clients[_])

mg : (Lookup_Service[PS’, IS', Cl'], Printer[_, _], Info_Server[_, _], Clients[_])

Fig. 5. Partial transition system of the Jini Federatiomepi® and marking descriptions of

selected states
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5 Relating PEPA nets to Petri nets and PEPA

If they were to be viewed purely formally as high-level dgstton languages for
specifying continuous-time Markov chains, then PEPA nglischastic Petri nets
and the PEPA stochastic process algebra would be consittelbecequally expres-
sive. That is to say, for a given CTMC, it is possible to construct a high-level
model in each of these three formalisms such that the undgriyTMC derived
from the model is isomorphic t6'.

In practice, the three languages present different set®mdeptual tools to the
modeller. From the pragmatic perspective of a performancdeather who wishes
to reliably encode a high-level model of a particular systaen there might be
reasons to select one of the languages instead of the otnelss particular mod-
elling study. In the remainder of this section we compare eliody with PEPA nets
with modelling with Petri nets and the PEPA stochastic pse@dgebra.

5.1 Relating PEPA nets to Petri nets

To illustrate the difference between PEPA nets and Pets wet first show how

to represent an ordinar-safe stochastic Petri net as a PEPA net. In a classical
stochastic Petri net tokens are indistinguishable. We eplhcate this in a PEPA
net by having only a single class of tokens which have only(®&PA) state. The
definition of such a token would also need to always permitdsiof the net to take
place. We define these tokens by summing over all of the trangictivity names,

for all of the transitions of the net«; € T).

Token £ Z (tni, T).Token
tn,€T

To define ak-safe stochastic Petri net with a PEPA net we then need sitoply
specify the places of the net as being capable of storing kpfdhese tokens, and
making no use of static components.

P;[Token, ..., Token] £ Token[Token] | --- || Token[Token]

This reconstruction of ordinary-safe stochastic Petri nets from PEPA nets points
to the difference between the two formalisms. A PEPA net eanidéwved as a Petri
net where the tokens apgogrammableThe tokens of a PEPA net have state, can
count, can observe activities, and can even refuse to beffopdthe place where
they reside. We believe that this gives the PEPA net modallesvel conceptual
modelling tool which can be used to express natural desanipiof systems with
active, stateful mobile agents.
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5.2 Relating PEPA nets to PEPA

The relationship between PEPA nets and PEPA is straightiawA PEPA net
with only one place and no transitions is simply a PEPA stettb@rocess algebra
model. To explain how a PEPA net can offer added expressmeipae consider
a PEPA net with more than one place, as in Figure 6.

(decouple, \)

L T1
P,[P] = P[P DXQ P, P, P,[P] £ P[P]
, T2

(recouple, 11)

Fig. 6. Tokens in a PEPA net can decouple from a static comyione

In this model a token of typ®& moves between plad®; and placeP,. In doing
so it decouples itself from a static componéhtlocated aiP,. The token thereby
moves out of the scope of the cooperationseCooperation sets are used to con-
figure copies of components, coupling them to communicaatners. In this way
they restrict the behaviour of a component, requiring itéofigrm some activities
(those in the cooperation set) only if they have a partner istadble to cooperate
in performing them. In the example in Figure &jfis unwilling to perform some
of these activities then the behaviour®fwill be restricted. Even i) is willing to
perform all of the activities in the cooperation dethen it can still influence the
rate at which they are performed. In contrast when the tdRes resident inP,
then it is subject to no such restriction and can perform faitsoactivities at the
rates which it itself specifies.

This concept cannot be expressed in a PEPA stochastic gratgsbra model.
The cooperation sets used in a PEPA model impose a static goioation topol-

ogy on the model. In contrast a PEPA net has dynamically mgrgommunication
structure and, in consequence, a given action in a compomight sometimes be
performed in isolation and sometimes be performed in cadjwer. The ability to

express the concept of dynamically varying communicattaurcsure offers an ad-
ditional conceptual tool to the performance modeller whghot available when
modelling in PEPA.
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6 Case study: A hierarchical cellular network

Hierarchical cellular networks consist of two tiers of egelh macrocellular level
overlaying a microcellular one. This means that a geogcapbipioint is potentially
covered by two levels of cells and a user can be assigned tofahese two lev-
els. Generally, such a network architecture takes intowtciovo user classes ac-
cording to their speed: the pedestrians and the vehiclasallysmacrocells are
deployed in rural areas and have good properties for fass usbereas the micro-
cellular network concept has been developed to satisfy itife thaffic demand in
the dense urban regions and is better suited to providingeiatices requiring low
mobility.

The objective of the hierarchical architecture is to takesadiage of the wide cover-
age of macrocells and the traffic capacity of microcells. sy, this architecture
suffers from the major drawback of microcellular systembijcl is thehandoff
problem

The handoff is defined as the change of radio channel used linekess terminal.

For example, if a subscriber crosses a cell boundary to nmes tadjacent cell
while the call is in progress, the call must be handed off soribw cell in order

to provide uninterrupted service to the mobile subscrili¢he new cell does not
have enough channels to support the handoff, the call ispéehpSo, the handoff
procedure has an important effect on the performance ofy$ters and the proba-
bility of forced call termination must be limited becauserirthe point of view of a

mobile user, forced termination of an ongoing call is lesseptable than blocking
a new call.

6.1 Topology and Assumptions

The topology of the hierarchical network we study is demlateFigure 7. In this
topology, each macrocell overlays a cluster of seven matisc

As in an hexagonal model each microcell has six neighbowrétlg, we consider

a microcell cluster model composed of a central microcetlaunded by six pe-
ripheral cells (Figure 7). We consider the Fixed Channebédtion scheme (FCA)
[22], where a constant numbé& of channels is distributed among the two layers
of cells.

Although hierarchical cellular networks are studied, wastder only one class of
users. As we focus our study on dense urban regions, we eormidly services
which require low mobility such as slow-moving vehicles @dpstrians. How-
ever, we consider two types of customers within the netwtiré&,new calls and
the handover calls. Thus, external arrivals to a microaglsest either of new calls
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Fig. 7. The hierarchical cellular network and cluster model

or handover requests coming from its adjacent microcellsarn the macrocell.
Similarly, external arrivals to a macrocell consist eitbénew calls or handover
requests coming from either its adjacent macrocells or fsamof the microcells of
the cluster. Thus, new calls can be assigned at either theceitor the macrocell
level.

For the microcell level, we consider the overflow strategyhweversible capability.
Therefore, a request, which could be either a new call or adwer, initiated at
the microcell level, is served in its originating microcéla channel is available.
Otherwise, according to the overflow strategy, the requesterflowed to the upper
layer and is satisfied at this level if a channel is free. Indl®e where all channels
are busy at both levels, the request is blocked (new callyapmed (handover).
Similarly, when a request is first initiated at the macradel level and there is no
available channel, the request is transferred to the matirtevel where it may be
satisfied if a channel is available; otherwise, it is dropped

We consider a homogeneous system in statistical equitibrithus any microcell
overlaid by a macrocell has statistically the same behadswany other microcell
overlaid by a macrocell. We can then analyse the overalksydty focusing on
a given cell under the condition that the neighbouring ceXBibit their typical

random behaviour independently. Moreover, we assumerlyajeographical point
of this network is covered by both microcellular and machotar levels, and that
the whole area is crossed randomly by mobile users, acaptdian uniform traffic

matrix.

This system is studied under the usual Markovian assungtlors assumed that
the average new call arrival rate and the handover rate im egltin the network

follow a Poisson distribution. The amount of time that a ussnains within a

coverage cell of a given base station (caltkaell-time is modelled by a service
time which is exponentially distributed. In the next sextiave present the PEPA
net model corresponding to this system.
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6.2 PEPA net model

In the hierarchical cellular network, all microcells of thetwork are assumed to
have exactly the same behaviour. Moreover, all customessthe same behaviour
and do not change behaviour according to the microcell irciwhiney evolve.
Therefore, the PEPA net model is based on the descriptioheobehaviour of
one microcell (here the central microcell) and its linkshatite cells surrounding
it. This model is depicted in Figure 8 where each cell is repnéed by a place
MICROj, 1 < j <7, in which the wireless network customers evolve. Note that
MICROy represents the central microcell. Similarly, the macroseinodelled
using a place denote’l ACRO. Moreover, we use a place deno®™ETENV

to model what we cathe network environmenthis part of the network is assumed
to generate the new calls and absorb the dropped or terrdinags.

MACRO

A (hanciofg,,, qp)
e l:|

(handoff, a ) =

. MICRO, N

\h\andof;‘gm by

(handoff_  pxa

(haw o
- MICRO -
(handoff,, )\‘:)\ ¢ ;H

(handoff”gh“ pxa )
g (handoff,, pxa )
MICRO,

(dropping rl?:’l,llj(%lnding,u' )

\\\\MICROS ’/" i 1 MICROA/,"’I,"

NETENV

Fig. 8. The PEPA net of a basic cluster
The places of the PEPA net are defined as follows.

MICRO;_1, 7[,..., ] € (Client[] | ... || Client[]) DX Micro,
MACROL_,..., ] < (Client[] | ... || Client[.]) . P< . Macro
NETENVI[Cy,...,Cn] % Client[C1] || - || Client[Cn]
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The behaviour of a network customer is modelled using a dymaemponent
Client. Formally, componen€lient is defined as shown below.

Client % (in, ). Client, + (handoff,p, \). Client,

[N
=

€

Client; = (handoffyight, p3 x «).Client; + (handoffies, ps X o). Client;
handoffyight.b, ps X @).Client; 4+ (handoffiess b, ps X ). Client,
handoff ight.t,p2 X a).Client; + (handoffie +,p1 X «).Client,
handoff,p, a). Client,

). Client1 + (handoffqown.2, g2 X 3). Client,
handoffgown 3,93 X 3).Client; + (handoffgown.4, ¢4 X B).Clienty
handoffyown.5,95 X B).Client; + (handoffgown.6, g6 X 3)-Client,

(
(
(
(
(handoffgown.1,91 X
(
(
(handoffgown.7, g7 X ). Client;
(

+ + + + + + + o+

service, u).Clienty + (dropping, 7). Client
Cliento def (ending, y'). Client

The new calls arrival process (external arrival) to a mietids represented by dn
activity. If all channels of the microcell, covering the anghere the new customer
is, are busy then the new call has to be transferred to theaweltrThis transfer
is modelled using the activitgandoff,,,. If all channels of the macrocell are busy
too, this transfer fails and the new call is blocked. As shanRigure 8,in and
handoff,, are activities which can cause the firing of the net. The fiiimdnas
priority over the firinghandoff,,, capturing the fact that a call will be allocated a
channel in the microcell if there is one available. The rdtthese activities is the
same and is equal to the external arrival rate to the midsokel

The relative priorities of the firings of this model are lteelow.

in, handoff;ight, handoffies,
handOﬂ‘downﬁa handOﬂ‘down.Ga handOffdownJ

} > handoff,, > dropping

A customer may terminate its communication during its sojona microcell. This

is modelled using the activityervice. The execution of this activity is followed by
the execution of activitending which specifies that the customer is leaving the
network. The customer may also cross the cell boundary tcenhman adjacent
cell during its communication. The call must then be hand&doothe new cell

in order to provide uninterrupted service. For that a haihcegfuest is generated
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to ask for another channel in the destination microcell. Un model, this aspect
of the communication is modelled using the activityndoff ;;, wheredir may
be one of the following valuextight, left, right.b, left.b, right.t or left.t,
according to the direction taken by the customer during bieraunication. The
rate of this activity isp; x a wherep;, 7 = 1,...,6, is the probability associated
with each possible destination among the adjacent celteelhandoff procedure
does not succeed because all channels of the target micioedusy, the network
tries to transfer the call to the macrocell overlapping treaaThis is modelled
using activityhandoff,,,. If once again all channels of the macrocell are busy, the
transfer fails and the call is dropped. This is modelledgsictivity dropping. As
previously handoff,,, has lower priority, and herdropping has lowest priority.

For the sake of readability of Figure 8, the rates of the é@ms/ on the transi-
tions from the adjacent microcells to the central microael omitted. These rates
may be easily deduced from the transition with the same igctiame from the
central microcell to the opposite peripheral microcellt Evample, the rate of ac-
tivity handoff,ign: On the transition froMMIICROg to MICRO-, the central
microcell, can be deduced from the activity on the transitom MICRO~ to
MICRO3 and is therefore; x a.

A customer in the macrocell has exactly the same behaviatepexhat activity
handoff,;, is no longer enabled. Instead, as the customer can be tratste the
microcellular level, we include an activityandoff 4own.j Wherej is the microcell
number where the call is transferred. The rate of this dgtigig; x 8 whereg;,
j =1,...,7,is the probability to transfer the call to microcgllConversely, this
activity cannot be executed by a customer in a microcell.

The services provided by a microcgll1 < j < 7, and the macrocell to their
customers are modelled using static components dendtedo; and Macro re-
spectively, and are formally defined as follows:

Micro; & (service, T).Micro; 1< <7

def .
Macro = (service, T).Macro

Activity service is the only activity on which componentient and Micro;, on
one hand, and’lient and Macro, on the other hand, must synchronise.

We assume that in the initial state all macrocell and midieolhannels are avail-
able and all potential network customerg)(are in placeENETENV.

As already remarked, in order to capture the exact behawabtire network, we
have assigned priorities to the firings. For example, in #te¢hre transition labelled
in has a higher priority than that labelléthndoff,,. Thus a customer can fire
handoff,, only if the firing of activityin is not possible, i.e. there are no slots
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available in the plac@/ IC RO;.

In the case where each cell has two channBls=(16) and N = 7, the model, once
aggregated, has 49416 states, 147274 transitions and B7idiB§s.

This study has been inspired by the work presented in [12hdb paper the au-
thors investigate the performance of the hierarchicali@linetwork using PEPA.
They assume a Manhattan model [23] in which the reuse page@wemposed of a
macrocell overlying a cluster of five microcells.

The PEPA model obtained consists of six components, oneafc eell. As the

customers are not explicitly modelled, all the informatadout the activities they
can perform in a cell are captured by the component repriesgetite cell. This

results in a model where the mobility of the customers is nladde only from the

point of view of the cell.

In our PEPA net model (Figure 8), a customer is explicitly eltet using a compo-
nent which captures the activities that it can perform. Semwé customer moves,
which is explicitly represented by the firings, its actie&i“move” with it. This
gives another dimension to the model as the mobility of aarust is represented
from both the point of view of the cell (place) and the custo(i&ient). Moreover,
the representation of the cell only changes in the senséshaots are filled when
channels are in use; it does not need to explicitly recorcgthie of the customers.
Thus in many ways the PEPA net model provides a more natye¢sentation of
the system.

Furthermore the PEPA net model offers more compositionadithe sense that it
would be possible to extend the model to represent a numbetes&cting macro-
cells, simply by modifying the net-level description ane thitial marking of the

model. In the PEPA model the whole model would need to be retenrto achieve

this.

7 Implementation

The PEPA stochastic process algebra is supported by a rdrgel® including
the PEPA Workbench [13] and the Mobius Modelling Framewdi®]. We have
implemented the PEPA nets formalism as an extension of tiRAREorkbench.
The PEPA modelling tools, together with user documentadiat papers and ex-
ample PEPA models are available from the PEPA Web page whittcated at
http://ww. dcs. ed. ac. uk/ pepa.

The PEPA Workbench exists in two distinct versions. The Yiession is an experi-
mental research tool which is coded in the functional prognéng language Stan-
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dard ML [28]. The second is a re-implementation of this inJaga programming
language. These are known as “the ML edition” and “the Jauteoedrespectively.

Standard ML and Java have very different strengths. For @alisnguage such
as the notation of Petri nets the Java language’s visualisatpabilities would
suit the task much better than Standard ML. Further, thexesristing Java tools
for Petri nets which could be extended to provide an impldaatemn of PEPA nets.
After initial experimentation with the Standard ML versiotthe PEPA Workbench
for PEPA nets, a graphical presentation of PEPA nets couilddoeporated into the
Java version of the Workbench. This implementation plamgoing, but at an early
stage.

The Standard ML language is well suited to implementing sylinlprocessing
applications and provides built-in support for describdsgatypes such as those
needed to present the abstract syntax of a formal languapesuPEPA. These fea-
tures made it possible to rapidly adapt the routines for gtimgy PEPA derivation
graphs to generate derivation graphs for PEPA nets. The acnansition rules
presented in Figure 2 look simple on the page but they provdmkta challenge
to implement efficiently. Here again, the higher-orderdeas of the Standard ML
programming language proved to be useful in allowing ustmflunction closures
from higher-order functions which fixed some of their forrpatameters. This al-
lowed us to unroll the derivation graph for the PEPA nets nhadkbout suffering
a performance penalty due to accumulated parameter infama

The use of the PEPA Workbench for PEPA nets is illustratedgure 9. The in-
put language of the tool is an extension of the concrete synsad for storing
PEPA language models. The topology of the net is specifieddyiging a textual
description of the places and the arcs connecting them.

PEPA Wor kbench for PEPA Nets Version 0.81.1 "G anby Road"
[ Setting nodel aggregation on ]

[ Use of priorities is enabled ]

Conpi l'i ng the nodel

Cenerating the derivation graph

The nodel has 49416 states

The nodel has 147274 transitions

The nodel has 571362 firings

Witing the hash table file to nodel 3. hash

Exi ti ng PEPA Wr kbench.

Fig. 9. The PEPA Workbench for PEPA nets processing the tialgical cellular network
example for seven clients

27



7.1 Model aggregation in the PEPA Workbench

As firings or transitions occur in the exploration of a PEPA medel, new syn-
tactic terms are generated for these one-step derivativeg onodel according to
the semantics of the language as presented earlier. Soime @fé-step derivatives
which are generated will be syntactically distinct but setitally identical. We
have extended our previously published algorithm for cotimgucanonical forms
of these terms [15] from the PEPA stochastic process algelsa used on PEPA
nets. We have extended the PEPA Workbench for PEPA nets tp tiyip canoni-
calisation on-the-fly, replacing derivatives with theinoaicalised equivalents. We
guotient the state space of the system with respect to thsniealisation and ag-
gregate the rates at which transitions into aggregateesstatcur.

This aggregation gives a dramatic reduction in the numbetaiés of a PEPA net
model. For example, consider a PEPA net with two places aokiemf” which can
fire to move between the places. The net has the followingimtarking.

T NTHNTETEL, T T | T | T)

This net has 70 states and 640 firings without applying oureagdion algorithm
and 5 states and 8 firings if the algorithm is applied.

As a PEPA net evolves, according to the operational sensaptesented in Sec-
tion 3, there is no opportunity for it to add or take away ptaoe transitions. As
a consequence of this a PEPA net and its one-step derivatilldse structurally
isomorphic, i.e. will have the same net structure. We haydoged this to include
an optimisation in our implementation of aggregation basedhe net bisimula-
tion relation as defined in Section 3.1. At each step we sirophyonicalise the
representation within each place marking instead of caradising at the marking
level. Applying this aggregation avoids the generatioreoifrts which could not be
derivatives of the current term according to the operatisemantics.

8 Related work

As mentioned in the Introduction, Petri nets have previpbglen combined with
several other modelling formalisms. In particular in therar of performance mod-
elling, several proposals have been made to integrate quewgieueing networks
with stochastic Petri nets [3,2,17]. However, these pralsogiffer from our own
in that the two formalisms may be regarded as adjuncts to nathar, with one
providing delays to the other, rather than integrated irgmgle formalism.

Somewhat closer to our own work is Valk’s work Bitementary Object Syste&i].
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In this work an extension of Petri nets is presented in whiehtbkens circulating
in the net structure (called tf&ystem nétare themselves Petri nets (tern@dject
net9. Object nets move like ordinary tokens and they can chaneie tarkings
but not their structure. Three different types of transisi@re defined. Transitions
occurring in the Object net (i.e. in the marking) are cagdtem autonomowsd
represent the object internal behaviour. iteractiontakes places when both the
Object and the System net enable transitions with the sataehad label. A third
type of transition causes a change in the System net onlyt@ndalledtransport

In PEPA nets we do not allow such transitions, since a firimgnoaoccur without
modifying the state of a component.

Despite the superficial similarities there are some quitsngtdifferences between
the work on PEPA nets and that on Elementary Object Syste®@S)EFunda-
mentally, EOS are without any timing considerations, othan the relative timing
imposed by the Petri net causality relation. In PEPA netgddition to this im-
plicit timing information we have explicit time delays igg@ated into behaviour at
both the net level and the token level. Moreover the motwetifor the works are
distinct. Valk’s work is motivated by a desire to provide adiamental model of
object-oriented programming, and the development of EGSblean strongly in-
fluenced by this goal. For example, two different semantiepeovided to charac-
terise the dynamic behaviour of EOS, calledueandreferencesemantics, corre-
sponding to differing approaches in object-oriented progning languages. Our
motivation has been to develop a convenient high-level riadelanguage for
Markov processes, for systems in which state changes cagbeded as proceed-
ing in two ways.

As mentioned earlier, one of the domains of application sagyed for PEPA nets
is the domain of mobile computation. Several process dalewe been developed
specifically for this domain, the most notable beingthealculus [27] and the cal-
culus of mobile ambients [8]. The-calculus, and Priami’'s subsequent extension,
the stochastier-calculus, have a very different style of representingeyst [5],
which does not satisfy our criterion of clearly separatitafes changes into dis-
tinct types related, in the case of mobile computation, tacepts of location and
mobility. In this respect our formalism is closer to the workmobile ambients.

The calculus of mobile ambients is intended to capture natiblocations mo-
bility andauthority for movementThis is achieved by introducing the concept of
ambienti.e. a bounded place where computation happens. An ambidehoted
n[P], wheren is the name of the ambient arf@lis the process running inside it.
Ambients can be nested into other ambients and can be mozadtasle. Mobility
primitives are provided by considerirmgpabilities it is possible toenterinto an-
other ambient, t@xitfrom an ambient, topenan ambient. Processes are executed
within ambients and a simple asynchronous communicatiazham@sm that works
within a single ambient is chosen. Communication acrossemsis modelled as
the movement of ‘messenger’ agents that must cross amtentlaries.
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The most pronounced differences between PEPA nets and therncalculus
are the lack of timing information in the ambient calculusl dhe ability to nest
ambients which gives a hierarchical structure to locatiwhigh cannot be matched
by the places in PEPA nets. It is an area for future work toysthd differences and
similarities between these formalisms more closely.

In the performance arena our work has some resonances witbreaork by
Buchholz [6,7]. In this work Buchholz considered solutieahniques for Markov
processes which were specified in an hierarchical fashi@anmg that a num-
ber of component Markov processes were connected via arHighed model. The
higher-level model determines how entities move betweeeidevel models. The
lower-level models in Buchholz’s work were principally émded to be queueing
networks, so that the entities (customers) which move kbetwewer-level mod-
els are themselves without state and have no power to evodieendently. The
primary focus of the papers [6,7] is finding efficient solatiechniques for hierar-
chical models. Thus it is anticipated that it will be a frultbrea for future work
to investigate how Buchholz’s framework may be modified tcomemodate PEPA
nets.

9 Conclusions and further work

The PEPA nets formalism is new and, as yet, relatively urgmo\t is our belief
that it can provide a suitable framework for the descrippbperformance models
of systems which have distinct notions of changes of state e®perience with the
PEPA formalism has been that the combination of a well-ddffoemal semantics
for the language and the availability of a range of tools tplament the language
has enabled us and others to use it effectively in the pednoa modelling and
analysis of systems. By following a similar developmentipaé would hope that
the PEPA nets formalism could also prove to be useful.

The combination of a process algebra with a Petri net pregeahy opportunities
to import developments from the Petri net community intoghectices in the pro-
cess algebra community. Further, it is to be hoped that thegelopments can be
imported more directly through the use of a Petri net witlebtgic terms as tokens
than if one was to rework them and to re-apply them in the @m®edgebra context.

We have defined a language which provides an extension toERA Btochastic
process algebra by allowing a number of distinct PEPA maddbe arranged into
a net. These models communicate via the transfer of tokens éne place to an-
other. We have implemented this new language and applieddrme case studies.
In the light of additional experience gained from furtheseatudies it could be
possible that we would discover that other language coctstmould be helpful to
the modeller.
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One possibility would be an independent evolution of thegystem, akin to the
transport transitionsof Elementary Object Systems, where tokens are forcibly
moved from one place to another without the option to refagedr change state

in transit. We have omitted this feature at present becdgsems at odds with the
process algebra notion of every component having behaAaigditional language
design decisions and extensions remain as future work.

Other future work includes the continued development ofimplementation of
the PEPA Workbench for PEPA nets. The additional of a gragbleiditor for PEPA
nets is a likely next step with this tool.

Together with Norman and Parker at Birmingham we have récemtended the
PRISM probabilistic symbolic model checker [24] to suppgbd PEPA stochastic
process algebra as an additional modelling language. Aemsiin of that work to
support PEPA nets would greatly enhance our ability to erpant with models on
a large scale.
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A Semantics of PEPA

The semantic rules, in the structured operational styepegsented in Figure A.1;
the interested reader is referred to [20] for more detalfe fules are read as fol-
lows: if the transition(s) above the inference line can ermed, then we can infer
the transition below the line. The notatieg( E') which is used in the third cooper-
ation rule denotes the apparent ratexoh E.

A.1 Definition of PEPA nets equality on alphabets

The relation =, is used in the PEPA nets semantics. Its definition is strioght
ward but is included here for completeness.

P=,Q if alphP =alphQ

The alphabet of a PEPA nets component is the least set safjdfye following
equations.

alph (P P Q) = ((alph P) \ L) U ((alph @) \ L) U ((alph P) N L N (alph Q))
alph (P/L) = (alph P) \ L
alph (P[C]) = alph P
alph I = alph S wherel £ §
alph((e,7).8) = {a} Ualph S

alph(R + S) = alph RU alph §
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Prefix

(ayr)

(a,7).E — E

Cooperation

(a,r)
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Choice
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Constant
EYl g
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Fig. A.1. The operational semantics of PEPA
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