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Preface

Welcome to the proceedings of PASTA and Bio-PASTA 2009. This is our
favourite scientific meeting of the year bringing together established researchers,
early career researchers and PhD students all intent on a free and frank exchange
of important ideas and results. The nature of the group of attendees at the av-
erage PASTA workshop has always been conducive to just such a well-focused
forum as each are able to understand and appreciate each others’ work. In ad-
dition PASTA has a proven record of fostering successful collaboration efforts
from across institutes.

This is the eighth annual meeting for collaborators interested in stochas-
tic modelling. Continuing from last year, the workshop is now organised as
two themed days; one for researchers interested in biological modelling and the
specific challenges involved therein, and the other for researchers with a more
general interest in modelling through stochastic process algebras.

As with every year our mission at the PASTA workshop is to have as much
fun as we possibly can with a light sprinkling of scientific advancement. This
year we are competing with the attractions of the Edinburgh Festival and we
hope this will add to the enjoyment. Thanks for attending PASTA.

Special thanks to the Center for Systems Biology in Edinburgh (CSBE) and
the Scottish Informatics and Computer Science Alliance (SICSA) for supporting
the workshop.

Allan Clark and Maria Luisa Guerriero
26th August 2009
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The hybrid way to fluid-flow approximation
— Invited Talk —

Luca Bortolussi
University of Trieste, Italy

Abstract

Discreteness and continuity are two opposite ways of describing the
world. However, there are many situations, from engines to cells, in
which an hybrid description, mixing both such ingredients, seems more
adequate. In this presentation, we focus on stochastic hybrid systems.
We present Piecewise Deterministic Markov Processes, and we provide
a simpler description language, Transition-Driven Stochastic Hybrid Au-
tomata. Then, we will see how such formalism can be used to define in
a simple way a stochastic hybrid semantics for HYPE (an hybrid process
algebra focussing on flows) and for PEPA. Finally, we discuss convergence
theorems for the PEPA case.






Differential Analysis of PEPA Models*

Mirco Tribastone!

1 Introduction

Continuous-time Markov chains (CTMCs) are an established tool for the quantitative eval-
uation of systems, however the well-known problem of state-space explosion makes the
analysis intractable when the population sizes of the components under study are large. An
alternative technique for performance evaluation may be offered by deterministic models,
which use ordinary differential equations (ODEs) as the underlying mathematical structure,
approximating the temporal evolution of the population of inherently discrete entities in a
continuous fashion. Despite their apparently contrasting modelling approach, in many cir-
cumstances it is possible to establish a very useful relationship of convergence between the
stochastic and deterministic models, where the ODE is interpreted as the fluid limiting be-
haviour of a family of CTMCs associated with the model under evaluation and parametrised
by a system factor such as density or concentration [1].

The main contribution of this paper is to demonstrate that this result of deterministic
convergence holds for population models described with the process algebra PEPA [2]. This
objective is pursued by developing an operational semantics of the language which gives rise
to a compact symbolic representation of the CTMC of the model, from which it is possible to
infer the corresponding ODE representing its fluid limit. This semantics provides a formal
account of earlier approaches to deterministic interpretations of PEPA [3], and substantially
extends their scope of applicability by incorporating all the operators of the language and
removing earlier assumptions on the syntactical structure of the models amenable to this
analysis.

2 Population-based Semantics

The following example will be used throughout this section in order to illustrate the rationale
behind the population-based semantics of PEPA.

Example 1 (PEPA model with cooperation).

(€1,1) P = (ap).P
(€1,2) P = (B.p).P
(€2,1) Q = (0.9).Q
(€2,2) Q = (v.4)Q
System; = P[Np] D> Q[Ng]

{a}

*Extended abstract
TSchool of Informatics, The University of Edinburgh, Scotland, UK. Email: mtribast@inf.ed.ac.uk



Differential Analysis of PEPA Models

The reduced context of a PEPA model abstracts away from the actual population levels,
considering one representative sequential component in place of a parallel composition of
identical (i.e., isomorphic) components. In the running example, the reduced context is

MZp >1Q.
This minimal form contains the necessary information to determine the state descriptor
in the numerical vector form (NVF).

Definition 1 (Numerical Vector Form). Let N¢ be the number of distinct sequential com-
ponents in M. Let C; be the derivative set of the i-th component, i = 1,2,..., No and let
N; be its size, i.e., N; = |C;|. Let C;; denote the j-th derivative of the i-th component,
j=1,2,...,N;. The state descriptor in the NVF, denoted by € € Z¢,d = Ei\f:cl N;, assigns

a coordinate, denoted by &; ;, to each local derivative C; ; and indicates the number of copies
in the system which exhibit that derivative.

Definition 2 (Initial State of the CTMC). The initial state of the CTMC is denoted by
§ € Z% and gives an initial population level 0i,; > 0 to each local derivative C; ;. Without
loss of generality we exclude the case in which all the derivatives of a sequential component
are set to 0, by subjecting § to the condition Zg;l 03, > 0, for all i.

The coordinates in the NVF of the sequential components in Example 1 are in parenthesis
alongside the definitions.

As with the Markovian interpretation, at the core of this semantics is the notion of
apparent rate. Here this concept is modified to take into account the interpretation of the
reduced context described above.

Definition 3 (Parametric Apparent Rate). Consider a process P composed by sequential
components C; ;. The parametric apparent rate of action type a in component P, denoted by
rX (P,§), defines the overall rate at which the action type o can be performed by component
P as a function of the population sizes & of the sequential components of the system:

. f min( (P.6) 74 (Q.€) ifael
r“(PDﬁQ’E)‘{ e (P.E) 41 (0.6 ifadl

e/ ={ " L et

1 (Ci €)= St 7 (Cip) i

In the last definition, the behaviour of the other derivatives in the same derivative set
of C; ; is taken into account because each constituting sequential component in the reduced
context in fact represents an array of identical components, evolving through the local
derivatives C; i, 1 < k < d. In any state of the CTMC there may be at least one component
exhibiting each such derivative. These components will compete for the execution of some
shared action «, and the propensity of each derivative will be proportional to the population
level of the derivative and the individual rate of execution.

The population-based structured operational semantics for PEPA is shown in Table 1.
The rule for sequential components S constructs the relationship between the two se-
mantics. The premise is a transition of the Markovian semantics for a single sequential
component. By construction, the right hand side of the transition is in the same derivative

. (er,r) . . L. . . .
set, i.e., C; ; —— Cy j» = i =1'. Such a transition is said to be promoted to an inference
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Table 1: Population-based parametric structured operational semantics of PEPA. Transi-
tions are denoted by the symbol —, to distinguish them from the Markovian transitions
in PEPA which carry reals instead of functions.

Sequential Component Constant
(Promotion Rule)

. Cis Lo, Cijo Ci;€C . P M* p! s
RE (i) A AT
Cij ——x Cyjr A——=, P
Cooperation
(a7 (8)) (a,7(8))
pP———=, P Q —=, Q'
Co - (@r(©) gl O (@r(©) agl
PDLQQ’—_)*P/DLQQ PDLQQ’—%*PDLQQ’
P (a,r1(8)) PO (a,r2()) L 0O
Cs: — ,a €L,
P BLQ Q (a,l(&)) N P, [}Lﬂ Q/
7’1(5) TQ(&) . * *
r(§) = min (r}, (P,§),r; (@,§
O rgn gl he @)
Hiding
(a,r(&)) / (O‘?T(f)) ’
. plr@, p . plr®) p
Ho : (@ (@) cagl My () yacl
p/r ) pp p/L 2", pp

for the population-based semantics — the premise describes the behaviour of a single se-
quential component, whereas the conclusion gives the collective dynamics of the population
of components Cj; ;. This population evolves at an overall rate which is the product of the
individual rate and the number of components exhibiting this local derivative. The other
rules are syntactically similar to their counterparts in the Markovian semantics, however in
all cases the derivations carry as rates functions of the population vector. The following
derivation tree gives a transition for the shared activity with regard to the reduced context
of Example 1.

P (a,p) Pl Q (asQ) Q/

*

P (a,p€1,1) P 0 ) (o,q€2,1) L Q

p Eﬁ 0 (a,min(p€1,1,q82,1)) P Eﬂ} o

However, this information is not sufficient to obtain the behaviour of the entire system

under consideration, because the derivative gives only the first-step behaviour of the process.

The collective dynamics of the system is represented by the notions of derivative set and

derivation graph of M in the population-based semantics, which are defined in a similar
way to their counterparts in the Markovian semantics.

S

Cs

Definition 4 (Parametric Derivative Set). The parametric derivative set of M, denoted by
ds* (M), is the smallest set of PEPA components which satisfies the following conditions:
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o M€ ds*(M)

o If P € ds*(M) and there exists P w* P’ then P' € ds*(M)

Definition 5 (Parametric Derivation Graph). Given a parametric derivative set ds*(M),
the parametric derivation graph of M, denoted by D*(M) is a labelled directed multi-graph
(V, A) with vertices V € ds*(M) and arcs A € ds*(M) x L x ds*(M) where the number of
occurrences of an arc is equal to the number of distinct inference trees for a transition.

The transitions of D*(M) in Example 1 are:

P Ef}] Q (a,min(pé1,1,9€2,1)) N p’ E{}] Q/

B,p'€1,2) P [iﬁ Q/

(
!/ !
P{D;Q}Q

P/ ﬁ Q/ (’Y)q/£2y2) . P/ [{}ﬁ Q

P [i(}] Q/ ("/,q/fz,z) . P ?S Q

The parametric derivation graph leads to a set of generating functions of the CTMC,
i.e., functions of the state descriptor which give the transition rates to all the reachable
states of the system. These functions are parametrised by action types to keep track of
the additional information about which action type is associated with a transition. Let
I € Z% denote a transition jump, recording the changes in the population levels of £ due to a
transition of the chain. The generating functions are denoted by ¢, (£,1) : R? — R and give
the transition rate for a jump [ and an activity of type a. Thus, the entry in the generator
matrix corresponding to the transition from £ to £ 4, denoted by g¢ ¢4, can be written as

Geeri= Y Pal&D).

acA

The summation across A captures the fact that distinct action types may contribute to a
transition to the same target state, e.g., (o, p).P + (5, s).P.

A transition jump is calculated using the notion of indicator function, which gives the
coordinate in the NVF of the components in the parametric derivation graph of a model.

Definition 6 (Indicator Function). Let 1, ; € Z? denote a vector whose elements are all
zero except for the coordinate corresponding to the derivative C; j, which is set to one. Let
P € ds*(M). The indicator of P, denoted by ind(P), returns a vector whose non-zero
elements correspond to the indices in the population vector of the sequential components in
P. It is defined as follows:

ind(C; ;) = 1l

ind(A= P) = ind(P)

ind(P DLQ Q) = md(P)+ind(Q)
ind(P/L) = ind(P)/L

For instance, the indicator of P Eﬂ Qislhip=11L2s=0 1l =1, 1o =0. For
a transition in the parametric derivation graph, the jump is calculated as the difference
between the indicator of the lhs and that of the rhs of the transition. For instance, the
first transition has a jump with coordinates I, 1 = —1, 12 = 1, log1 = =1, lz2 = 1,
which correctly gives the changes in the population levels due to the execution of the
shared transition «. The complete set of generating functions is computed according to the
following definition.
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Definition 7 (Extraction of the Generating Functions). Let M be a PEPA model with
parametric derivative graph D*(M). The generating functions of the underlying population-
based CTMC are as follows:

maz):{ more) i3 pA2r©),

«P'c¢ Aandl=0%—ind(P)+ ind(P")

0 otherwise

where m is the arc multiplicity and 0% is the zero-vector in Z°.

For instance, the generating function implied by P ?ﬂ Q (o min(ps,1 962,1)) L P ?ﬂ Q' is

0o (&,1) = min (pé1.1, ¢€2,1), where [ is the jump vector discussed above.
Finally, a vector field F(x) can be inferred from the generating functions of a PEPA

model as
Fz) =Y 1Y palz,l) (1)
lezd «
and the underlying ODE is defined as
d
%) = F(z()). (2)
In components, the ODE underlying Example 1 is:
11 = —min(pwi,qre1)+p T2
T2 = min(px11,qv2,1) —p T12
To1 = —min(px11,qr21)+q 22
Tpp = min(px1,1,qr21) —q 222

This formulation makes it possible to establish a property of convergence for PEPA models
according to the interpretation by Kurtz [1], [4]. The result used here states that the
solution to a properly defined initial value problem with (2) is the fluid limiting behaviour
of a family of CTMCs in the sense of the following theorem.

Theorem 1 (cfr. [1], Theorem 3.1). Let {X,,(t)} be a family of density dependent CTMCs,
i.e., a sequence of chains with parametern € N taking values in Z¢ such that the infinitesimal
generator entries for X,(t), denoted by qe ¢41, can be described as

Qe+t =n-(§/n,1). (3)
Suppose that:
1. The functions o(x,1) are continuous.
2. There exists an open set E C R% and a constant Ly € R such that:
(a) |F() = FW)ll < Lellz—yll, zyek

(b) sup,ep D ieza |l p(2,1) < oo
(¢) limg oo SUP,cp Z|m|>k [l o(z,0) =0

Then, for every solution to the initial value problem of (2) subject to
z(0)=xz9 and z(t)eE, 0<t<T
the family {X,,(t)} converges to x(t) in the sense that

lim X,(0)/n=0=Ve>0 lim P (sup | X0 (t)/m—x(t)| > 5) = 0.
n—oo n—oo tST
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Figure 1: Density of component P in Example 1. One realisation of the scaled Markov

chain X,,(t)/n over the first three time units becomes closer to the solution of the ODE as
n increases. Parameter set: p =1.0,p' = 0.5,¢q = 2.0,¢' =4.0,6 = (2,0, 1,0).

3 Practical Implications

A family of CTMCs which satisfy lim,,_, X,,(0)/n = § can be taken by letting the initial
population levels be multiples of §, i.e. X,,(0) = nd for all n. This corresponds to increas-
ingly large state spaces as a function of n. For instance X (¢) is the CTMC with the system
equation in Example 1, Xa(t) corresponds to the initial state P[2Np] {Dﬁ ®@[2Ng], and so
on. The result of convergence intuitively states that, asymptotically, a sample path of the
CTMC X, (t) may be well approximated by n-x(t), over any finite time interval, where x(t)
is the solution to the initial value problem of the ODE with 2(0) = §. A pictorial represen-
tation of this result is given in Fig. 1, which shows that the ODE is a closer approximation
to sample paths of X,,(¢)/n for increasingly large n, with excellent accuracy at n = 1000.
In conclusion, the results presented in this paper give confidence on the soundness of the
differential analysis of a large class of PEPA models (the result of convergence does not hold
for models with passive actions because of the discontinuity of the generating functions for
expressing unbounded capacity). This approach is particularly suitable for large-scale pop-
ulation models, easily susceptible to combinatorial growth of the state space when expressed
with discrete-state techniques, providing accurate solutions with little computational cost.

Acknowledgements The author is supported by the EU-funded project SENSORIA,
IST-2005-016004. Numerous discussions with Jane Hillston and Stephen Gilmore have
helped shape this work.
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Richard A. Hayden Jeremy T. Bradley
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{rh,jb}@oc.ic.ac. uk

August 19, 2009

Abstract

We present a functional central limit theorem which quagdifas a stochastic process, the difference
between a PEPA model’s underlying CTMC and its fluid appr@tion. We generalise existing theory
to handle the case of non-smooth rate functions, which issurei particular to modelling problems in
computer science. We verify the weak convergence emgyriaall suggest future avenues for deducing
more analytic approximations from it.

1 Introduction

Fluid-analysis of performance models offers the excitingeptial of analysing massive state spaces at
small computational cost. In the case of stochastic proakggra models, fluid-analysis involves ap-
proximating the underlying discrete state space with cmtiis real-valued variables and describing the
time-evolution of those variables with ordinary differi@htquations (ODES). This approach was first ap-
plied to a subset of the stochastic process algebra PEPA/ [H]llston [2], have since been extended and
developed in a number of different directions in the litarat[3; 4; 5]. Furthermore, similar ideas have
been applied in other stochastic process algebra [6; 7] @ctiastic Petri net [8] formalisms.

Despite the successful and widespread application of ttexsmiques, see e.g. [9; 3; 10; 11], many
questions still exist regarding the relationship of theragjmation to the original stochastic model —
its underlying continuous time Markov chain (CTMC). In thgaper, we explore one avenue for better
understanding the relationship, a functional centraltlttreorem, which quantifies second-order deviations
from the first-order fluid approximation. The result is a éonbus state space stochastic process, which
lies between the fluid approximation and the underlying CTikl@&rms of accuracy and tractability.

In the following section, Section 1.1, we introduce the ktstic process algebra PEPA and in Section 1.2,
we introduce the fluid semantics by means of a simple clientés model for the sake of brevity. In
Section 2, we present the functional central limit theoremd aome examples, again in terms of the
client/server model. Then, Section 2.2 discusses the septation of the limit process as the solution
to a stochastic differential equation and the subsequeiviadien of its Fokker-Planck partial differential
equation. Finally, we conclude in Section 3.

1.1 PEPA

PEPA [1; 12] as a performance modelling formalism has beed ts study a wide variety of systems,
including multimedia applications [13], mobile phone usgf4], GRID scheduling [15], production cell
efficiency [16] and web-server clusters [17] amongst othdtss also adept at capturing large parallel
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software systems, such as peer-to-peer networks [9], tahmhie style of analysis considered here is
particularly suited.

As in all process algebras, systems are represented in PER#eacomposition oomponents which
undertakeactions. In PEPA the actions are assumed to have a duration, or délays the expression
(o, 7).P denotes a component which can undertakevattion at rate: to evolve into a componen®.
Herea € A whereA is the set of action types. The ratés interpreted as a random delay which samples
from an exponential random variable with parameter,

PEPA has a small set of combinators, allowing system degmmgto be built up as the concurrent execu-
tion and interaction of simple sequential components. Théx of the type of PEPA model considered in
this paper may be formally specified using the following gnaem:

S = (a,r).S|S+S5]|Cs
P = PHEP|P/L|C

where S denotes aequential component and P denotes anodel component which executes in parallel.
C stands for a constant which denotes either a sequential@oempor a model component as introduced
by a definition.Cg stands for constants which denote sequential componehgseffect of the syntactic
separation between these types of constants is to conkgahPEPA components to be cooperations of
sequential processes.

More information and structured operational semanticsBRAPcan be found in [1]. A brief discussion of
the basic PEPA operators is given below:

Prefix The basic mechanism for describing the behaviour of a systi#ima PEPA model is to give a
component a designated first action using the prefix comiipdénoted by a full stop, which was
introduced above. As explainefly, r).P carries out anv action with rater, and it subsequently
behaves a®.

Choice The componenP + @ represents a system which may behave eithé? asas(@. The activities
of both P and @ are enabled. The first activity to complete distinguishes ohthem: the other
is discarded. The system will behave as the derivative tisguirom the evolution of the chosen
component.

Constant It is convenient to be able to assign names to patterns ofimivaassociated with components.
Constants are components whose meaning is given by a de@nimation. The notation for this
is X £ E. The nameX is in scope in the expression on the right hand side meanity ftbr
example,X £ (a,r).X performsu at rater forever.

Hiding The possibility to abstract away some aspects of a compstmsitaviour is provided by the hiding
operator, denotef?/ L. Here, the seL identifies those activities which are to be considered irater
or private to the component and which will appear as the uwkrtgper.

Cooperation We write P D§ Q to denote cooperation betweéhand@ over L. The set which is used
as the subscript to the cooperation symbol, ¢heperation set L, determines those activities on
which the components are forced to synchronise. For actjpestnot inL, the components proceed
independently and concurrently with their enabled adgisit We writeP || @ as an abbreviation
for P D§ Q@ when L is empty. FurthermoreP[n| is shorthand for the parallel cooperationof
P-componentsP || --- || P.

N————

n

In process cooperation, if a component enables an activityse action type is in the cooperation 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 together to completatified activity. Once enabled, the rate of a shared
activity has to be altered to reflect the slower componentioaperation.
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In some cases, when a shared activity is known to be complé¢glendent only on one component in the
cooperation, then the other component will be mpalssive with respect to that activity. This means that

the rate of the activity is left unspecified (denofegland is determined upon cooperation, by the rate of
the activity in the other component. All passive actions nlygssynchronised in the final model.

Within the cooperation framework, PEPA respects the defmif bounded capacity: that is, a component
cannot be made to perform an activity faster by cooperasiothe rate of a shared activity is the minimum
of the apparent rates of the activity in the cooperating comepts.

1.2 First-order fluid analysis

For the sake of brevity, we will not formally present here floéd semantics for PEPA. It can be found in
different degrees of generality in the literature (e.g. 18; 5]). Instead, we will introduce the techniques
by considering a simple case study.

In the PEPA modebystem below, we have a population éfc Clients and a population a¥s Servers.
The system uses a 2-stage fetch mechanism: a client regisatérom the pool of servers; one of the
servers receives the request, another server may thentifietckata for the client. At any stage, a server in
the pool may fail.

Client = (request,ryeq). Client _waiting
Client_waiting = (data,rgaia)- Client _think
Client_think = (think, riping ). Client
Server 2 (request, 1req).Server_get + (break, ryreqr ). Server_broken
Server_get “ (data,rqata)-Server + (break, Tyreqr ). Server_broken
Server_broken 2 (reset, I'reset ). Server

System = Client[Nc| B Server|[Ns]

whereL = {request, data}.

Since each client and server can be in one of three derivattites, it is clear that this model hagc+Vs
states in its underlying CTMC, and thus it is quickly inti@ale to traditional analysis methods. Consider
the three integer-valued stochastic processes which toeimumber of théVs clients in each of the three
possible derivative states 6fient. Let these béV¢(t), N¢,, (t) andNg, (t) respectively. Similarly, define
for the serversNs(t), Ns, (t) and N, (t). Usingstrong equivalenceit is straightforward to show that the
partition of the state space into mutually exclusive suhsich that all of these stochastic processes take
on the same value in each subset, largpable partition, see [1, Chapter 8]. This allows these states to be
combined and the rates aggregated, resulting in a smallgtG;Tor which each state is specified uniquely
by the values of the six stochastic processes defined abaeall\this theunderlying aggregated CTMC.
Unfortunately, this simplification does not, in generalysdhe state space explosion problétdowever,

it is a necessary first step for deriving differential egoiasito perform the fluid analysis.

The idea of the fluid-analysis is to define deterministicl-wedued fluid approximations.(t) (defined by
ODESs) to the integer stochastic proces3é&). In order to construct the ordinary differential equation
which governs the evolution ef- (), for example, we consider the aggregate CTMC rate at whiéint
components are lost in the model and the rate at which thegaired, balancing the two quantities in
terms of the fluid approximations(t):

0o (t) = —min(ve(t), vs(t))rreqg + vo, (E)Tthink (1.2)

lindeed, the aggregated state space of this model consigistaritially %(2 + Ne)(1 + Ne)(2 + No)(1 + Ng) states. For
N. = 100 and Ns = 50, this is6, 830, 226 states. In general, the size of the aggregated space graeldygas the number of
possible derivative states increases.
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That is, Client components are lost only through evolving i@ent _waiting components. This happens
by virtue of completing arequest shared action with &erver component, at the aggregate CTMC rate
min(N¢(t), Ng(t))rreq. Client components are gained only throu@hent _think components complet-
ing their think action at aggregate CTMC raféc, (t)r k. Similar considerations for the other client
and server components lead to a complete set of six ODEseTagsthen be inexpensively integrated to
obtain thev.(t) as deterministic, real-valued functions.

In the case of a general PEPA model, assume that we have a-vatiied stochastic proceb§t), defined
onR; taking values iz} ¢ RY, for someN € Z... Each component of this process counts the number
of a particular derivative state currently active in a platajroup of the model, of which there argé
derivative states in total, across all parallel groups.

Analogously, we define the vector-valued deterministicfionv(t), also defined of® . and taking values
inR" to be the first-order fluid approximation of this model. Weumss that it is defined uniquely by the
following system of differential equations:

and the initial conditionv(0) = N(0). That is, the deterministic functioh: RY — R corresponds
component-wise to the rate at which each derivative stateismented, minus that at which it is decre-
mented, in a given state of the model. In the case of the ab@rage, we have:

n==~06
N(t) = (Nc(t), Ncw(t), NCt(t)7 NS(t)v NSg (t)v Nsb(t))T
V(t) = (Uc(t), oM t)v Jen (t>7 Us(t), Vs, (t>7 vs, (t))T

and:

- min(vs (t)v vc (t))rreq + ve, (t)'rth,mk
—min(ve, (1), vs, (t))7data + min(vs(t), ve(t))rreg
f(V(t)) = ) —vc, (t)rf,hink + min(vqw (t)) vs, (t))rdata
—min(vs(t), ve(t))rreqg — Vs(E)Tbrear + min(ve, (t), vs, (£))7data + Vs, (£) 7 reset
—min(ve, (1), vs, (t))7data — Vs, ()T brear + min(vs(t), vo(t))rreq
—Ugs, (t)rreset + ng (t)rbreak +vg (t)rbreak

To see in more detail how an arbitrary PEPA model can be repted in such a manner, the reader is
directed to [18]. Furthermore, it is clear that similar misda other related formalisms might also be cast
into such a representation, thus extending the scope gb#ipisr beyond just PEPA.

The following theorem, which can be proved using a result oftK[19], is now relatively well known in
the community. It gives a limiting convergence in probapitielationship of the first-order fluid analysis
to the underlying CTMC, over bounded intervals of time. T¢usvergence occurs when the component
counts are scaled by the population size and is thus agpéntin the relative error of the first-order fluid
analysis decays in the limit of large populations.

In order to state the theorem, consider a sequence of PEPAIswtich have the same structure of parallel
component groups and differ only in terms of the size of th@ponent populations within these groups.
Furthermore, we require that they all have the same initigprtion of each component type in each case.
Let {IN‘(¢)}5°, be the associated stochastic counting processes in thigonathove, and for eachwrite
S; := Ni(t)+---+ Ni(t) for the total component population of model So our requirement of constant
initial component type proportions is stated formally as:

i J

N’“—(O) = Nk’—(o)foralli,j>0andke {1, ..., n}

Si S
In the case of PEPA, it is relatively straightforward to seattfor anyx € RY, f(kx) = kf(x) for all
k € Ry. Furthermore, since our sequence of PEPA models differ ionlgrms of the initial component

2This does not depend drbecause the PEPA operational semantics preserve compmygnations.
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(t) —— v(t) ——
10 Client, 5 Server N(ty/S Client trace 10 Client, 5 Server N(t/S Server trace
50 Client, 25 Server N()/S Client trace ----- 50 Client, 25 Server N()/S Server trace -----
o6 200 Client, 100 Server N(1/S Client trace -~ | 0a 200 Client, 100 Server N(t)/S Server trace - |
& 400 Client, 200 Server N(/S Client trace - - -~ - 400 Client, 200 Server N(t)/S Server trace - - -

Rescaled component counts
Rescaled component counts

Fig. 1. Comparison of ODE approximation with scaled traces of @fiéent and Server counting processes for the client/server
model. Rates used arg.; = 3.0, 7¢pink = 0.3, Tpreak = 0.3, "gata = 1.0 @Nd7ryeser = 0.2.

counts, it is easy to see that the functign) is the same for any. These two facts together mean that
we need only define the fluid approximation¥d (¢), say,v(t) for a particular value of, and the fluid
approximation for any otherrcan be defined in terms of it. Indeed, for anyj > 0, if v(¢t) = f(vi(t))
andv?(t) = (v’ (t)) with initial conditions,v*(0) = N*(0) andv’(0) = N7(0), respectively, we have:

vi(0) = vI(0) x Si andv'(t) = vJ(t) x i forall ¢ >0
Sj Sj

Thus we choose only to consider the quantity) := v'(¢)/S;, for all t > 0, which we have just seen is
independent of. The theorem can then be stated in terms of these quanttiegi@aws.

Theorem 1.1 If S; — oo ast — oo, then, for alls > 0 andT > 0:

IP’{ sup } ||Ni(t)/Si —v(t)]| > (5} —0

tel0, T

asi — oQ.
Proof. See Kurtz [19]. O

Figure 1 shows the effect of this theorem for the client/seexample.

2 Second-order approximation (FCLT)

The purpose of this section is to improve upon the fluid apjpnation of a PEPA model's underlying
CTMC by constructing a second-order stochastic approximab the deviation of the CTMC from the
fluid limit. An approach is given in another paper by Kurtz J28ut cannot be applied directly since we
are working with non-smooth rate functions.

However, we will show in this section that we can generaligetheory so that a second-order stochastic
limit does hold, at least as long as the first-order fluid apipnation is sufficiently well-behaved. The
proof will draw heavily on results found in [21, Chapters & 11].

Itis worth mentioning here that the presence of non-smaagsim the rate functions is not unique to PEPA.
Indeed, non-smooth rate functions are also found in coatisgtochastic Petri nets [8] and it would appear
that the minimum function in particular is the natural mettod modelling synchronisation in the field of
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computation. Itis therefore important that we are able td déth non-smooth functions when constructing
stochastic approximations.

In the next section, we illustrate an alternative represént of a PEPA model, which will lead more
naturally to the second-order stochastic approximation.

2.1 Random time change representation of PEPA models

The operational semantics of PEPA [1] specify the undegl@giMC (both aggregated and unaggregated)

for a given model. In particular, this is normally achievadiugh the specification of the instantanenous

transition rates between states. In this section, we iilltssian alternative representation of the aggregated
CTMC in terms of simple stochastic primitives, which leadsrereadily to the stochastic limit of interest.

We will work in the same framework as before with our sequenfcstructurally identical PEPA mod-
els, with underlying aggregated CTMCEN'(¢)}°, and fluid approximationy(¢). However, we must
now consider the transitions in the aggregated state spaogdually. For example, in the case of the
client/server model, the transitions in the aggregatee sf@gace can be enumerated as:

1. request-transitions of oneClient to one Client _waiting and oneServer to oneServer_get at rate
min(Ne(t), Ns(t))7req,

2. data-transitions of oneClient _waiting to one Client_think and oneServer_get to oneServer at
ratemin(N¢,, (t), Ns, (t))7data.

w

. think-transitions of one&lient _think to oneClient at rateN¢, (¢)rihink

3

4. break-transitions of one&erver to oneServer_broken at rateNg ()7 preak

5. break-transitions of oneServer_get to oneServer_broken at rateNs, ()ryreak
6

. reset-transitions of one&erver_broken to oneServer at rateNg, (t)7reset

In the more general case, we might represenffhteansitions in the aggregated state space by a sequence
of jump vectors{1* € ZN}K | specifying that if thekth such transition occurs at timeN () = N(t—) +

1¥, and a sequence of rate functiofig¥ : Rf — Ry }HE || specifying the aggregate rate of each transition.
For the example abové( = 6) and in that order of enumeration, we would have:

1'=(-1,1,0, -1,1,0
12=(0, -1,1,1, -1,

FH(x) = min(21, £4)7req
7
3(x) = x37think
(
(

X) = min(xg, m5)70(1(1‘“;

)

0)
1°=(1,0,-1,0,0,0) f
1 =(0,0,0,-1,0,1)  f4x) = 24Tprear
1°=(0,0,0,0, -1, 1)  f5(X) = 257break
1°=1(0,0,0,1,0, 1)  f9(x) = 26T reser

We now consider a probability space equipped withmutually independent standard (rate 1) Poisson
processes, sayP* (¢)}1_, with the intention thaf*(¢) corresponds to transitidn It can then be shown
that we may represeiN’(t) on the same probability space as the unique (in terms of gapgihs) solution

to the following equation:

N(t) = N(0 +ZP’“</f’“N1 ds)lk

keK

It is also true that defining the CTMQY(¢) in this manner is equivalent in distribution to the usual
instantaneous transition rate construction, for gadtis is probably fairly intuitive and we do not go into
details here. This so-callethndom time change representation [21, Chapter 6] is very useful for analysis
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since we are able to consider the entire family of proce42€4(t)}¢°,, on the same probability space in
terms of the same small number of stochastic primitié¥:(¢)}X_, . Itis a key device used in the proof
of the functional central limit theorem, which follows.

Theorem 2.1 LetT > 0 and letT be the subset dft € [0, T)} for which£(-) is not totally differentiable
at the pointv(t). We require tha' has Lebesgue measure zero. Then on aj0of’) \ T, f(-) has a
well-defined Jacobian at the pomtt), sayD f(v(t)). Extend this to all point§v(t) : t € [0, T)}, say

by defining it to be the matrix of zeros at timesin
Then ifS; — oo asi — oo, then:

N'(t)
N VSiv(t) = E(t)

where:

B~ | "DEv(s) - Bls)ds + 3 W (/ t PHCv(e) ds ) 1

keEK

{Wk#)}£ | is a sequence oK mutually independent standard Wiener processes (aka Baowno-
tions) and the convergence is weak convergencm@ [0, T'), the space dR -valued cadlagfunctions,
equipped with the Skorohall topology.

Proof. We do not present the proof in detail in this paper, howeverrag brief outline is given in Ap-
pendix A.1. O

This theorem suggests the following approximationifxt):

Ni(t) = S;iv(t) + /S E(t)

Figure 2 shows some comparisons of traces of this secoret-apbroximation with traces of the actual
underlying CTMC for the client/server model. We see the @mes of the expected statistical regularity be-
tween the two processes. More useful, however, to valithetestsults of the above theorem is a comparison
of the root-scaled divergence of the fluid approximatiomfithe CTMC:

NE(t) — Siv(t)

with its approximating proceds(¢). Figure 3 shows trace comparisons of these two stochasttepses
and we can see that as we increase the component populdtierstatistical regularity between the two
processes does appear to be increasing.

2.2 SDEs and Fokker-Planck equations

Itis possible to show that the stochastic prode&y defined above is equal in distribution (@M [0, 00))
to the unique solutiorE(¢) of the following (It'0) stochastic differential equatiGO(E):

dE(t) = u(E(t), t)dt + o(t) dW (1)
whereu(x, t) : RY x Ry — RN ando(t) : Ry — RY*K are defined by:
u(x, t) i= DE(v(1)) - x

o(t) = (1 x m)j

andW (t) is a K-dimensional standard Wiener process.

3Continue a droite, limitée & gauche, that is, right aamius with left limits.
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T T T T T T
100 Client, 50 Server second-order approximation Client trace 100 Client, 50 Server second-order approximation Server trace
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Fig.2. Comparison of second-order approximation traces withesaaf the Client and Server counting processes for the
client/server model. Rates used arg; = 3.0, rpink = 0.3, T"break = 0.3, Tdata = 1.0 andrreser = 0.2.
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Fig. 3. Comparison oE(¢) traces forClient components with traces of the corresponding root-scalestgince of the CTMC from
the ODE approximation for the client/server model. We showeé figures, increasing the total component populatioh &ate.
Rates used ar@fflq = 30v Tthink = O3v Tbreak = 03v Tdata = 1.0 andT’reset =0.2.

Furthermore, from this, we may derive the Fokker-Planckiglatifferential equation (PDE) (see e.g. [22]),
which governs the evolution of the time-dependent prolzgiwensity,p(x, ¢) : RY x R, — R, of E(t)
(and thus also oE()). To state this equation, define figgt(x, ¢) : RN x Ry — Randg?;(t) : Ry — R
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by:
9; (X, t) = /M(X7 t)
1 K
g5 () = 5 oullou(®)
k=1

then the Fokker-Planck PDE is:

dp ) 1 Sl 2 0
o g Dy 19100 006 O]+ 3 D05 0) 5 [p(o 1)

Solving this analytically is possible only in a few speciakes, however, numerical integration may be
possible whereV is not too large. This would provide a route to direct appmation of probability
distributions of interest in the original CTMC. Furtherreoisince in our case; and thUngj have no
dependence on the state vector, we are actually dealingasiplecial subset of the general class of Fokker-
Planck equations, which may yield more easily to humericiuton, or otherwise. It is also highly
probable that simpler systems of equations can be extr&atedhis PDE for specific quantities of interest,
such as first passage-times and steady-state distribugibog which will be investigated in later papers.

3 Conclusion and future work

We have presented a functional central limit theorem whigangjfies, as a stochastic process, the dif-
ference between a PEPA model's underlying CTMC and its flpigreximation. Our work is based on
a generalisation of the theory found in [21] to handle theecafsnon-smooth rate functions. We have
demonstrated the convergence empirically using stochsistiulation and outlined avenues for exploiting
it more analytically in future work.
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A Proofs

A.1 Proof of Theorem 2.1

We work with the random time change representatioNéft):
N'(t) = N*(0 +ZP’“</ TN (s )ds)l’“
keK
By Corollary 5.5 and Remark 5.4 of [21, Chapter 7], we mayestia¢ following lemma:

LemmaA.1 A standard (rate one) Poisson procé3g,), can be constructed on the same probability space
as a standard Wiener proceBs(t), such that the random variable:

P(t)y—t—W(t
7 := sup |1P() ® < oo almostsurely
teR | log(2 V1)

Using this lemma, we may construct our CTMC proces$®E,(t)}5°, on a probability space equipped
with the requiredk” mutually independent standard Poisson procegs@(t)} £ | but also withK mu-
tually independent standard Wiener proces$€g’ (¢)}5_,, such that, we may also define the random
variables{Z*} K -

Pr(t) —t — Wkt
ZF .= sup P2 (®) W2 < oo almost surely
teR, log(2 V)

Moreover, define for each < i < oo, W i(t) := \/%W’“(Sit), and note that eac’* () is also a
standard Wiener process by self-similarity. Then we mayewri

k o Tk, 0 )
2t sy [PHO =t = VEWR (15
teRy log(2 V )

forall 1 <7 < co. This allows us to derive the following strong approximatiesult:

N = N0+ [ f (g ase >0 vEws (¢ [ NG (') ds) 1+ Ofogs1)

keK

almost surely. A direct comparison &M with E(¢) as defined in the statement of the theorem,
using this strong approximation then y|elds the result. Wit durther details here. O
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Abstract

Qualitative reasoning (QR) is a technique integrating the fields of AI and systems theory,
whose aim is to be able to reason about the behaviour of systems with uncertainty in
parameter values and in the exact quantitative dynamics. Traditionally applied to the
study of the dynamics of physical systems, QR has been usually considered in a deterministic
setting. Here we investigate the application of a QR approach to the analysis of continuous
time Markov chains (CTMCs), and we focus on the application of probabilistic fluxes analysis
as a first experiment in this context.

1 Introduction

Qualitative reasoning (QR) is an approach to analysing dynamic systems at a level of abstraction
which disregards precise quantitative parameters but nevertheless is able to derive information
about the possible behaviours which might be exhibited by the system [6, 7]. It has been pri-
marily studied in Al and can be regarded as a form of knowledge representation. It is sometimes
likened to common-sense reasoning, the analogy being that we can all predict the behaviour of
many physical dynamic systems, such as the swinging of a pendulum, without having to analyse
the differential equation which precisely governs that behaviour. Motivations for QR include
uncertainty about parameter values, uncertainty about the initial conditions of the system, or
even explicit uncertainties in the model, for example with stochastic differential equations [4].
Applications of QR include diagnostics, fault prediction, planning, argumentation and explana-
tion.

Recently QR has been proposed in the context of systems biology [1, 5]. In biochemical
systems biologists often characterise behaviour based on the qualitative trends of proteins con-
centrations rather than quantitative amounts. There are several reasons for this:

e parameter values for models of biochemical systems are rarely known in detail;
e the models themselves may be based on partial knowledge and speculation;

e difficulties in exactly repeating the same experiment, and the indirect forms of measurement
used, make it difficult to characterise a behaviour quantitatively.

Given its origins in modelling physical systems QR is usually applied to systems of differential
equations which have deterministic behaviour. The motivation for this paper is to consider
whether there is scope to develop an approach to QR for stochastic models of dynamic behaviour.
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tUniversity of Edinburgh, Scotland, UK. Email: mguerrie@inf.ed.ac.uk
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ODEs

VRN

landmark values qualitative constraints
and intervals

NS

qualitative model
e.g. QDEs or phase diagrams

7N

qualitative simulation envisionment
possible sequences of qualitative states all possible qualitative states and the
that a system moves through nondeterministic transitions between them

Figure 1: Schematic view of QR reasoning.

This is preliminary work and the current paper is intended to explore the issues which may be
involved rather than present any definitive answers.

2 Qualitative Reasoning

A number of different styles of qualitative modelling have appeared in the literature but they
all start from a continuous, generally deterministic, representation of the dynamics of a system,
usually as a set of ordinary differential equations (ODEs). Abstraction is applied to the system
so that rather than look at the continuum of possible values for variables within the equations,
instead a discrete set of intervals is identified. The boundaries between intervals are important
and termed landmark values for the variables. In the simplest case the landmark values might
be just —T,0, T, creating the intervals (—T,0) and (0, T) i.e. we only distinguish whether a
value is negative or positive. If the differential equation governing the behaviour of the variable
includes higher derivatives (i.e. the differential equation is higher than first order) each derivative
is treated as a distinct variable. Thus if we consider a ball thrown vertically into the air, its
height at time t is given by

1
z(t) = —ggt2 + vt + x9

and the variables correspond to the height and the velocity. The height may be positive or 0,
whereas the velocity may be positive, negative or zero.

Which ever style of qualitative modelling is used, the steps of QR are broadly the same
and as illustrated in Figure 1. The potential qualitative states can be found by considering the
product space derived from the qualitative states of each variable. However, in general it will
not be possible to reach all these states as the dynamics of the system places constraints on its
behaviour. For example, once the velocity of the ball has reached zero it is no longer possible
for the height of the ball to increase. Applying the qualitative constraints to the product state
space reduces it to the qualitative model which may be represented as a phase diagram or a set
of qualitative differential equations for example. In essence this captures which combinations
of intervals and values for variables are valid. This representation may then be subjected to
simulation to derive valid trajectories, or envisionment. An envisionment is the state transition
diagram for the qualitative state space. It may be either a total envisionment, considering all
valid states, or an attainable envisionment, showing only those states reachable from known
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initial conditions.

In some systems we may gain more understanding of the behaviour of the system if as well as
the qualitative value of state variables we also have qualitative information about its derivative.
For example, if we consider a swinging pendulum, knowing that the velocity is positive does not
characterise the different behaviours in different parts of the trajectory. However if we also know
how the rate of change of velocity is varying we gain a more complete view of the behaviour. Thus
some QR systems incorporate not just variable intervals and landmarks into their representation
of qualitative states, but also derivative intervals and landmarks [2].

There has been some work interpreting the envisionment as the state transition diagram for
a Markov process and then subjecting it to usual Markov analysis [4]. In this case probabilities
must be attributed to each of the transitions within the state space. In [4] this is done using
a relative frequency argument. Doyle and Sacks work with a phase transition QR model and
choose the probabilities according to the proportion of points within the volume of phase space
corresponding to the abstract state which will follow a trajectory leading to another abstract
state within one time unit. Once the Markov chain is generated they propose analysing it to
identify transient and ergodic states, as well as usual Markovian analysis to find steady state and
time to absorption in the case of an absorbing Markov chain. Note that this is quite different
from what we are interested in. Here the stochasticity is added only after the derivation of the
qualitative state space as a means to assess which (deterministic) behaviour is more likely. We
are interested in replacing the dynamic model on which the QR is based by a continuous time
Markov chain (CTMC).

3 Flux-based Analysis: a First Experiment on Stochastic
Qualitative Reasoning

We will consider CTMC models which might arise from consideration of systems composed of
interacting components, for example PEPA models. Thus the dimensions of our CTMC will
correspond to the possible local states of the components, and our state representation will be
the count of the number of components exhibiting each local state. These will be variables which
QR would seek to abstract. Therefore note that the high/low style of PEPA modelling, and Bio-
PEPA with levels, could already be viewed as qualitative representations of the system, with the
PEPA /Bio-PEPA semantics providing the qualitative constraints, and the derived state space
being an attainable envisionment.

However this is not the focus of our current experiment. Here we aim to investigate al-
ternative, possibly more abstract, ways of viewing the dynamics of a CTMC. In general, the
quantitative dynamics of CTMC are studied in two ways.

e By simulation, in which one possible trajectory through the state space is generated at a
time, exhibiting one possible result of the stochastic choices within the system. Multiple
trajectories must be generated before any conclusions can be drawn about the behaviour of
the system. However the behaviour which is observed is definitive in the sense that there
is a clear progression from state to state.

e By numerical solution of the state probability distribution, considering all possible be-
haviours at the same time. Here what is observed is not a progression from state to state
but a shifting of probability mass within the probability distribution as some states become
more likely than others over time.

It is not straightforward to map either of these directly to the ODE characterisation of system
dynamics on which QR is usually based. Like simulation the ODE could be regarded as a linear
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time view, as a single trajectory is observed. However, in many ways this trajectory is related
to the expected value of state variables which might be observed in numerical solution of the
CTMC as the ODE dynamics allows all possible actions to occur at once. In other words the
ODE trajectory corresponds to the expected value of the state variables in the CTMC. Thus we
have chosen this latter view of the CTMC and wish to consider how analysis of the probability
distribution and the forces governing its evolution may be used for QR.

CTMC models are characterised by a steady-state and a transient window. Starting at time
t = 0 the model eventually reaches its steady-state within a given time t55 > 0. The time interval
[0, tss] is the transient window of the CTMC model. However note that this notion of steady-state
is quite different to that considered in the QR literature, where due to the deterministic nature
of the dynamic model the steady-state is a single, absorbing state.

In the rest of this section we focus on probabilistic fluzes into/out of a given state of a (finite
state) CTMC model, and we investigate their use for the analysis of the (qualitative) dynamic
behaviour of the CMTC. First we give a few relevant definitions, and then we show the result
of flux-based analysis on a few simple systems.

An (n>1)-dimensional CTMC M is characterised by a set of n non-negative integer valued

variables (X1, X2, .-, X™), and a state s; = (sc;, x?, -+, a%) € S is an n-tuple representing the
values of each variable X? in state sj.
A transition ¢ : s; — s (with s; = (le,xf, , ) and s = (z},23,--- ,z})) such that

Q(sj, k) > 0 is called an X i—incr@asing transition if and only if (% <j,). Similarly, g is called
X'-decreasing iff (v} >w}), and X -invariant iff (z%=z7).

Given an n-dimensional CTMC M = (S,Q,s0), a state s; = (x]lmcf, ,77) € 5, and a
variable X¢ (with 1 < i < n), we define Eii(s;), B-i(s)), E=i(sj) < E(s;) as the outgoing
rates from state s; corresponding to, respectively, X*-increasing, X*-decreasing and X"-invariant
transitions (and we call them X*-increasing, X'-decreasing, and X'-invariant outgoing rates).

Formally, they are defined in Eq. (1), Eq. (2) and Eq. (3), respectively.

Zlgkgm,k;éj Q(sj, sk) if 2% <}

Eyi(sj) = (1)
0 otherwise
Di<k<m iz QS5 Sk) if o} >y

E_i(s;) = (2)
0 otherwise
Zlgkgm,k;éj Q(sj, sk) if 2} =y

E_i(sj) = (3)
0 otherwise

These tell us the rates of change to particular variables in particular states but since we view
the system through its probability distribution we need to instead consider the expected values
for these rates of change, i.e. the probabilistic flux. Given a state s € S, and a time instant
t € Ry, we define the instantaneous state out-fluz as follows.

Definition 1 (Instantaneous state out-flux) The instantaneous state out-flux for s at time
t is defined as:

flux(s,t) = w(s,t) - E(s) = w(s,t) - —Q(s,s) .

The out-flux for state s at time ¢ is computed as the product of the transient probability of
being in state s at time ¢ (i.e. 7(s,t)) multiplied by the emanating rate from s (i.e. the sum of
rates of all its outgoing transitions).
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We can now define the i"-dimensional instantaneous state out-flur and the it"-dimensional

instantaneous total out-flux.

Definition 2 (Instantaneous i*"-dimensional state out-flux) The instantaneous i‘"-dimen-
sional increasing/descreasing/invariant state out-fluxes for s at time t (with 1 < i < n) are
defined as:

Fluzy, (5,1) = 7(s,) - Byi(5)
fluz_,(s,t) = 7(s,t) - E_;(s)
fluz—,(s,t) = 7(s,t) - E—;(s)

where E1;(s), E_;i(s), E=i(s) < E(s) are the X'-increasing, X*-decreasing, and X'-invariant
outgoing rates from s.

The i**-dimensional increasing/decreasing/invariant state out-flux are, hence, the portions of
flux(s,t) corresponding to, respectively, X'-increasing, X'-decreasing and X‘-invariant transi-
tions.

The X'-instantaneous gradient state out-fluz, denoted as fluxs;(s,t) is defined as the differ-
ence between the increasing and the decreasing fluxes:

fluzsi(s,t) = fluxy,(s,t) — flux_,(s,t) .

Definition 3 (Instantaneous i‘"-dimensional total out-flux) The instantaneous i*"-dimen-

sional increasing/descreasing/invariant/gradient total out-fluxes at time ¢t (with 1 < i < n) are
defined as:

fluwi(t) = fluz (s, t)

ses

fluz_;(t) = Z fluz_;(s,t)

seS

flux—;(t) = Z fluz—;(s,t)
ses

fluzs;(t) = Z fluzs;(s,t)

seS

The total i**-dimensional out-fluxes (increasing/decreasing/invariant /gradient) for the CTMC
M at time ¢ are the sum, over all states of M, of the i*"-dimensional increasing/decreasing and
invariant/gradient fluxes at time t (again, for the sake of readability, M is omitted from the
notation of total fluxes).

Definition 4 (i*-dimensional flux analysis of CTMC) Let T = [t1,t2] be a time interval
(with t; < ta € RY), F € N* be the sampling frequency of T, and A = ||(tLFt1)|| be the
sampling period denoting the amplitude of each sub-interval of T. The it"-dimensional flux
analysis for a given CTMC M owver the time interval T is achieved through calculation of the
increasing/decreasing/invariant/gradient fluzes for M over the time interval T and with respect
to the sampling period A.

In the next section we show some results of the flux-analysis for a few simple models.
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3.1 Flux analysis of CTMC: Some Examples

We consider few examples of multi-dimensional CTMCs modelling elementary biochemical sys-
tems. The number of dimensions of each such a CTMC corresponds to the number of biochemical
species in the considered system. In each one of the following examples we calculate the positive,
the negative, the invariant as well as the gradient flux of each dimension (i.e. species). We discuss
the obtained results by comparing the flux behaviour with classical transient analysis.

311 A—-B-—-C

We consider the 3-dimensional CTMC model corresponding to the biochemical system described
by reactions:

A— B

B—C )
Equations (4) are an example of simple closed system (i.e. the total population is invariant)
representing the transformation of molecules of a source species A into molecules of a target
species C' via an intermediate species B. For simplicity we assume the two reactions to be bal-
anced (i.e. having the same rate) and we consider an initial configuration with only 10 molecules
of A (i.e. we assume (10,0, 0) to be the initial state). We observe that the corresponding CMTC
has (n + 1)(n + 2)/2 states (where n = ag is the initial amount of A) with exactly one deadlock
state (i.e. (0,0,7n)). The dynamics of such a system is intuitively pretty simple: starting at time
t = 0 species A will monotonically decrease to 0, while its dual, species C, will monotonically
increase to n = 10. On the other hand the intermediate species B will have a peak correspond-
ing to the progressive transformation of A into C. The transient behaviour of species A, B
and C' is depicted in Figure 2, where each line represents the instant reward of a version of the
CTMC model with state rewards (i.e. rewards corresponding to the level of each species have
been assigned to each state of the chain): this corresponds to the expected value of the species at
that time. Figure 2 reflects the intuition with A and C' monotonically increasing and decreasing,
respectively, throughout the transient window, and with B peaking after about 1 time unit.

Figure 2: Instant reward (transient analysis) of the A — B — C model.

The interpretation of fluxes is also in compliance with the intuitive description of the system
behaviour, however it requires a little bit more thinking. With respect to the positive fluxes (Fig-
ure 3(a)) we observe that A-positive flux (blue line) is constantly null, as A cannot increase at
all in this system. On the other hand, B-positive flux (green line), starting from its maximum
level (corresponding to the maximal rate of conversion of A into B), steadily decreases up until
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all A molecules have turned into B molecules. Finally the C-positive flux for (red line) shows a
peak representing the maximal speed at which C' is produced and which happens slightly after
B has reached its peak (i.e. at ¢ = 1, compare the green line of Figure 2 with the red line of
Figure 3(a)), which is: when half of the A molecules has turned into B molecules. The inter-
pretation of the negative fluxes (Figure 3(b)) and invariant fluxes (Figure 3(c)) can be devised
similarly. Finally we spend a few words commenting on the gradient fluxes (Figure 3(d)) be-
cause they provide the most significant source of qualitative information about the dynamics
of a CTMC model. Figure 3(d) illustrates the qualitative behaviour of the system within the
transient window. Specifically we observe that A-gradient flux (blue line) is always negative,
signifying that the overall amount of A will constantly decrease. On the other hand, C-gradient
flux (red line) is always positive, meaning that the overall amount of C' will only increase in the
system, although the presence of a peak tells us that the speed of such growth will progressively
slow down after an initial acceleration. Finally, B-gradient flux (green line) spans from (strongly)
positive to (weakly) negative, meaning that after an initial fast growth, the increase in B will
slow down and eventually turn into a decrease.

A ->B ->C -- A=10, B=0, C=0 -- UP flux A ->B ->C -- A=10, B=0, C=0 -— DOWN flux
10 T T T T 105 T T T -
| A = A
—B —B
87l —+C 8" —C
x
% 2
>
z s
o
=) (e}
a
6 8 10 4 6
Time Time
(a) fluxya, fluzyp, fluzic (b) flux_a, flur_p, flur_c
A ->B ->C —— A=10, B=0, C=0 —— CONST flux A ->B -> C —— A=10, B=0, C=0 —- DIFF up—down flux
10 T T T T 1 T T T -
\Jr —-=A | A
| -8 -8
8 J&r —+C % 5 x —C
X ‘
2l g A
ol g
%) + T 05 g
z it &
O 4 hy >
© 3 t
X 8 -5
2
3
0 2 4 6 8 10 1% 2 4 6 8 10
Time Time
(¢) fluzx=a, fluz—p, flur—_c (d) fluzsa, fluzsp, fluzse

Figure 3: Fluxes calculation for the A — B — C model.

3.1.2 A 3-way oscillator.

As a further example of CTMC flux analysis we consider a slightly more complicated system,
known as the 3-way oscillator [3]. The model is (as in the previous case) a 3-dimensional CTMC
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model corresponding to the biochemical system described by the following 3 + 3 reactions':

basic reactions doping reactions
Dy+B— A+ Dy
Dg+C — B+ Dp
Dc+A— C+ Dg

A+B— B+ B
B+C—-C+C
C+A—- A+ A

Species D4, D and D¢ represent doping substances for the main species, respectively A, B
and C. Stochastic simulations show a permanent oscillation for the above system: the levels of
molecules for the three species A, B and C fluctuate permanently and in a co-ordinated fashion.
The presence of the doping reactions guarantees that the oscillation does never stop. In this case
the resulting CTMC model is finite-state and ergodic (no deadlock states). We also consider
the no-doping variant of such model, whereby doping reactions (and species) are removed. In
this case the system still oscillates; however, the oscillation damps down in finite time (i.e. the
underlying CTMC has 3 deadlock states corresponding to all molecules accumulating in either

A, Bor C).
oscillator doping — A=50, B=5, C=5 —— UP flux oscillator doping —— A=50, B=5, C=5 — DOWN flux
1000 1000
= A —-=A
—B —B
800 —+C 800 —+C
x
x 600 2 600
2 z
o =
= 400 Q 400
200 200
% 05 1 15 2 % 15 2

Time

Time

(a) fluxya, fluzyp, flux,c (b) flux_a, flur_p, flur_c

oscillator doping —— A=50, B=5, C=5 —— CONST flux oscillator doping —— A=50, B=5, C=5 —— DIFF up—down flt

1000 1000
A A
T e i B
800, —+C ! —+C
ﬁ 5 50001
x +
2 6007 g
'(7) \+75 4 T
z *F‘ : - F iy
g 400f 2 L
[ ‘ 1
0O 500
200 |
; : ; -1
% 0.5 1 15 2 000 0.5 1 15 2

Time Time

(¢) flur=a, flux—p, flur—_c (d) fluzsa, fluzsp, flurse

Figure 4: Fluxes calculation for the 3-way oscillator model with doping.

INote that even though there are actually 6 species in this systems, the underlying CTMC is still 3-dimensional,
as three of the species, namely D 4, Dp and D¢, are just modifiers (i.e. neither reactants nor products), and thus
their amounts do not need to be captured in the state.
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Results of flux calculations for a version of the model with initial state (50,5, 5) are showed in
Figure 4 for the oscillator with doping (i.e. sustained oscillation) and in Figure 5 for the oscillator
without doping reactions (i.e. damped oscillation).

oscillator no doping —— A=50, B=5, C=5 —— UP flux oscillator no doping —— A=50, B=5, C=5 —— DOWN flux

800+ 800
| —=A —=A
il —B —B
|
600t —C 600 —C
(23 x
5 :
= 400§ | §4oo
= | \# [e]
| (=)
it
200} | L 200
1 1.5 Q) 0.5 1 1.5 2

Time

(a) fluxqa, fluzyp, fluzic

oscillator no doping —— A=50, B=5, C=5 —— CONST flux

800+
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() fluzx_4, flur_p, flur_c
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Time Time

(c) flux=a, flur=p, flux—c (d) fluxsa, fluzsp, flursc

Figure 5: Fluxes calculation for the 3-way oscillator model without doping.

In both cases the oscillatory behaviour of the system is reflected by the fluxes, although the
sustainability of the doped oscillator clearly cannot be observed through fluxes because of their
transient nature: the oscillatory trend of the fluxes fades away as the steady state is approached.

The main difference between the doped and non-doped oscillators is reflected by the fact
that at steady-state fluxes stabilise at a positive value for the sustained oscillator, and at zero
for the damped oscillator. Furthermore, if we compare, for example, the positive fluxes of the
sustained (Figure 4(a)) and damped (Figure 5(a)) oscillators, we observe that C-positive flux
grows much faster in the doped oscillator than in the non-doped one. This is due to the presence of
the doping reactions (and, specifically, of reaction Do+ A — C'+ D¢ ) which boost the production
of C molecules proportionally to the amount of A (which in the initial state (50, 5,5) is indeed
large); in the non-doped case, instead, the growth of C is due, exclusively, to transformation of
B into C (i.e. reaction B + C — C + (') which, due to the low (initial) level of B, makes the
growth of C' much slower.
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Conclusion

In this paper we have explored the information which can be gained from considering the prob-
abilistic flux acting on state variables in a CTMC. We have demonstrated that this provides
an interesting alternative view of the dynamics of the system. However this cannot currently
be regarded as qualitative reasoning as both states and rates are represented in full and not
abstracted. Moreover, the approach we take, by sampling the probabilistic flux using transient
analysis of the CTMC, is computationally intensive and would not be feasible for large systems.
Nevertheless this appears to be a rich topic for further exploration.
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Abstract

This paper presents the Place/Transition structure underlying PEPA models. Based on
this structure and techniques developed for Petri nets, an efficient deadlock-checking method
is proposed, which avoids the state-space explosion problem.

1 Introduction

Deadlock-checking is an important topic in qualitative analysis of computer and communication
systems. The current deadlock-checking algorithm for PEPA relies on exploring the entire state
space to find whether a deadlock exists. For large scale PEPA models, deadlock-checking
becomes impossible due to the state-space explosion problem. In this paper we will show
that there is a Place/Transition (P/T) structure underlying each PEPA model. Based on the
techniques developed in the context of P/T systems in Petri nets, we will present a structure-
based deadlock-checking approach for PEPA which avoids the state-space explosion problem.

The PEPA models we consider satisfy two assumptions: there is no cooperation within
groups of components of the same type; and each column of the activity matrix of a model is
distinct, i.e. each labelled activity is distinct in terms of pre and post local derivatives (this will
be explained in detail later).

2 Place/Transtion Structure underlying PEPA Models

In [5] Hillston defined a numerical state vector to numerically and compact represent the states
of PEPA models. This approach was expanded in [3], where the labelled activity and activity
matrices were defined to capture structural information of a model. Based on these definitions,
this section will establish that there is a P/T structure underlying each PEPA model. We begin
by recalling the activity matrices definitions and the concept of a P/T system.

2.1 Background definitions

In the modified definition of activity matrix, the labelled activity matriz, we take care to dis-
tinguish activities which have different outcomes even if they involve the same components. To
aid in doing this we split the components associated with an activity into pre and post sets.
When we are not concerned with the rate we will denote a transition between local derivatives
Uand V by U LN V; to take into account the different rates which may be exhibited by an

S . Lrf=v)
action in different contexts we may write U = +— " V.

*{LFCS, School of Informatics; IDCom, School of Engineering}, University of Edinburgh. Email
address: j.ding@ed.ac.uk.
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Definition 1. (Pre and post local derivatives)

1. If a local derivative U can enable an activity [, i.e. UL -, then U 1is called a pre local
derivative of [. The set of all pre local derivatives of | is denoted pre(l) and called the pre
set of [.

2. If V is a local derivative obtained by firing an activity 1, i.e. -LV, then V s called a
post local derivative of . The set of all post local derivatives is denoted post(l) and called
the post set of [.

3. The set of all local derivatives derived from U by firing 1, i.e. post(U,l) ={V | U LN V},
is called the post set of [ from U.

In order to distinguish activities with different outcomes we define the labelled activity:
Definition 2. (Labelled Activity).
1. For any individual activity 1, for each U € pre(l),V € post(U,1), label I as Y=V,

2. For a shared activity [, for each
(Vi, Va, -+, Vi) € post(pre(1)[1],1) x post(pre(l)[2],1) x --- x post(pre(l)[k], 1),
label | as I, where

w = (pre(D[1] — Vi, pre(D[2] — Va,-- -, pre()[k] — V).

Each 1YY or 1% is called a labelled activity. The set of all labelled activities is denoted by
Ajaper - For labelled activities V=V and 1", their respective pre and post sets are defined as

pre(lU_’V) ={U}, post(lU_’V) ={V}, pre(lV) = pre(l), post(l)={Vy,Va, -+, Vi}.

According to Definition 2, each Y~V or I has a unique output. Note that no new activities

are created, since labels are only attached to an existing activity to distinguish the results after
this activity being fired.

The impact of labelled activities on local derivatives can be recorded in a matrix form, as
defined below.

Definition 3. (Activity Matrixz, Pre Activity Matrixz, Post Activity Matriz). For a
model with N, Ajghel labelled activities and Np distinct local derivatives, the activity matriz C
18 an Np X NAlabel matriz, and the entries are defined as following

+1 if U; € post(l;)
C(Ui,lj) = —1 if Ui € pre(lj)

0 otherwise

where l; is a labelled activity. The pre activity matriz CP*® and post activity matriz CPSt are
defined as

breys o\ [ +1 i Ui € pre(l)
C (Uulj)—{ 0 otherwise.

)

+1 if U; € post(l;)

Post N I
C™*(Ui, 1) _{ 0 otherwise.
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Clearly, the pre activity matrix indicates the pre local derivatives for each labelled activity,
i.e. the local derivatives which can fire this activity. The post activity matrix indicates the post
local derivatives, i.e. the derived local derivatives after firing a activity. For a labelled activity
this should always be a singleton set. The activity matrix is equal to the difference between the
pre and post activity matrices, i.e. C = CPr® — CPost An algorithm for automatically deriving
the activity matrix and pre activity matrix from any PEPA model was previously presented
in [3].

The concepts of P/T net and P/T system originate in Petri net theory (“P/T” signifies
“place/transition” ) but they can also be interpreted in terms of conditions and events.

Definition 4. (P/T net, Marking, P/T system, [1])

1. A Place/Transition net (P/T net) is a structure N = (P, T, Pre,Post) where: P and T
are the sets of places and transitions respectively; Pre and Post are the |P| x |T'| sized,
natural valued, incidence matrices.

2. A marking is a vector m : P — IN that assigns to each place of a P/T net a nonnegative
integer (number of tokens).

3. A P/T system is a pair S = (N, mo): a net N with an initial marking me.

2.2 Place/Transition Structure in PEPA Models

In order to take advantage of the theory developed for P/T systems in the context of PEPA
models we must first establish the P/T system corresponding to a given PEPA model. This is
straightforward given the definitions presented in the previous subsection.

From Definition 4, it is easy to see that the structure N' = (D, Alabels CPre, CPOSt) derived
from a PEPA model is a P/T net, where D, Aj,} . are the sets of all local derivatives and
labelled activities of the PEPA model respectively, and CPr®, CPost are the pre and post activity
matrices respectively. Given a starting state mg, S = (N, myg) is a P/T system. Clearly, each
reachable marking m from myg is a state of the aggregated CTMC underlying the given PEPA
model. This leads us to:

Theorem 1. There is a P/T system underlying any PEPA model, that is (N, mq), where mg
is the starting state; N = (D,Alabel,CPm, CPOSt) is P/T net: where D is the set of local

derivatives, Ajgpe; s the labelled activity set; clre and cPoSt gre the pre and post activity
matrices respectively.

A P/T net, a particular class of Petri net, like PEPA provides a mathematical modelling
language for the description of discrete, distributed systems. In [6] Ribaudo has defined a
stochastic Petri net semantics for stochastic process algebras, including PEPA. As in our work
here, her approach associates each local derivative with a place and each activity with a tran-
sition. To cope with the difference between action types and transitions, she defined a labeling
function that maps transition names into action names. Similarly, our approach is to attach
distinct labels to each action name, as indicated by the definition of labelled activity. However,
since Ribaudo’s approach does not include aggregation as we do, the mapping semantics in [6]
does not help with the state-space explosion problem in structural analysis for large scale PEPA
models with repeated components.

Previous work on structural analysis of PEPA models in [4] has some similarities with our
approach. However, class of PEPA considered in [4] is somewhat restricted in particular no
repeated components are allowed. Moreover, the problem of the difference between actions and
transitions is not considered.
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2.3 Some terminology

Now we introduce some terminology related to P/T systems for PEPA models (see [1] for
reference).
A transition [ is enabled at a state m iff m > CFr[. []; its firing yields a new state

. . l .
m = mg + CFr®[. []. This fact is denoted by m—m’. An occurrence sequence from m is

a sequence of transitions ¢ = t1---t;--- such that mgml e E>mk --+. The language of
S = (N, my), denoted by L(S) or L(N,my), is the set of all the occurrence sequences from
the starting state mg. A state m is said to be reachable from my if there exists a o in L(S)
such that mo— m, that is m = mg + C - &, where o is the firing count vector corresponding
to 0. The set of all the reachable states from m, called reachability set from m, is denoted by
RS(N,m). According to the definition, the reachability set of the P/T system & = (N, my) is

RS(N,my) = {mE]N‘P‘ | Jo € L(S) suchthatm:m0+C~0'}.

where o is the firing count vector of the occurrence sequence o. Clearly, the reachability set
RS(NV,my) is the state space of the CTMC underlying the given PEPA model starting from
my. The correspondence between P/T systems and PEPA models is shown in Table 1.

Table 1: P/T structure in PEPA models

P/T terminology PEPA terminology

P: place set D: local derivative set

T: transition set Ajabel: labelled activity set

Pre: pre- matrix CPre; pre- activity matrix

Post: post- matrix CPost: post- activity matrix

C = Pre — Post: incidence matrix C = CPre _ CPost: activity matrix

m: marking m: state vector

RS(N, mg): reachbility set (from mg) || RS(N, mg): state space (with starting state mg)

3 Improved Deadlock-Checking Method for PEPA

A deadlock is a state that cannot fire any activity. This section will present an efficient deadlock
checking method which does not heavily suffer the size of the state space.

3.1 Linearisation of state space

According to the definition, the reachability set RS(S) of a given PEPA model with the activity
matrix C and starting state mg is

RS(N,mg) = {me]N|P| | 3o € L(S) such thatm:m0+C-o'}.

The definition of the reachability set is descriptive rather than constructive, i.e. it does not
help us to derive and store the state space. Moreover, we should point out that, for some given
o € NPl m = mg 4+ Co € NI”I may not be valid states because there may be no occurrence
sequences corresponding to these o. However m is said to belong to a generalisation of the
reachability set: the linearised reachability set. Before giving these definitions, we first give the
analogies for flow and semiflow in the context of PEPA. (For the definitions of these concept
in the context of P/T system, see [1].)
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Definition 5. (Flow, Semiflow, and Consistent) Let C be the activity matriz of a given
PEPA model.

1. A p-flow is a vector y : P — Q such that y'C = 0. Natural and nonnegative flows are
called semiflows: vectors y : P — IN such that yTC = 0.

2. A Dbasis (respectively, fundamental set) of p-flows (respectively p-semiflows),
B = {y1,y2,- - ,yq} (respectively, ® = {y1,y2, - ,¥q}) is a minimal set which will
generate any p-flow (respectively, p-semiflow) as follows: y = Zyje‘l, kjy;, kj € Q.

3. A t-flow is a vector x : P — Q such that Cx = 0. Natural and nonnegative flows are
called semiflows: wvectors x : P — IN such that Cx = 0. A model is consistent if there
exists a t-semiflow whose support covers P.

Obviously, p-semiflow is a special kind of p-flow while t-semiflow is a special t-flow. Let
B and ® be bases of p-flows and fundamental sets of p-semiflows respectively. Then for any
m € RS(N,mgp), we have Bm = 0 and ®m = 0. This does not imply that any m € NP
that satisfies Bm = 0 or ®m = 0 is in RS(NV,mg). However, they do belong to generalised
reachability sets:

Definition 6. (Linearised Reachability Set, [7]) Let S be a P/T system.

1. Its linearised reachability set using the state equation is defined as

LRSSE(S) = {m e NP | Jo € N1 such that m = mg + C - o'} )

2. Its linearised reachability set using the state equation over reals is defined as

LRSSER(S):{mGH\T'P' | 3o > 0 such thatm:mo-l-C'O'}-

3. Its linearised reachability set using a basis B of P-flows is defined as

LRSPE(S) = {me]N|P| | B-m:B.mO}.

4. Its linearised reachability set using a the fundamental set of P-semiflows is defined as

LRSPS(S) = {m eNPI | & . m=&- mo} .
It is obvious that RS(S) C LRS°E(S) C LRSE(S) C LRSY/(S) C LRSP¥(S).

3.2 New Deadlock-checking method

This subsection presents an equivalent deadlock-checking theorem and deadlock-checking al-
gorithm. The theorem is presented without proof but details can be found in [2]. We first
introduce the concept of equal conflict (see [1]).

Definition 7. (Equal Conflict) Let N = (P, T, Pre, Post) be a P/T net. N is called equal
conflict (EQ), if pre(l) N pre(l') # 0 implies Pre[-, 1] = Pre[-,l].

In the context of PEPA this can be interpreted as the P/T structure underlying a PEPA
model is EQ if and only if for any two labelled activities | and I, their pre sets are either equal
or distinct, i.e. either pre(l) = pre(l') or pre(l) N pre(l') = 0.
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Now we state our equivalent deadlock-checking theorem.
Theorem 2. If the P/T system S underlying a PEPA model is a consistent, EQ system, then
1. LRSSE(S) is deadlock-free <= RS(S) is deadlock-free.
2. LRSSFR(S) is deadlock-free <= RS(S) is deadlock-free.
3. LRSPY(S) is deadlock-free <= RS(S) is deadlock-free.
4. LRSP{(S) is deadlock-free <= RS(S) is deadlock-free.

According to Theorem 2, for a consistent, EQ system S, to tell whether RS(S) has deadlocks

it is sufficient to check whether LRSPSf(S) has deadlocks. As we mentioned, the activity [ is
disabled at m means that there exists a U such that m[U] < CP*¢[U,[]. Note that

m[U] < CP*[U, ] «= m[U] = 0 and CF™[U,[] = 1.

Thus only states m with zeros in some particular places can possibly have a deadlock. Based
on this idea, we provide a deadlock-checking algorithm, see Algorithm 1.

Algorithm 1 Deadlock-checking in LRsPst
for all [ € A}, do

1:
2:  if [ is an individual activity then

3: K(l) = {m e NPl |m[U] = 0,CP*®[U,l] =1} // where {U} = pre(l)
4

5

else if [ is a shared activity then
E()= U {meNP?|mU]=0CPeU=1}

Uepre(l)
6: end if
7: end for
s K= [ K()
l€A1abel

9 If K ﬁLRSPSf = (), then LRSPSE is deadlock-free. Otherwise, LRSPSE at least has one
deadlock.

Our deadlock-checking algorithm is structure- or equation-based, rather than state-space-
based, so it avoids searching the entire state space and thus avoids the state-space explosion
problem. Although Theorem 2 requires the conditions of consistent and EQ, Algorithm 1 is
free from these restrictions since it deals with the linearised state space. That means, for any
general PEPA model with or without the consistent and EQ restrictions, if the generalised state
space has no deadlocks reported by using Algorithm 1, then the model has no deadlocks. But if
it reports deadlocks in the generalised state space, it cannot tell whether there is a deadlock in
the model, except for a consistent and EQ model. The weakness of this approach is that some
symbolic computation may be needed. But at this cost, a non-negligible advantage has been
obtained: this method can tell when or how a system structure may have deadlocks.
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Table 2: Activity matrix of Model 1
‘ tasky ‘ tasks ‘

Usery -1 1

Usery 1 -1
Providery -1 1
Providers 1 -1

3.3 Example

Now we consider an example PEPA model which has a consistent and EQ P/T structure.

&
&

Usery = (tasky,1).Users
Users < (taska,1).User;
Provider; % (taski,1).Providers
Provider, < (tasks,1).Providery
Model 1 = (User [M,] || Usery[Ms)) {taskl?fasb} (Provider1[N1] || Providera[Na]).

Table 2 lists the activity matrix of Model 1. The activity matrix C and pre activity matrix
CPre are listed below:

C = 7 CPI‘e _

O = O =
_ o = O

First, let us determine LRSPSf(S). Solving CTy = 0, we get a basis of the solution space
which forms the rows of ®:

1100
b = 01 10
0 0 1 1
Notice mqg = (M7, M, N1, No)T| so

LRSTS(S) ={m € N* | &m = ®my}

m[Useri] + m[Usery| = My + Mo;
=qme€ ]N4’ m|U sers] + m[Provider:] = My + Ny;
m|Provideri] + m[Providers] = Ni + No

Note that each of the semiflows corresponds to an invariant of the model. The first and third
express the fact that the number of users, and the number of providers respectively, is con-
stant within the model. The second expresses the coupling between the components, i.e. the
cooperations ensure that the numbers of local derivatives in the two components always change
together.

Secondly, we determine the potential deadlock set K for each activity. According to Algo-
rithm 1,

K(taskl) = {m | m[User;] = 0 or m[Provider;] = 0},

K (task2) = {m | m[Users] = 0 or m[Providers] = 0},
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K =K(taskl) N K (task2)
={m | m[Useri] = 0,m[Users] = 0} U{m | m[User] = 0, m[Providers] = 0}
U{m | m[Provideri] = 0,m[Users] = 0} U {m | m[Provider1] = 0, m[Providers| = 0}
Finally, the deadlock set in LRSSt i

K nLRsPSt
m([Useri| + m[Usery] = My + Mo;
=¢me N | m[Users] + m[Provider,] = M + Ny;
m[Providery] + m[Providers] = N1 + Ny
ﬂ {m | (m[Useri] = m[Providers] = 0) V (m[Provider;] = m[Usery] = 0)}
(m = (0, My + My, N1 + N2,0)" A My + Ny = 0)
vV (m = (Ml + M>,0,0, Ny +N2)T/\M2 + N1 = O)

. mE]N4| (m:(0,M1+M2,N1—|—N2,0)T/\M1:NQZO)
B \/(m:(M1+M2707O7N1+N2)T/\M2:N1:O) ’

:{mE]N4|

In other words, for Model 1 with mg = (Mj, My, Ny, N2)T, only when M; = Ny = 0 or
My =Ny =0, KN LRsPst #+ (), i.e. the system has at least one deadlock. Otherwise, the
system is deadlock-free as long as My + No % 0 and My + N1 # 0.

This example illustrates that our deadlock-checking method can not only tell whether a
particular system is deadlock-free but also how a system structure may lead to deadlocks.

4 Summary

This paper has revealed the P/T structure underlying PEPA models. Based on techniques
developed for P/T systems, we proposed a new deadlock-checking algorithm for PEPA models,
which can efficiently reduce the computational complexity of deadlock-checking and avoid the
state-space explosion problem.
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Abstract

In this paper we provide a general method to derive prodaeh-fsolutions for stochastic models.
We take inspiration from the Reversed Compound Agent Tmed8% and we provide new result using
labeled Markov automata. Our result is a generalization @AR which encompasses a bigger class of
product-form solutions and its proof is based on solvingglobal balance equations.

1 Introduction

Product-form solutions have been extensively studied ffierént systems in the theory of Markovian
stochastic models. The holy grail in this field consists idlifig general conditions that characterize (most
of) the systems that have product-form solutions. In thiealion a lot of work has been done using Gener-
alized Stochastic Petri Nets (GSPNs) [1] and Performaneéuation Process Algebra (PEPA) [6, 2, 8, 3, 4].
In this paper we use a variant labeled stochastic automata study product-form solutions. Our starting
pointis the Reversed Compound Agent Theorem (RCAT)[3] aaéxpand that work in different directions:

e There are some limitations in the original formulation of RTJ3]. To show this we have produced
an example in [7] which shows that a model exists that enjbgsproduct-form solution but the
structural conditions of RCAT, for such model, do not holdheTlogical conclusion is that more
general conditions exist that characterize a larger clasgatems that enjoy product-form solutions.

e \We provide a new, entirely different proof of the theoremtfwespect to that formulated for RCAT)
based on the global balance equation analysis. The prodfseimriginal paper [3] and all their
subsequents were based on the application of Kolmogoratesie.

We have decided to depart from the original formulation &f theorem in terms of PEPA in favour of the
new formulation based on labeled automata since:

1. The definition of labelled Markov automata retains the positionally of process algebra, and allows
for modular descriptions of systems.

2. Labelled Markov automata is a general enough framewarkdmparing different product form re-
sults specified in various formalisms such as queueing mesystochastic Petri nets, PEPA etc.

3. Our new proof, which is formulated using global balancaatipns, is naturally cast in terms of
labelled Markov automata.
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2 Labeled Markov automata (LMA)

We assume the reader familiar with probability theory areditasics ofCTMCs. In this section we provide
the basic definitions that will allow us to define the cooperaamongCTMCs.

Definition 2.1 (Labeled automaton) A Markov automaton is a tupl&1 = (S, Act —) such that:
1. Sis the denumerable set of states with ss, . .. s,, ... range over it,
2. Actis the set adiction labelswith a, b, . . . range over it,

3. — is the transition relation between states defined-asS x Actx (R™ U Var) x S, whereR™ is
the set of positive real numbers aNer is the set of variable names.

For readability, we write(sy, a, A, ;) €— ass; ~> s}.

Initially, one can think LMA as &TMC where the transitions have been labeled. The reader might be
puzzled by the use of labels, their réle will become appiarethe following definition of interactive Markov
automata, where the labels will help in defining which adishould co-operate and which should not.

Definition 2.2 (Interacting LMAS) Let M; = (S;,Act;, —1) and M2 = (Sy, Ack, —2) be two LMAs.
TheinteractingLMA M; &, My = (S,Act —,) with L C Act; N Act; is a new automata defined as
follows:

1. S= S1 X SQ.
2. Act= Act; U Act.

3. — is the smallest relation defined by the rules below:

S1 L)\q S/l S92 gﬁg S/2
(a € L)
A
(513 52) - (5117 512)
51 =59 s
1 127
(ag L)

(Sla 52) - (5/17 52)

We have omitted the symmetric rules. We reserve the Greekslat range ovelR™ and the Roman, ¢, p
overR™ U Var and the letterz,, ya, 2, . . . to range oveiVar. We call the set of labels the cooperation
set. The set of active action M) is defined asu € A(M) if, for somes, s =% s’ with A € R™. The set
of passive action® (M) is defined asu € P(M) if, for somes, s *=% s', with z, € Var.

The definitions above show that LMAs can perform more traonsitthan labele€TMCs. First of all,
transitions are divided into active and passive. Coopamdtietween automata happens only between an
active and a passive action, never between two active actiotwo passive actions. In the cooperation the
unspecified rate moves at the speed of the automaton witlctive sate. The meaning of passive transition
is directly inspired by PEPA [5], instead of using the symbole use variables for convenience. Note that
our cooperation is more restrictive with respect to the agfendd in PEPA, yet fully adequate to the purpose
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of our work. Generalization of cooperating automata thatsieith active-active transitions is possible, but
outside the scope of our work. If an automaton does not coaiay passive transition, then the underlying
a,

model description is £TMC. To see this it suffices to associate to each transitior~~ s, a random
variableX, ) such thafP(X, , <t)=1-— e~*. On this basis we justify the following definitions.

Definition 2.3 (Open and closed automata)Ve distinguish the following classes of automata:

1. ALMAM = (S, Act —) is calledopenif there exists a label € Act and a state € S such thata

passively enabled i, i.e.,3s’ € S such thats == s’ ands # s'.
2. ALMAM = (S,Act —) is calledclosedif it is not open.

Given a closed LMAM all the transitions are carried out according to an expadakndistributed
random delay. If more than one transition is possible frontates a probabilistic choice will occurs. It
is easy to show that the sojourn time in each state of any LMé&xonentially distributed and that the
underlying time-homogenuoWsTMC is derived in the usual manner [5]. The notation for the deidn
of the CTMC here is consistent with [5]. Once established how to defieeXXTMC we can talk directly
about the properties of the LMA, meaning those propertigh@CTMC. The analysis of LMAs modeling
power is out of the scope of this paper, thus we introduce afgestrictions that simplifies the presentation
of the theoretical result about the product-form solutiohsooperating LMAs. It should be pointed out
that although these restrictions limit the flexibility of LAMmodeling, they do not reduce the applicability
of the results that will follow. In practice, we requireagell-formedLMA M = (S, Act —) to satisfy the
following properties:

1. givenalabeh € Actthen all the transitions labeled byare either active or passivet(M)NP(M) =
0

2. if a is a passive label, then for every statef the automaton there exists only one transition labeled by

a outgoing fromsi.e. Vsds' €S, s s/ A Vs, 8,87 €S, s 222 ' As 2% ¢ = 5 ="

For the rest of the paper we assume to work with well-formeddghaautomata.

3 Product-form solutions

Let us consider two (well-formed) automatd; and M. We are interested in expressing the steady state
distribution of M, &, M- as the steady state distribution of each component. Befitneducing the main
theorem we define a last operation on the automata, i.e.|dBere with respect to a label.

Definition 3.1 (Closure of an automaton)Let M = (S, Act — () be a LMA anda € P(M), then the
closureof M, written M{a «— A}, is defined as\{a < A} = (S, Act — r(qo—2}), Where
— M{ar}= 1(86,0,1,85) = (85,b,1,85) €E=pm AbFant € R*}U
{(Si7 a, )\7 Sj) : (Sia a,Tq, Sj) G‘}M}

Several closures may be specified in a compact way, e.g.,det P(M), thenM{z, — A1,z — A2}
corresponds tgM{zq «— A1 }){xp — A2}

In the following theorem we use, as, . . . to denote the labels, and , z2, . . . to denote the variables
(instead ofz,,, 24, .- .).
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Theorem 3.2 Let M; and M5 be two well-formed LMAs that cooperate on a finite set of laliel=
{ai,...,ay}, such thatM; & M, is ergodic.
If there exists the set of ratda\;, ..., A\, } # 0 which satisfies the following equations:

Zsj S, a(ss,ai,sk)mi(s;)

Vs € S1,Va; € .A(./\/l1) R E) =X\ (1)

or

ZS;‘ S, Aiaisi)ma(s;)

Vsg € So,Va; € .A(./\/lz) 72(5%) =X\ (2)

wherer; and, are the stationary probability distributions of the closmatomata/\/ﬂ andME:
M= M{a; — N\ a; e PIMy)Y ML = Mo{a; — X\ a; € P(My)}
then the steady-state solution.®bt; & M, has the product-form:
(M1 @ Ms) o m(MD)ma(Md) ©)
wherer; is the steady state distribution @f(;, withi = 1, 2.

Note that Equations (1) and (2) basically say that the total fhcoming into a state due to the active
transitions labeled by must be proportional to the stationary probability of thate in the closure of the
automaton.

In what follows we present the proof assuming that automatatgonise on labek’ only. This is only
for readability. The proof with any number of synchroniziapels is a simple generalization of the one
presented below.

Proof 1 Without loss of generality we assume thad active inM; and passive inV5. The global balance
equations (GBEs) foM; andME are:

ﬂ-Ml(r)( Z arm, (ra, ') + Z qu(T7b:T/)):
T’ESMI 7-’€SM1
b#a

qu(Tlvav T’)ﬂ'/\/{l(?”,) + E qu(T’,,b7 T)ﬂ-Ml(Tl) (4)
T/ESMI
b#a

! !
TFM;(S)(QM;(S,G,S)+ > qM;(&b,S)):
N—— S/ES +
M

A 2
b#a
! ! / /
T anbang @) Y ageang6) ©
s ESM;[ s GSM; %}\,—/
b#a
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where is the rate that we substitute into the passive transitioMof to makeM; The GBE for the joint state space
(r,8) € Smy X Sa, is:

w3 alrs) b 6h9) + Y Al + Y alne)as) =

r'e€Samy s €S, (r",8")ES My XS M,
b#a b#a
Do a9, b, (ra)w((rys) + Y al(r,s),b, (r,s)w((r,s)
TIGSMI 3/65M2
b#a b#a

+ Z Q((T/as/)vav (r, Si))ﬂ-((r/:s/)) (6)

(r',8")ESpy XSy

We substitute product form and we rewrite the rates in each teith the rates of each automaton taking into account
self loops:

M, (T)ﬂ'Mg (s)( Z am, (r,b,7") + Z A (s,b,8") + Z am, (rya,r') +
' €S ay S/ESMT 5@ AT Dot o
b#a bota 2 (rys) (r’,s")

S amman) = 3 a0 b man ()7 (5) D0 a8 s ()T () +

a,a(ra,r) r €S s'es
2 s bt Jos;

b#a
Z qu(rl7aar)ﬂ-/\/ll(rl)ﬂ-/\/(g(sl) + Z

. 3
(')

(rys)

am; (T7 a, T)Ter (T)WM; (5,)
T,8) (T‘S/)WQ(L?,T)

(rys)
After a few algebraic manipulations substituting the rightt of equation (4) we obtain:

’
TM\T
qu(r’7a7r)#((r)) + Z QM1(7"7(177") + Z qu(&b,s/) =
1 . . o
()" 1) S
b#a

ot (87) Ty (1)1 (87)
§ ,7 b: e E l: 2
, qM; (S S) ﬂ-MT(S) + qm;, (7" a, T) ﬂ-MT(S)ﬂ-Ml(T‘)
s'€S | 4 2 2
Ma
b#a

(7‘/ Sl)avq ("';'ﬂu"')

(r;s)

WMT(S/)
> ammen s
(s’ a,a(ra,r) M}
r,s') =5 (r,s)

By observing thah is the reversed rate and with further algebraic manipulatiave obtain the following.

TFMS(S)(qM“ZF(Sva:Sl) + Z qu(r,a,r) + ,Z qM“ZF(‘g:bvs/)) =
(ry) " (0 51) Sy
b#a
/ / ! !
PTG LV CO R S I CRC A LW CO RS
S/ES_/\/”L s'€S 4+

qm, (T7 a, T)TI'M; (Sl)
i v, (rs)™ ara,r)
b#a

(r,s)

This latter can be derived from (5).

47
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In the proof above self-loops were considered. While s#fpk do not change the behavior of the Markov
Chain, i.e., they have no effect on the global balance egositif a single automaton, they are importantin
the definition of the structure of the interacting LMA.

In this paragraph we aim to point out the main difference leetwTheorem 3.2 and RCAT. Our notion
of well-formed automaton reflects a structural conditiofR6fAT, i.e., for each passive label exactly one
passive transition outgoes from every state. Moreover, R@4uires that:

Vsk S Sl,Vai S A(Ml) q(SJ’a“ Sk)ﬂ—l(sj) = )\i7
m1(sk)

wheres; is theonly state in/\/ﬂ with an active transition labeled hy going into that state;,. If we observe
that )\, is the reversed rate @f(s;, a;, sx) then we can see that RCAT requires that the reversed rateyof an
active actiore has to be constant. By contrast, in our theorem we requireuhef the reversed rates of
the active transitions to be constant in each state rathéthk reversed rate of each active transition. This
is a generalization of the condition of RCAT. The distinatioresented here is not trivial. In fact, we have
shown in [7] different examples in which Theorem 3.2 holdslethe original RCAT does not.

4 Conclusion

In this paper we have proposed an extension of the Reversegp@od Agent Theorem (RCAT) for the

analysis of product-form models. We have shown that it fbs$0 relax its structural conditions in order to
deal with a larger class of product form solutions. As futwm@k is concerned we aim to extend the proof
developed in this paper to the ERCAT [4].
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Abstract—In this paper a class of closed queueing network
is modelled in the Markovian process algebra PEPA. It is
shown that a fluid flow approximation using ordinary differential
equations (ODESs) gives rise to well known asymptotic resust
This result gives context to the use of a fluid flow approximatn
and is potentially useful in cases where the model is not ohwiisly
a closed queueing network. The approach is illustrated usim
examples of a secure key distribution centre and a multi-uge

« By deriving the ODE solution directly from the PEPA

model specification, the asymptotic results become easily
available in the analysis of models which are not obvi-

ously closed queueing networks. Thus the applicability
of the asymptotic solution is practically extended without

the need for specialist knowledge or insight on the part
of the modeller.

uery processing system. . . .
query 9y The paper is organised as follows. In the next section the

model and its asymptotic solution are introduced, followed
by the PEPA specification of the class of model under in-

Since the introduction of stochastic process algebragthgestigation. We show how the ODEs can be derived from
have been many attempts to tackle the state space expiz PEPA specification and solved analytically to give the
sion problem caused by the composition of many para"@{;ymptonc solution. The process is illustrated by means o_f
components (see [10] for example). One of the more recdW© €xamples; a secure key exchange protocol and a multi-
approaches to the issue has been the introduction of fi{§Er Guery processing system. Finally, some conclusioas ar
flow approximations from systems biology to tackle modefdrawn and potential future work is discussed.
where there is a large number of instances of a particular
component. Such an approach gives rise to a system of |l- THE MODEL AND ITS ASYMPTOTIC SOLUTION

ordinary differential equations, which are generally sdv  consider a model of a closed queueing network\ofobs
by simulation. Following original work by Hillston [11] on ¢jrcyjating around\s service stations, denoted 1 id; each
biological systems, this style of fluid approximation hasoal gtation is either a queueing station or an infinite serveiosta
been applied to more traditional computer_appllcatlons[é]g _There arelM, queueing stations. At each queueing station,
[17]. However, this approach has met with some sceptiCifere is an associated queue (bounded poperating a FCFS
amongst some computer scientists for a number of reas icy and K; servers which serve jobs at rate At each
The main criticism is that the approximation maps a sto@hasfyfinite server station;j, jobs experience a random delay with
model specification on to a deterministic representatibus t mean /r;. All services are negative exponentially distributed.
the intrinsic randomness of the system is lost. In additi@an | ot (- {1,2,..., M} be the set of all queueing stations.
be difficult to derive important computer performance mea- o6 eing models of this form have traditionally been solved
sures such as utilisation (because the fluid is always ﬂo)""”@sing mean value analysis [14]. However, this solution be-
and interpreting the behaviour of a continuous fragment of & .o costly whetV is large and so a number of approxima-
component does not always make sense. For a full descripffhs have been proposed. The simplest amongst these is the
of the application of fluid approximations to PEPA mOdEISasymptotic bound (see Haverkort [6] pp. 245-247).
see [2]_. [71, [8], [11]. _ Define V; to be the visit count, the ratio of visits made to

In this paper we use the ODE approach to derive an analydizyion ; relative to station 1 (hence = 1). Now consider
cal solution to a class of model,_ specified using the Mar@V|%e smallest possible population si2é,= 1. This solitary job
process algebra PEPA [9]. It is shown that this sglutlon {Fould find each queue empty and experience a delaly/of
identical to that used for many years as an asymptotic solutiy; e4ch station at each visit. Hence, the average number of
to the mean value apaly5|s of closed queueing networks. T]BBS at station whenN = 1, L;(1), is given by the proportion
has two clear benefits. of time a job spends there. Similarly, whévi > 1 but still

« By relating the fluid flow approximation to establishedmall, a job entering a station has a high probability thateh

results in queueing theory, we gain greater confidencewill be at least one idle server, hence the delay at statiisn
the use of ODEs as a solution method. still approximatelyl /r;. The sum of all average queue lengths

I. INTRODUCTION
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must beN, hence, curves for L; meet. There are a number of other approxi-
NV mations and enhancements which seek to improve accuracy
Li(N) > MZ v, (1) and applicability without the additional computationalsto
" Z7 Lry associated with mean value analysis.

Now consider the case whe¥ is very large. Assume that This form of simple approximation is generally applied
there is one queueing station with less service capacity thcross the entire network to derive measures such as system
all the other queueing stations, denotediby 1. Obviously throughput and response time. However, it may also be ap-
as N — oo the utilisation of this bottleneck station will Plied to single nodes as outlined above. In such situations
approach 1 and its throughput will tend t&r;, i.e. it the accuracy of the approximation is greatly variable. The
becomes saturated. Obviously, the throughput must bala@@Proximation generally works well when queueing only has

across all stations, henc&;r, = V;L;r; Vi > 2. Thus, a significant effect at one station. This situation arisegnvh
Kor there is only one queueing station (the remainder beingitefin
L;(N) = L ,1>2 (2) service stations) or where one queueing station has mush les

i service capacity than the others, relative to load.

The sum of all queues must equsl, hence
q qusi Ill. A CLASS OF CLOSED QUEUEING NETWORKS INPEPA

Kir The model introduced in Section Il is now modelled in

<N -— . i
Li(N) < N 22 Vir; @) PEPA. Clearly there are many possible ways to model this
. = giéstem and the particular form of the PEPA model here is a
Thus, for station 1 Fhe approximate average queue lengfBsign choice. In particular, the model has been specified in
when the population size i§ is given by such a way that the ODEs can be derived easily (without fur-

M ther transformation) and all behaviours are named, to in®ro

N K17‘1 .
Max — V7N—Z o clarity.
EDINEE-. i—g Vil In PEPA a queue station can be modelled as

And for all other stations;j, the approximate average queue QStation; = (Sermce“m QStation; , Vi € M

length when the population size i€ is given by, .
The infinite server stations are not represented explicitly

g Each job will receive service from a sequence of stations
NV; K1T1 . . e
Max VY determined by a set of routing probabilities,

T Z] 1 'r]- il M

Clearly a very simple approximation for the average re-  Job; 2 Z(Se?”vicei,Pij(i)m)-Jobj , 1<i<M
sponse time has been used to make this calculation for averag j=1
queue length. However, if our goal is to find the averag&here,
response time when the population size\isWW(N), a much
better estimate can be found by combining this approximatio

for L;(N —1) with the mean value analysis estimation to give, _ i=
The entire system can then be represented as follows:

11 N-1 MKy
Wi(N) = ot EMax S V%,N -1- ; Virs ( 11 QStationi[Ki]> D1 Joby [N]
- @) vieM
and, Where. is the set of all action typeservice; wherei € M.
The ODEs for such a system are relatively simple to derive
Wi(N) :iJf %Ma:c v Ml)‘é Kir o<i<y directy:
T T TZjlrj Vir; de B Job,

®) b = Z J)r;Job;(t)
This is essential a single step of the mean value analysis vigM
algorithm (theN'th step) with all previous steps replaced by + > Pi(d)r; min[K;, Job;(t)]
the asymptotic approximation. The total average respone, ti ViEM
that is the average time from leaving node 1 to subsequently —riJobi(t) , Vi ¢ M

completing another service at node 1, can be found by sum-

ming W;(N) over all nodes;. d
It is a simple matter to consider the case where there is EJObi - Z J)rjJob;(t)
more than one bottleneck, although this is not a concerrisn th VigM
paper. Clearly these two sets of asymptotic results are most + Z Pj;(j)r; min[K;, Job;(t)]
accurate at their extremes, i.e. whdh= 1 or asN — oc. VjEM

Thus the asymptotic solution is least accurate when the two —min[K;, Job;(t)|r; , Vi e M
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ODEs such as these can be solved in a number of waysThus, if K; < L; then

Most commonly they would be simulated with a suitably small
time step to findJob;(t). In general, this quantity tends to a
constant value as — oo, i.e. it has a steady state solution.

An alternative method for findindim;_.., Job;(t) is to

solve the ODEs analytically. Such a solution is based on the

assumption that the system of ODEs will eventually reach a

steady state. Thus the derivatives will tend to zera tends
to oo, i.e.

lim

t—o0

A Job; -0, 1<i<M
dt

This gives rise to the following set of simple simultaneous

equations:

lim
t—oo

VigM

+ > Pi(j)r; min[K;, Job; ()]
VjeM

= thm ’I»LJObZ(t) ;

Pji(g)r;Job;(t)

Vig¢ M

tlim

+ > Pyu(j)r; min[K;, Job;(t)]
VjeM
= lim r; min[K;, Job;(t)]

t—o0

Pji(j)r;Job;(t)

, Vie M

There areM equations, but each equation can be expande

(with respect tomin function) in up to2M« ways.

Define the probability that a component will evolve from

Job; to Job;, without revisiting.Job;, as follows:
Pij(i) =pij + > pinPr;(i)
Vkdo
Clearly the system is irreducible if

Pyi) > 0Vij, i #

51
P;; (1)
L; = “9WNRE iy 9)
’ sz(])rj
L = N-Y1,=N-%_ (”f (10)
Vj#i Vj#i ﬂ j
Otherwise, ifK; > L; then
Py (i)r; o,
L, = I i, VjFEi (1)
! Pyi(j)ry
N
Li = N-)Y Lj= e (12
Vi L+ 2 vini P

Clearly (10) and (12) meet wheR; = L;. This point is
given by the population siz& = N*, given by

Nk (14 ST Ll
e Pyi(5)r;
Thus, if N < N* then
P
L, = Furip s (13)
Pji(5)rj
N
L, = N- Z L= e (149
Vjti L+ 3 v Pratiyr,
dOtherwise, if N > N* then
Ly = ——=— Vj#i (15)
’ Pyi(5)r;
Li = N*ZLJ: TZKZPUL (16)
Vi Vi ji

Clearly, the visit count is given by; = P;;(i)/P;i(j).
Hence (13), (14), (15) and (16), are equivalent to (1), (2) an
(3). Observe also that (13) and (14) hold, with arbitrary
regardless of the existence of (6) as longlgs< K Vj.

Define L; to be the steady state average number of compo-From these expressions fdr; we can derive the average

nents behaving agob;, given by
Li = thm JOb,L

Now selecti € M such that

P (i)riK; < Pyi(j)r K; Vj e M, j #1i (6)
Hence,
o If K; < L; then
Pij(i)riKi = Pji(j)riLj , Vj @)
o If K; > L; then
P”(’L)’I““]Obl :sz(j)T]L] 9 V_] (8)

1if (6) does not hold then there is no unique solution for thisdflsystem
except whenNV is very small. Instead the value df; will depend on the
initial values Job;(0) Vi.

response time at statiof when the population size &,
W;(N) in the same was as 4 and 5.

1
WilN) = —, LiiN-1)+1<K;
J
Li(N—-1 1
wyvy = LW =DEL N sk

KjT‘j

WhereL;(N) is the average number of jobs at statjowhen

the population size 8. This computation foi¥’; (V) is based

on the queueing theory result of an arrival as random obgerve
see Mitrani [12] page 141 for example. If the random observer
sees a free server, then the average response time will be the
average service time. However, if the random observer dees a
the servers busy, then the average response time will be the
average service time plus the time it takes for one server to
become available (including scheduling the other jobsingit
ahead of the random observer).
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In addition we can derive an expression for utilisation at ttHence,
bottleneck queueing station U;, based on the flow into the ) . . .
station being equal to the available service. Jim rp min(KDC(t), Alice(t)) = lim rpAlices(t)

= lim raAlices(t)
t—o0
i Kir; = flirglo rcAlicey(t)

= lim r,Alices(t)
IV. EXAMPLE 1: A SECUREKEY DISTRIBUTION CENTRE t—oo
= lim rqAlice(t)
Consider a model of the classic Needham-Schroeder key ) tmoe _
distribution protocol (taken from [19]) specified as folsw ~ Thus we only need to solve this set of simple parallel
equations to findL(N). If KDC(t) > Alices(t) then the

ODEs give rise to

KDC = (response,r,).KDC .
’ L(N) = Jim Alice = Nf 17)
— 00 Tz T,
Ali = t,7q). Al o
tc€o = (request,rq).Aice If KDC(t) < Alice(t) then the ODEs give rise to
Alice; = (response, ). Alices Nr — Kr
) det . L(N) = lim Alice; = —= P (18)
Alices = (sendBob,rg).Alices t—00 "
Alices = (sendAlice,r4).Alicey Wherer, is given by
Alice, = (confirm,r.).Alices 1 1 1 1 1\t
Alices = (usekey,ry,).Aliceg Te = <E + e + A T re + E) (19)
The system is then defined as: (17) and (18) meet whel& DC(t) = Alicey(t) for a given

population sizeN*, hence, with (19) we get,
KDC[K] D Aliceo[N]

vk K g (Ll 1)
Where, K is the number oKDC's and N is the number of Tz Tq TB TA Te Tu
client pairs Alicess). Figure 1 shows the average response time oKiID€E, found
It is a simple matter to write down the ODEs for this systerapproximately using (17) and (18) and computed exactlygusin
as follows. mean value analysis [16]. Clearly, when the service rate is
d smaller, the response time is larger and its rate of incresase
EAliceo = ryAlices(t) — rqAliceg(t) larger. As noted above, there is a difference between the two
d . . _ solutions aroundV*, which is clearly evident.
EAlzcel = rqAliceg(t) — rp min(KDC(t), Alice1(t))

iAliceg = 1p, min(KDC(t), Alicei(t)) — rpAlices(t)

dt 10 ——MVA, r,=I
d

—Alices = rpAlicea(t) — raAlices(t) 9 —t—MVA, ;=2
Ccilt —— MVA, r,=4
EAMC&; = raAlices(t) — rcAlices(t) 57 --%:-ODE, r,=1
d 71 - %= ODE, 1,22
EAliC€5 = r.Aliceq(t) — ryAlices(t) 6 — o~ ODE, r,=4

d Wkpc

—KDC = 0

dt

In this analysis we are interested primarily in the number

of client pairs awaiting a response from tK®C (or KDC's)
from a population of sizéV, which we denote a& (V) This is
represented in the model by the numbertAdice,’s; L(N) =
lim;_,~, Alice;(t) when there areV client pairs @lice’s) in

the population. e A ——
If the system reaches a steady state then all the derivatives b2 3 4 5 6 7 8 9 1011 1213 1415
will tend to zero ag tends toco, i.e. N

. d . . Fig. 1. Average response time at th®C varied with population size
lim d—Alwei —-0,0<1<5 (rq=rp=ra=1c=114 =11, K =1)

t—oo dt
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Figure 2 shows the average queue length aKlb€, Lxpc request, or their result requires writing to a disk before
for this system when there is either one fast servek @lower thinking and then another request.
servers. When the population size is largé & 30 in this The ODEs are given as
case) theKDC becomes saturated and there is consequently 4 ,
no difference in the service rate offered between the tweas Useri(t) = pumin[l, Users(t)]
shown. However, whernV is smaller, there will be periods +n min[K, Users(t)]
where one or more of th& servers will be idle, thus reducing

X ; —&U t
the overall service capacity offered. Hence, for smahér d (User(?)
a single fast server will out perform multiple slower sesser —Users(t) = ¢EUser(t) — pmin[l,Users]
with the same overall capacity. Once again, there is a clear t
divergence aroundv*. ﬁUser;;(t) = (1 —=p)umin[l,Users(t))
—n min[K,Users(t)]
14 4
If the system reaches a steady state then all the derivatives
o o MVA: K=l =4 will tend to zero astdtends tooo, i.e.
——ODE: K=1, r,=4 lim —User; — 0, 0<i<5
t—o0 dt
109 T MVA K=4, sl Define L; = lim;__., User; to be the steady state average
- %~ ODE: K=4, r,=1 number of users at each point in the system. Hence,
8 .
. pp min[l, Lo] +n min[K, Ls] = &L
KDC .
6 §L1 = pmin[l, Lo
(I —p)umin[l,Ls] = nmin[K, Ls]
4 ‘;;* There are two possible bottlenecks in this systenillt
i p)p < Kn then the bottleneck is the processor.
2 'D'D.D' o If 1 <Ly then
u,n'n‘n'u Ll — H
13 5 7 9 11 13 15 17 19 21 23 25 27 29 31 L3:(1—P)M
N n
Fig. 2. Average queue length &DC varied with population sizer{ = L, = N-— [ (1 *p)/“b
rg=rAa=rc=1,1, =1.1) ¢ n
e If 1> Ly then
V. EXAMPLE 2: A MULTI-USERQUERY PROCESSING L = gLQ
SYSTEM
_ _ o _ .o d=pu,
Consider the following PEPA specification of a classic 3 = n
model taken from Lazowska et al [13]. " 1-pu
» Ly = N-Ltpn,—-~—2"1,
Proc = (service,pu).Proc £ N Y
Disk £ (write,n).Disk = &
&n+ pn + pé(1 = p)
U S (think,€).U In this case,
sery = (think,§).User
' . ¢ ’ N = &+ pE(l —p)
Users = (service,pu).User; = n
+(service, (1 — p)u).Users Alternatively, if (1 — p)u > K then the bottleneck is
Users = (write,n).User; writing to the disks.

. . . o If K < Ljthen
The entire system is then specified as

L 0k _
L =
(Proc||Disk|K]) {selz?ce,} User1|[N] (1 —I(Z?)ﬁ
write /)7
Ly = —/——
This system depicts a processor and an arraysoinde- 2 1I-pp
pendent disks. Users request a service from the processor. I N nK nK
3 = -

After this they either think for a while, before making aneth
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o If K > L5 then

L, = L
' 1-pe?°
n
Ly = L
? Q—pu°
n n
Ly = N-— Lz — L
’ 1-pE " Q—ppu°
_ NEu(1 —p) Lyl
Eu(l —p) +np+né
In this case,
, nK nk
N*=K + +
§(1—p)  pu(d—p)

If (1 —p)p = Kn then the solution will depend on the
initial values ofUser(0), Users(0) andUsers(0), unless,
Ny
& =+ pn + p€
and,
Nép <K
Ep+ Knp + Kng

In which caseL; is given by

I.o— Nun
L o= e
&n+ un + pé

I Nén
) _vem
En+ pn + pé
I N(1 —p)ug
5 AL T PIES
&n+ un + pé

Lyisp(N)

Figures 3 and 4 show the average queue lengths at the
processor and the disk array for various valuegpofvhere
the processor is the bottleneck (Figure 3) and where the disk
array is the bottleneck (Figure 4). In both cases results are
shown as calculated by the ODE method in this paper and the
mean value analysis method from [16].

It can be seen that whemis relatively large, the approx-
imation works well (except aroun®/*). Whereas whemnp is
smaller, particularly whemp is close t00.5, it is much poorer,
and even diverging wittV. It might perhaps be surprising that
the ODE and MVA results are not closer whes= 0.1. After

—a— MVA, p=0.8
--<--ODE, p=0.8
—— MVA, p=0.6
—-©- ODE, p=0.6

Fig. 3.

20 ~

10 A

1 2 3 4

56 7 8 9 1011 12 13 14 15 16 17 18 19 20
N

Average queue length at processor and disk arrayed/anith
population size{ = 10 = 30,7 =5, K = 3)

—=— MVA, p=0.1
--<--ODE, p=0.1 o
-0- MVA, p=0.4 Py

—— ODE, p=0.4 -

1

all, in this scenario, most jobs will visit the disk array angg, 4.

experience a long delay there. However, even when 0.1
queueing effects still have an effect at the processor aisd th
causes a difference between the two methods.

2 3 45 6 7 8 9 10111213 1415 16 17 18 19 20
N

Average queue length at processor and disk arrayedsanith
population sized = 10p = 30,71 =5, K = 3)

Clearly, the accuracy of the ODE approximation of average Clearly the system response time is much less sensitive to

queue length is sensitive tp. However, as stated earlier,the errors in the average number of jobs in each queue than
the asymptotic solution is generally applied across th&entwe might naively expect. Indeed, Figure 5 shows only a very
network, and not at an individual station. Therefore it ismall divergence between MVA and ODE calculations, even
interesting to observe the accuracy of system wide metrieghen p = 0.4 (the worst case in the earlier graphs). The
Figure 5 shows the average response time for the entirensystexplanation for this is relatively simple, in that the maxim
computed as error in predicting the queue lengths is caused when thécgerv
capacity at each queueing station are relatively similend¢,
when computing the average response time, we replace a delay
at one station with a very similar delay at the other. As such,
the errors, to an extent, disappear when aggregated atiss t

M
W=> Viw;
i=1

WhereV; is the visit count andnin[Vi,..., V] = 1.
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—0—MVA, p=0.4
—4— ODE, p=0.4
—s— MVA, p=0.6
--%--ODE, p=0.6
—a— MVA, p=0.8
—-<-- ODE, p=0.8

95

solution directly from the ODEs, which is the aim of this
paper. Furthermore, the approximation is shown to be ateura
only when there are significant queueing effects at oneostati
only. This gives some further insight as to the kind of model
where ODE analysis is (in)appropriate.
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15 9 13 17 21 25 29 33 37 41 45 49
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Fig. 5. Average system response time varied with populatize ¢ =
10p =30,n =5, K =3)

3l
whole network in this way.

[4]

VI. CONCLUSIONS AND FURTHER WORK

It has been demonstrated that the fluid approximation fdp]
a class of PEPA models coincides with the well known
asymptotic approximation for a corresponding class ofedios
queueing network. This result is potentially useful as deral [6]
native means for characterising models of queueing netwvor
specified using PEPA, particularly when the model specifie ]
is not obviously a queueing model. This is the first class of
fluid PEPA model for which there is an explicit expression forl®!
where the fluid solution is least accurate with respect to thg,
exact solution of the stochastic model. The derivation oE3D
used in this paper is based on the work of Hillston [11] and &7
incorporated into the PEPA Eclipse Plug-in [18], faciliat
easy numerical solution. [11]

The result in this paper is limited to a class of cycli 12]
queueing model where each station can perform just ofig
action type. However, the asymptotic approximation ajgplie
to a much wider class of model. Thus it should be possible !
extend this result to consider PEPA models with multiple €ons)
peting action types at eackvb; derivative, each occurring at
different rates but with the overall rate capped by Station;
component. In addition, the asymptotic result holds foregah
service distributions, suggesting that the applicabitifythe [17]
fluid approximation in PEPA potentially extends beyond its
conventional Markovian semantics. These investigatia®s ;g
left as ongoing work.

The result here is also limited to the case where there jg
a single bottleneck, unless the population is small enough
that L; < K; Vi. It is clearly possible to easily compute the
average queue length for systems where there is more than
one bottleneck, however it is not possible to find a unique

[16]
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Response-time Profiles for PEPA models
compiled to ODEs

Allan Clark*

Abstract

This paper reports on a new method for calculating response-time pro-
files from PEPA models. This method is particularly suitable for models
which are too large for the underlying continuous-time Markov chain to
be computed and are thus translated into a system of ordinary differential
equations. A response-time profile examines the probability that a partic-
ular component receives a corresponding ‘response’ a given time after it
made a ‘request’. Any two source and target activities will work provided
that both are initiated or observed by the same component kind. More
general passage-time profiles analysing the probability of moving from any
set of source states to any set of target states are not considered here.

This is a draft of a more complete paper to follow.

1 Introduction

Stochastic process algebras are used to build models describing real-world sys-
tems. These models are then analysed giving performance results which we
hope are applicable to the real-world system. The real-world system may not
yet exist or we may be considering changing the real-world system or its envi-
ronment may chnge outside of our control. Therefore we are using modelling to
predict the performance of a combination of system and environment without
the cost of deploying a real-world test, which may not even by feasible and is
likely prohibitively expensive.

Such models whether described in a process algebra such as PEPA[1] or a
graphical notation such as Petri Nets are often translated into a continuous-
time Markov chain (CTMC). However this approach to evaluating the model
suffers from the well-known problem of state-space explosion. As we increase the
populations of the components involved in the model — for example increasing
the number of user or client components — the size of the resulting state-space
grows exponentially. Even utilising techniques to dampen the effect of state-
space explosion, such as aggregation[2, 3], this greatly limits the applicability of
this approach to analysing a model, to the extent that in recent years modellers
have often turned to other techniques to analyse a model which do not require
the generation of the entire state-space.

In the world of PEPA the break through for this style of analysis was Jane
Hillston’s 2005 paper[4] which describes the automatic translation of a PEPA
model into a set of coupled ordinary differential equations (ODEs). The number

*LFCS, University of Edinburgh, a.d.clark@ed.ac.uk

o7



o8

Response-time Profiles for PEPA models compiled to ODEs

of equations produced from the translation depends on the number of distinct
component states and not the populations of the component types. This means
that we are able to analyse models that would result in state-space sizes of the or-
der of 101999 and beyond. Since then, Stochastic Simulation Algorithm(SSA)[5]
has also been used[6] to analyse large-scale models.

The advantage of using such techniques is clear, models which were previ-
ously infeasible to analyse (using CTMCs) now fall within the realm of models
appropriate for analysis via description in PEPA. The disadvantage is the loss of
the vast bank of knowledge of analysis techniques for continuous-time Markov
chains. One kind of analysis which can be achieved in various ways includ-
ing uniformisation[7, 8, 9] (also known as randomisation), is the extraction of
passage-time quantiles. This allows the calculation of the probability of moving
from one set of source states to another set of target states at or within a given
time after a source state is entered. We call this a response-time profile when
measuring the probability of completing a passage between two events observ-
able by a single component. This is often a single component actively initiating
a request activity and then waiting to passively or actively cooperate in a re-
sponse activity. Although we call this a response-time profile the initiating and
completing activities can conceptually have nothing to do with a request and
response, however for the remainder of this paper we will refer to them as re-
quest and response activities. A response-time profile is a more detailed report
of the responsiveness of a system than an average response-time.

For large-scale systems which cannot be compiled to a CTMC we have been
limited to the computation of average response-times. Simulation of the derived
system of ODEs is used to predict the evolution of the population of each compo-
nent type over time within the system. Where this converges to an unchanging
system in which the population of each component type remains the same we
can classify this as the steady-state of the system. Using this steady-state and
an application of Little’s Law[10] we can extract average response-times[11].
The main contribution of this paper is the generalisation of this technique into
one for obtaining a full response-time profile computing the probability of a
component observing the completion of a response at a given time after the
initiation of the request.

2 Response-time Profiles

In this section we detail how to obtain a complete response-time profile from a
PEPA model which we compile into a set of ODEs. We build upon the general
idea originally proposed by Bradley et al in [12]. We show that this will create
an incorrect response-time profile for most models and how we can rectify this.

2.1 Absorbing Probes

The essential idea is to ‘seed’ a model in which all of the clients are in their
single ‘source’ state. Whereby ‘seed’ means to perform a transient analysis
beginning with a specified set of component populations. The source state is
the start of the response-passage for which we are interested in computing the
response-time profile. This is a state to which the client component transitions
to when performing the initiating request action. For the time being we are
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Figure 1: The >y operator is defined to convert the component states in the
set H into absorbing states. The component states in the set U are those which
have already been visited.

restricting ourselves to models in which there is only one source state for each
client component.

Having set the initial population of the model such that all clients are in the
source state we then obtain a time-series analysis of the model until all clients
have completed one response-passage, that is until all of them have performed
a response action. However the problem with this approach is that the clients
which have completed their response-passage will, after some delay, re-enter
the source state and subsequently states along the response-passage. Therefore
there is no way to tell how many have completed at least one response-passage.
In their paper cited above, Bradley et al solve this problem by making all the
client processes absorbing upon completion of a passage. This is done using an
absorbing operator shown in Figure 1.

An alternative to defining a new operator over PEPA models is to alter
the way in which the passage specification probe is translated. A stochastic
probe[13], is a sequential PEPA component which is attached to some portion of
the model in order to make observations on that portion of the model simpler.
The probe component never initiates any actions but instead only observes,
through passive cooperation, the activities performed by the portion of the
model to which it is attached. Probe components can be specified in a succinct
language and translated into sequential PEPA components automatically.

Generally a stochastic probe specification is translated into a cyclic sequen-
tial PEPA component. Instead it is possible to translate the probe specification
in to a deadlocking component, which upon observing the target activity moves
into a state from which there are no outward transitions. In addition we must be
careful that the alphabet of the probe — that is the set of actions observed by
the probe — is the same as the alphabet of the client component, thus ensuring
that the client cannot freely perform an action without the probe cooperating.
In this way we ensure that once the probe is in the absorbing state and can-
not perform/observe/cooperate any action then the client component is also
blocked.

Note that this is a departure from the usual probe usage which must certify
that the addition of the probe does not alter the behaviour of the model, however
since altering the model is exactly what we wish to achieve here that is to be
expected. The following is an example model of a web commerce site and a
translated probe specification which measures from a client’s first browse until
their eventual getCon firm which concludes their session.
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def

User = (browse, Throwse ). Browsing

+  (buy, ryuy).Buying
Browsing o (getPage, Tgetpage).User
Buying o (getCon firm,rgetcon firm)-User
Server o (getPage, Tsendpage)-Server

+ (getConfirm,rsendCon firm)-Server

(Server[M]) B (User[N])
where L = {getPage, getCon firm}

&
&

Probe (browse, T).Running
(getConfirm, T).Probe
(buy, T).Probe
(getPage, T).Probe
(getCon firm, T).Done
(browse, T).Running
(buy, T).Running
(getPage, T).Running

Stop

+ 4+

&
&

Running

+++

&
g

Done

This component is attached to the user component and the cooperation
(User D Probe) is partially evaluated to the following PEPA component which
can then be multiplied via the array operator and used in our example model:

ProbeU ser o (browse, ryrowse ). Running Browsing

+  (buy, ryuy).Probe Buying
ProbeBuying o (getCon firm,rgetcon firm)-Probelser
RunningBrowsing = (getPage, TgetPage)-RunningUser
RunningU ser o (browse, ryrowse ). Running Browsing

+  (buy, ryuy).Running Buying
RunningBuying o (getCon firm,rgetcon firm)-Done
Done o Stop

The resulting model is translated into a set of ODEs, the initial population
for the UserProbe component is set such that the entire population is in the
source state RunningBrowsing (such that, in this case, the states ProbeUser
and ProbeBuying are unreachable).

From this the CDF of the response-passage at time ¢ is Runnirf;(gl:;?sing(o)
or rather the number of clients which have completed the passage by time ¢
divided by the total population of clients. This is shown in Figure 2.

Since we are also able to calculate the average response-time of this same
passage, we can show that the CDF computed in this way is overly optimistic.
Shown on the diagram are two areas, A and B. Area A is the area underneath
the CDF from 0 until the average response-time. Area B is the area above
the CDF from the average response-time to infinity. If the CDF is correctly
calculated then these two areas should be equal, whereas on the diagram clearly
they are not equal.
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Figure 2: A graph of the CDF for the example response-passage as computed
by the Bradley et al method using ODEs.

2.2 One-Run Probes

The main reason that the above method for calculating the CDF is optimistic is
that once the individual clients have completed their own response-passage they
are in a blocked state and can therefore not re-compete for the same resources.
The later finishing clients therefore have artificially exclusive use of the shared
resources.

A further problem, which may instead cause the computed CDF to be pes-
simistic, is that this method makes no use of when a request action is likely to
occur.

To tackle our first problem we introduce the notion of a one-run probe.
Figure 3 shows a one-run probe together with a typical probe and the above
described absorbing probe. The key point is that once the one-run probe tran-
sitions into its absorbing state it will never transition from it, but because it
allows all of its probe alphabet in cooperation with the user component, the
user component is not blocked from behaving as a non-probed user component.
However because it is in cooperation with a finished probe we can tell how many
such user components there currently are. That is we can tell how many user
components have completed one response-passage even though they are now
currently acting as a non-probed user component and in particular offering up
competition for the shared resources.

Once we have added the one-run probe to our example model and partially
evaluated the resulting cooperation between probe and user components we
obtain the following PEPA model:
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Typical Probe Absorbing Probe One-Run Probe

Q§Q 020

*

source

action ,

* = probe alphabet

Figure 3: A typical probe together with an absorbing and a one-run probe

RunningBrowsing = (getPage, Tget Page)-RunningU ser
RunningU ser o (browse, Tprowse ) - Running Browsing

+  (buy, ryuy). RunningBuying
RunningBuying o (getCon firm,rgetcon firm)-RanUser
RanU ser o (browse, Tprowse ) - RanBrowsing

+  (buy, rpuy).RanBuying
RanBrowsing o (getPage, Tgetpage)-RanU ser
RanBuying o (getCon firm,rgetcon firm)-RanUser
Server o (getPage, "sendpPage)-Server

+ (getCon firm,rsendConfirm)-Server

(Server[M]) B (Running Browsing[N])
where L = {getPage, getCon firm}

In particular we can evaluate at any time how many user components have
already completed the passage by: Done(t) = RanUser(t)+ RanBrowsing(t)+
RanBuying(t) and therefore the CDF at time ¢ is: 7—- Done(t)

ngBrowsing(0)
However this would calculate a pessimistic CDF due to the second problem
identified above. The solution is to use the results of steady-state analysis on the
original model to ‘seed’ the probed model. We performed steady-state analysis
on the original model and obtained the values for the populations of the user
states shown in the table on the left of Figure 4.

The table on the right of Figure 4 shows how we ‘seed’ the probed model
in order to achieve our cumulative distribution function. All those user states
which are not the source state have their populations given to the state which
corresponds to a probe which has already finished, in this case the steady-state
population of the User state is given to RanUser and similarly for Buying.
As mentioned before the ProbeUser and ProbeBuying states are never reached
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RunningUser 0

User 300 RunnmgBrov.vsmg 54

. RunningBuying 0
Browsing 54

Bavin 616 RanUser 300

yihe RanBrowsing 0

RanBuying 646

Figure 4: The table on the left shows the steady-state populations of the user
component states. The table on the right shows how the derived ODEs are
seeded in order to obtain a CDF for the response-passage.
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and hence are given zero population. The source state Browsing has all of its
steady-state population given to the equivalent Browsing state in which the
probe is in the Running state. We can now compute the CDF of our response-
passage by calculating the number of components initially in the source state
which have now finished. This is: Done(t) = (RanUser(0) + RanBuying(0)) —
(RanUser(t)+RanBrowsing(t)+ RanBuying(t)) and we can compute the CDF
by: #ﬁ%m

Using this we obtained our new CDF depicted in the left hand graph of
Figure 5. The right hand graph compares the CDFs computed by our proposed
method ‘allan-ode-cdf’ and the previous method of Bradley et al ‘jeremy-ode-
cdf’ and that computed using a CTMC and a model used to approximate the
true model which space does not permit to show here.

3 Conclusions

This paper has briefly shown how to update our ability to calculate a response-
time profile from a PEPA model whose state space is too large to consider com-
pilation via a CTMC. In addition we have shown how both absorbing probes and
one-run probes may be used to alter the behaviour of a model, this is something
of a first for the stochastic probe framework which has hitherto maintained a
strict protocol that a stochastic probe must not alter the behaviour of the model.
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Abstract

In this paper, we look at how two hitherto-distinct approaches to system modelling — PEPA and AI Planning — can
be combined to provide configuration decisions for service-oriented systems. By combining the modelling of uncertainty
in PEPA with the fast decision making of planning, we exploit their respective strengths. To illustrate the potential of our
approach, we consider a model of a system for obtaining loan decisions from a broker, for which we produce cost-effective
investment decisions to meet a desired performance target.

1 Introduction

The cost-effective provision of Service-Oriented Systems — ‘systems of systems’ set up to provide a desired service —
presents an interesting challenge to 21st century computing. Considering two facets of the problem, first, there is the
challenge of modelling expected system performance given the performance of system components and network infras-
tructure. Second, there is the issue of choosing the system configuration: the possibility of distributing data processing
on a global scale gives considerable choice over how to compose the service, and as such finding the most cost effective
system configuration to meet a desired performance target is non-trivial. For instance, a cheaper remote service is only
cost-effective if the investment in bandwidth needed to meet the desired performance is reasonable; but at the same time,
investing elsewhere in the system may make investment in bandwidth unnecessary.

In this paper, we explore how two approaches to system modelling can be combined to meet these challenges. For
an accurate performance model, we will use PEPA [4]. For fast decision making, we will use Al Planning [2], working
with an approximate model of system performance. The two systems, combined, form a closed loop: when the model of
performance provided initial PEPA model is unacceptable, planning is used to provide cost-effective investment decisions;
then, an updated PEPA model is built to ascertain whether the performance target has now truly been met.

2 Background: Al Planning

Al Planning is concerned with the task of finding a sequence of actions that, when executed, reach some desired goals. Be-
ginning with planning in its simplest form — propositional planning, without an an explicit notion of time or numbers —
a planning problem can be described by a tuple (I, G, A), where:

e [ is the initial state: a set of propositions that hold true initially (under the closed world assumption that any fact
not in [ is initially false);

o G is the goal state: a set of propositions such that G C S, for any goal state Sy;

e A is the set of actions, with the aim being to reach a state .S, through applying successive actions from A to 1.
Each action a € A can, in turn, be defined by a tuple (pre, del, add), where:

e pre is the precondition set of a: for a to be applied in a state .S, pre C S,

e del and add are the set of facts deleted (resp. added) upon the application of a.
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(:action drive-truck

:parameters (?t - truck ?from ?to - locations)
:precondition (and (at ?t ?from)
(>= (fuel ?t) (/ (distance ?from ?to) (mpg ?t)))
)
reffect

(and (not (at ?t ?from))
(at 2t ?to)
(decrease (fuel-in ?t) (/ (distance ?from ?to) (mpg ?t)))

Figure 1: Moving a truck

Applying a in a state S then gives a state S’ where:

S’ = (8\ del(A)) U add(A)

More recently [3], planning models written in the Planning Domain Definition Language (PDDL) can include numeric
state values in their specification. An example of an action manipulating numeric values is shown in Figure 1. As can be
seen, for the action to be applied, the truck must be at the designated start location, and hold enough fuel for the journey;
and when the action is applied, the location of the truck is updated, and the amount of fuel in it decreased accordingly.
With models such as these, the task of a modern planner such as COLIN [2] is to find a solution plan that respects this
defined behaviour, along with other capabilities of PDDL, such as modelling time and continuous numeric processes (e.g.
filling a tank at a certain rate).

3 Modelling Service-Oriented Systems in PEPA

We will use PEPA [4] to model a service-oriented system where a customer (C'R) requests loans from a broker (BR),
who forwards on the request to a lender (L F), and returns the response to the customer. The customer, broker and lender
are physically distributed and communicate across a network between the customer and the broker (C'B) and a network
between the broker and the lender (BL).

The Service-Level Agreement (SLA) for this system is expressed in terms of the response time experienced by the
customer. That is, the delay between the end of the request activity and the end of the response activity. (It does not matter
how long the customer takes to make a request, we are concerned only with how responsive is the service composition
of broker and lender, once the request has come in.) The SLA of the loan service states that 80% of customers receive a
response within 7 seconds. The SLA does not state what percentage of these responses turn down the loan request.

The customer (C'E) makes a request and then is ready to receive a loan offer. When this is completed, the customer
thinks about the offer, and the process repeats.

CR 2 (request, 7).CRready
CR"f“dTJ . (response, T)~CRC0mpleted
CRcompleted = (thlnk, t) .CR

The network between the customer and the broker is symmetric in the sense that it is reasonable to use only a single rate
parameter r¢ p to represent transfer from customer to broker in both directions (first for the request, then for the response).

CB = (request, T).(transferToBroker,r¢ ).
(transferFromBroker, T).(response,rcp).C B
The broker (B R) is idle until a loan request comes in. The broker then identifies a suitable lender by consulting a registry

and then forwards the loan request to the lender. (The interaction with the registry is not represented here.) When the
response is received from the lender the broker post-processes it and transfers it back across the network to the customer.

BR 2 (transferToBroker, T).(requestLender, rgR).
(responseLender, T).(transferFromBroker,rgr).BR

The network between the broker and the lender is also symmetric, imposing the same delay when transferring the request
to the lender, as when transferring the response from the lender. Thus the rate g1, is used twice in the definition of this
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CR CB BR BL LE

Request/response cycle)

request
transferToBroker

requestLender

transferToLender

transferFromLender

responseLender

transferFromBroker

response

Figure 2: A UML sequence diagram showing the interactions between the customer (C'B), the broker (BL) and the
lender (LE).

component.

BL 2 (requestLender, T).(transferToLender,rr).
(transferFromLender, T).(responseLender,rpr,). BL

The lender (LF) simply functions as a reactive system, being inactive until receiving a request and then giving back the
loan offer.

LE 2 (transferToLender, T).(transferFromLender,p).LE

Finally, the complete PEPA model is a composition of these five sequential components, requiring them to cooperate on

their common actions.
(CR E{l (CB %ﬁ (BR %ﬂ (BL %ﬂ LE))))

where
Ly = {request,response }
Lo = {transferToBroker, transferFromBroker }
L3 = {requestLender,responseLender }
Ly = {transferToLender, transferFromLender }

The activity relevant to the SLA is depicted as a UML diagram in Figure 2. The five sequential components of the PEPA
model are represented as swimlanes which proceed down the page. The horizontal lines which cross from one swimlane
to another mark the end of an activity. The height of a thick bar represents the duration of one or more activities. We are
concerned with the height of the bar in the C'B swimlane, which represents the seven-activity sequence transferToBro-
ker; requestLender; transferToLender; transferFromLender; responseLender; transferFromBroker; and response. These
activities need to take place (in this order) to complete a request from a customer.

4 Approaching PEPA Models from Planning

As discussed in the previous section, PEPA provides an elegant means whereby service-oriented systems can be formally
defined. Its key strength in this setting lies in the ability to use distributions to model the how long each activity takes,
capturing the uncertainty in the performance of each of the system’s components. In doing so, it is possible to verify
service-level agreements (SLA) specifying a total service time and the percentage of transactions for this must hold. The
weakness of the approach is encountered when the service-level agreement is not met, and hence where investment is
needed to reduce one or more activities’ durations. There is no direct way to consider these possibilities: the modeller is
left with the task of performing sensitivity analyses on the system to deduce where investment should be applied, whilst
bearing in mind the costs of doing so.

The strengths and weaknesses of planning models contrast strongly with that of PEPA in this domain. As discussed
in Section 2, a PDDL model can capture a sequence of activity, but unlike PEPA, in classical planning the outcome of the
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(:action CB1 (:action BR1
:parameters () :parameters ()
:precondition :precondition
(ready) (ready_for brl)
ceffect (and ceffect (and
(not (ready)) (not (ready_for brl)))
(ready_for brl) (ready_for bll)
(increase (dur) 0.3) (increase (dur) 0.9)

Figure 3: CB1 and BR1 Actions from the Basic PDDL model

action is deterministic: moving the truck uses precisely the calculated amount of fuel, and were a temporal model used,
it would take precisely the calculated amount of time. Where planning has its strengths is in considering the implications
of decisions and how well they contribute towards the goal. Actions can be used to encode the options available and their
costs, and the planner can then consider these when planning to reach the goals. For instance, in the case of a logistics
problem, the costs would correspond to refueling the trucks and employing drivers.

From these comparisons, what we seek is useful middle ground combining the strengths of these two approaches.
Where a PEPA model falls short of the SLA, investment decisions are needed — a strength of planning. But, to make
useful investment decisions, the planner needs to consider uncertainty — a strength of PEPA models. Here, we shall
proceed to answer the following: how can we give a planner enough information about the uncertainty in activities’
durations to allow it to make cost-effective service investment decisions, leading to a modified PEPA model which is then
feasible?

4.1 A Basic PDDL System Model

First, we shall construct a basic PDDL model corresponding to the steps of the GetLoan system (Figure 2). Our initial
state declares that the system is idle (the fact ready holds), and the goals are that the second C B activity has finished,
and the total time taken is < 6 seconds. For each activity, a corresponding action is created in the planning problem; for
activities in two fragments (e.g. C'B) we add two actions, C B1 and C'B2. Two example actions are shown in Figure 3.
First, considering numeric effects, each action increases the duration of the activity sequence by the mean time taken
to complete the activity. Second, considering the propositional preconditions and effects, the first of these adds a fact
required as a precondition for the second. Similar effect—precondition constructs exist for the remaining actions, until
C B2 adds done, as required by the goal state.

4.2 Modelling Uncertainty and Choice

The PDDL model, as described, only considers the mean time taken to complete each activity, taking the total time to
complete the sequence as the sum of these. As there is no model of uncertainty, the planner has no basis on which to
determine the distribution of possible outcome durations, and hence no means to determine whether the SLA will hold
under the exponential distributions used as the basis for the original PEPA model. To address this, we shall approximate
these distributions within the PDDL model, allowing the planner to estimate the attainable SLA.

To achieve this, we make two changes to our model. First, each action has a number of duration outcomes, associated
with likelihoods, rather than a single duration effect. For durations samples dy, .., d,, taken from the time distribution
for activity a, the corresponding likelihood p; € py, .., p,, Will be taken as (CDF(d;, \o) — CDF(d;_1, \s)) (defining
CDF(d-1,)\,) = 0). Second, each action applies its outcomes onto each of the previous possible outcomes. In doing so,
once the plan contains all the necessary activities, by summing the likelihood of all outcomes within the target deadline
(e.g. 6 seconds), we can see if the target likelihood (e.g. 90%) has been met.

Before illustrating this with an example, we make one final change to the model to reflect choice over the investment
decisions available to improve the system’s performance. For each activity, a range of rates are available, with associated
costs. By planning to minimising the sum of these costs, whilst also meeting the SLA, the planner can answer questions of
the form ‘what is the minimum investment needed to meet this SLA?’. Figure 4 shows an example of the finished action
model. The cost effect is fairly intuitive — increase the total cost by the cost of setting BR1 to follow the rate chosen.
Also note the effect (ratefor_br2 2r), which records that this rate must later be used for B R2.

The outcome effects are slightly more involved. At a superficial level, whenever an action is applied, we update
the space of possible outcome durations and likelihoods for the plan so far (as a whole) to reflect the space of possible
outcomes from the action. In more detail, the rationale behind the PDDL nested forall effects are as follows:
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(:action BR1
:parameters (?r — rate)
:precondition
(ready_for brl)
ceffect (and
(not (ready_for brl))
ready_for bll)
increase (cost) (cost_brl ?r))
ratefor_br2 ?r)
forall (?sa - sample_cbl)
(forall (?sb - sample_brl) (and
(assign (outcome_d_brl ?sa ?sb) (+ (sample_d_brl ?r ?sb) (outcome_d_cbl ?sa)))
(assign (outcome_p_brl ?sa ?sb) (x (sample_p_brl ?r ?sb) (outcome_p_cbl ?sa)))

(
(
(
(

))

Figure 4: CB1 from the Enhanced PDDL model

1. The earlier action for C'B1 defined a number of possible outcomes, the set sample_cbl. The duration of each
of these (i.e. each ?sa — sample_cbl) is denoted (outcome_d_cbl ?sa), and its associated likelihood is
(outcome_p_cbl ?sa).

2. The action B R1 also has a number of possible outcomes, the set sample_br1l. The rate parameter defines the space
of outcome durations and likelihoods, so for each ?sb - sample_brl there is an outcome (sample_d_brl ?sb)
with likelihood (sample_p brl ?2sb).

3. The number of possible outcomes from C'B1 then B R1 is then the cartesian product of the outcome sets, summing
the durations and multiplying the likelihoods.

5 Test Case

As a proof-of-concept for the use of planning to make cost-effective investment decisions to meet a desired SLA, we shall
refer to the GetLoan system (Figure 2). The scenario is as follows:

e The existing system is (easily) capable of meeting an SLA of 7 seconds 80% of the time.

The goal is to meet an SLA of 6 seconds 90% of the time, requiring investment.
e The current mean delays for each of CB,BR,BL and LF are 0.3, 0.9, 0.3 and 1.2 seconds, respectively;
e The delay for each of these can be reduced by 20%, with respective costs of £10k, £15k, £8k, and £18k.

We proceed to make a PDDL model of this, following Section 4.2. We take 10 samples from each activity’s time
distribution using the baseline delays, adding these to the model with cost 0. Then, reducing the delays by 20%, we take
a further set of samples and add these as alternatives, incurring the relevant cost. The plan produced is as follows, with a
total investment cost of £23k:

1. CBl1, baseline rate
2. BRI, improved rate
3. BL1, improved rate
LE, baseline rate
BL2, improved rate

BR2, improved rate

S A

CB2, baseline rate
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Figure 5: CDFs of the Performance of the GetLoan System

The time taken to find the plan was two seconds, and is known to be cost-optimal, with respect to the planning model:
if we add an additional goal that cost is less than 23k, no solution plan can be found.

Bearing in mind that the outcome distribution used by the planner is an approximation, we can then update the
original PEPA model to validate whether the investment decisions made by the planner are able to meet the new SLA. We
performed a Markovian response-time analysis of the PEPA model using the ipclib [1] PEPA library, and the results for
the original and updated models are shown in Figure 5 (the ‘slow, markovian’ and ‘fast, markovian lines’, respectively).
The 6 second lies at the 90.544%th percentile of the updated CDF, indicating the investment has reached the desired SLA.
Also shown on the graph is the estimated CDF produced by the planner for the outcomes of the above plan — as can be
seen, it is pessimistic, but within a few percentage points of the true CDF in the upper quartile.

6 Conclusions

In this paper we have shown how PEPA modelling and Planning can be usefully combined to provide decision-support
for service-oriented system configuration. By using a PEPA model to accurately reflect the uncertainty in the time taken
to complete each system activity, and a planner working with an approximate sampled model, the result is a CPU-time-
efficient system for suggesting and validating system investment decisions. In future work, our aim is to extend the range
of system models for which our approach can be used by extending the planner to support more flexible PEPA models
with disjunctive activity pathways, as well as larger models with greater numbers of possible activity configurations.
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Abstract

The stochastic process algebra PEPA is a widely used language for performance modelling, and a large
part of its success is due to the rich tool support that is available. As a compositional Markovian formalism,
however, it suffers from the state space explosion problem, where even small models can lead to very large
Markov chains. One way of analysing such models is to use abstraction — constructing a smaller model
that bounds the properties of the original.

We present a new tool for abstracting and model checking PEPA models, which is an extension of the
Eclipse plug-in for PEPA. This extends the current tool with two additional views. The abstraction view
is a graphical interface for labelling and aggregating states of PEPA components. The model checking
view allows CSL properties to be specified and checked. Internally, we use the techniques of abstract
Markov chains and stochastic bounds to analyse transient and steady state properties respectively. We
have extended both techniques so that they can be applied compositionally to PEPA.

1 Introduction

In the distributed world of today, performance has a vital role in the construction of robust, reliable and
scalable computer systems. A powerful technique for reasoning about the performance of these systems is
to use mathematical modelling — in particular, working with high-level compositional languages, such as
stochastic process algebras. One such widely used language is the Performance Evaluation Process Algebra
(PEPA) [10], and a significant part of its success is due to the many tools that are available [5,9,15,20].

The PEPA language has two primary semantics — a Markovian semantics, which maps a model to a
continuous time Markov chain (CTMC) [10], and an ordinary differential equation (ODE) semantics [11].
Both semantics, as well as stochastic simulation, are implemented in the PEPA plug-in tool [20], which is
built on the Eclipse platform [1]. This provides an interface for editing PEPA models, and performing both
steady state and time series analysis. An Integrated Development Environment (IDE) such as Eclipse has
the advantage of providing a standardised interface, with which users are already familiar, and removing
much of the burden of user interface development from the tool developer.

Often, when we analyse a model, we are interested in a particular property that we express in an ap-
propriate logic — for example, the Continuous Stochastic Logic (CSL) [3,4]. There are a number of tools
available for model checking Markovian models — for example, MRMC [13] and PRISM [15] — but currently
PRISM is the only model checker that accepts PEPA as a direct input language. Whilst PRISM is a powerful
tool, it has two disadvantages for the PEPA modeller — it accepts only a subset of the PEPA language',
and it is not integrated with the PEPA plug-in tool. One of the contributions of this paper is to present
integrated tool support for CSL model checking of the full PEPA language.

The main problem faced by compositional formalisms like PEPA, is that even a relatively small model
can lead to a CTMC that is much too large to analyse. This state space explosion problem can be avoided if
we are only interested in the average behaviour of the system — namely, the average number of components
in a given state at a particular time — in which case we can use the ODE semantics of PEPA. However, if

*This work was funded by a Microsoft Research European Scholarship
'PRISM does not implement the minimum semantics of active-active synchronisation, and instead multiplies the rates.
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we want to reason about all possible runs of the model, and not just the average case, we need to look at its
Markovian semantics. And since the problem of state space explosion is unavoidable, we have no choice but
to look for ways of dealing with it.

The basic principle for analysing a large model seems deceptively simple — we just need to make it
smaller! This process of abstraction is more difficult than it sounds, because we need to preserve information
about the properties we are interested in. There a few different ways for us to do this, but the approach
we take in this paper is to aggregate states with similar behaviour. Since, most of the time, this throws
away some of the information in the original model, we look at obtaining bounds on properties of the model.
For example, if a system has a probability 0.001 that it fails within the first ten minutes of operation, the
abstracted model might tell us that the probability lies in the interval [0,0.002]. The important thing is that
the bound is accurate, in that the actual probability always lies within the interval we obtain.

Whilst some abstractions can give very tight bounds on the probability of satisfying a property, others
can give less useful information. Indeed, in the worst case, we could “discover” that the probability lies in
the interval [0,1]. Hence the key to obtaining useful information is the choice of abstraction — in other
words, how do we select which states to combine? As there is currently no way, in general, to automatically
decide this, it is important that we can easily try different abstractions. This leads to the topic of this
paper — providing an interface for quickly and easily specifying abstractions of PEPA models, and for
checking properties of the abstracted models.

There are a number of techniques for producing bounded abstractions of a CTMC, and we make use of
two of them — abstract Markov chains [7,13], and stochastic bounds [8,19]. The former can be used to bound
transient properties, and the latter for various monotone properties such as the steady state distribution.
Both of these techniques were originally specified and used at the level of Markov chains, but we have
extended them so that they can be applied compositionally to PEPA models [18]. This means that we can
construct bounds for models whose underlying CTMC is too large to represent (let alone analyse), since we
maintain its compositional structure when building the abstract model. It also means that the modeller can
identify which states to aggregate in a more natural way, using the same component-level view as in the
original model.

In this paper, we present a new extension to the Eclipse PEPA plug-in, which provides a graphical
interface for abstracting PEPA models, and a model checker for properties in the Continuous Stochastic
Logic (CSL) [3,4]. The tool can be downloaded from http://www.dcs.ed.ac.uk/pepa/tools/plugin, and
extends the PEPA plug-in with the following two views:

1. The Abstraction View is a graphical interface that shows the state space of each sequential component
in a PEPA model. It provides a facility for labelling states (so that they can be referred to in CSL
properties), and for specifying which states to aggregate.

2. The Model Checking View is an interface for constructing, editing, and model checking CSL prop-
erties. The property editor provides a simple way to construct CSL formulae, by referencing states
that are labelled in the abstraction view. Only valid CSL formulae can be entered.

In this paper, we will begin by describing the PEPA language, along with a small example, in Section 2. We
will then describe the abstraction and model checking views in Sections 3 and 4 respectively. We give a brief
description of the theory behind the approach, and some implementation details in Section 5. Finally, we
consider a larger example in Section 6, to illustrate the capabilities of the tool, before concluding in Section 7.

2 The PEPA Language

The Performance Evaluation Process Algebra (PEPA) [10] is a compositional formalism with Markovian
semantics. In PEPA, a system is a set of concurrent components, which are capable of performing activities.
An activity a € Act is a pair (a,r), where a € A is its action type, and r € R>oU {T} is the rate of the
activity. This rate parameterises an exponential distribution, and if unspecified (denoted T), the activity is
said to be passive. In this case, another component must actively drive the rate of the action. PEPA terms
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Py =
Pis =
Pig =

reg14,7).Pra + (moveis, m).Pis
regys,7).Pis + (moveis, m). Py + (moveig, m).Pig
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(
(
(
S14 = (regyy, T).(rep14,5).S14
S15 = (regys, T).(repys, $).S15
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DBy =
DBy5 =
DBy =

repyy, 1).DB14+ (repys, T).DB1s + (repig, T).DB1g
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Py ] (S1a || S15 || S16) =] DBy

{reg14,7meg15.7e916} {rep14,7ep15,7eP16}

Figure 1: A PEPA model of an active badge system

have the following syntax:
C=(a,r).C|C1+C |C1BC [ C/L| A

We briefly describe these combinators as follows:
e Prefiz ((a,r).C'): the component can carry out an activity of type a at rate r to become component C.

e Choice (Cy + C2): the system may behave either as component Cy or Cy. The current activities of both
components are enabled, and the first to complete determines which component proceeds. The other
component is discarded.

e Cooperation (Cy DLQCQ): the components C; and Cy synchronise over the cooperation set L. For
activities whose action type is not in L, the two components proceed independently. Otherwise, they
must perform the activity together, at the rate of the slowest component. At most one of the components
may be passive with respect to this action type.

e Hiding (C/L): the component behaves as C, except that activities whose types are in L are hidden,
and appear externally as the unknown type 7.

e Constant (A~ C): component C' has the name A.

The operational semantics of PEPA defines a labelled multi-transition system, which induces a derivation
graph for a given component. Since the duration of a transition in this graph is given by an exponentially
distributed random variable, this corresponds to a continuous time Markov chain (CTMC).

An example PEPA model with five components is shown in Figure 1. This is a model of an active badge
sensor system, which was first presented in [6]. In the model, a person (component P) moves between three
corridors, labelled 14, 15 and 16, which are arranged linearly. Each corridor i has a sensor S;, which listens
for a registration signal reg; from the person, and informs the database DB. The state of the database
effectively records where the person was last seen. The model has three rate parameters — 7 is the rate at
which the badge sends a signal to the sensors, m is the rate of moving between corridors, and s is the rate
at which the sensor updates the database.

There are a number of interesting questions we might ask of the model. For example, what proportion of
the time does the person spend in each of the corridors? Or, what is the probability that the database can
move directly from state DB14 to state DB1g, missing the fact that the person must have passed through
corridor 157 Since this particular example has only 72 states, we can analyse it directly without need for
abstraction. We will, however, use it as a running example whilst describing the tool in the following two
sections. In Section 6 we will look at a larger example, which better illustrates the power of abstraction.
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Figure 2: The PEPA Eclipse Plug-In

3 Specifying State-Based Abstractions

In order to construct and check CSL properties of a PEPA model, we need some way of referring to states of
the model. One way of doing this would be use the names of the sequential component states in the model,
but this could lead to very long and cumbersome names — especially if we refer to a large set of states.
Ideally, we would prefer to use a single, meaningful name. Our solution is to provide a graphical interface
for labelling sets of states.

An overall view of the PEPA plug-in is shown in Figure 2. Here, the active badge model of Figure 1 is
open in the editor, and the abstraction view is in use. The majority of the abstraction view is taken up by
a graphical representation of the sequential components in the system equation of the model. In this case,
there are five components, and each corresponds to a tab in the view. Currently on display is the database
component DB.

On the right of the abstraction view is a table showing the atomic properties for the model. Right clicking
on this table brings up a menu, from which we can define a new property, or rename or delete an existing
one. When we create a new property, the currently selected states in the graph will initially satisfy it, and
the other states will not. We can change which properties a state satisfies by right clicking on the state —
this allows us to select or deselect the atomic properties, as illustrated in the figure.

An additional feature of the property table is that clicking on a property will highlight all the states that
satisfy it. Clicking on a state in the graph will shade the properties that it satisfies in green, and those it does
not in red. This allows us to quickly see which states satisfy which properties. It is important to remember
that all atomic properties are defined compositionally. A state in the system satisfies an atomic property if
and only if its state in each component does. In Figure 2, the property “Left Corridor” is satisfied by DBy,
but not by DB15 and DB1g. Since we do not constrain the property for any of the other components, it is
satisfied by all states of the system that have the database in state DB14. An example would be the state
Py || S1a || S5 || Si6 || DB1a-

The second function of the abstraction view is, as its name suggests, to specify an abstraction — namely,
which states to aggregate. Figure 3 shows a close-up of the abstraction view, this time for the component P.
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Figure 3: The abstraction interface

In this case, we have selected to show both the actions and the rates on the transitions, but since this leads
to a more cluttered graph these options are not selected by default.

Aggregating states in a sequential component is simply a matter of selecting the states, and clicking the
Aggregate button. They can be separated again by clicking Disaggregate. Once a set of states have been
aggregated, we can only select them as a group — clicking on any one of the states will select them all. Note
that the aggregation of states is independent of both the labelling of atomic properties? and the definition of
CSL properties in the model checking view. This means that we can quickly try out different abstractions —
the only thing we need to do is to run the model checker each time.

4 Model Checking Abstract PEPA Models

To describe properties of a PEPA model, we need a logic for expressing them. The most widely used logic for
model checking CTMCs is the Continuous Stochastic Logic (CSL) [3,4]. CSL is a branching-time temporal
logic, which allows us to talk about the probability of a state satisfying some temporal property, and the time
interval in which a property must hold.

Formulae in CSL consist of state formulae ®, and path formulae . The former are properties of individual
states in the Markov chain — for example, that the steady state probability is greater than a certain value.
The latter are properties that hold of paths (sequences of states) through the chain — for example, that a
state property holds until some condition is met.

State formulae ® are defined as follows, for < € {<,>}, p € [0,1] and atomic propositions a:

Pu=tt|a|PAD| P | Sqp(P) | Pap(e)

In addition to atomic propositions and the standard logical connectives, there are two state formulae of
interest:

o A steady state measure S<p,(®) is satisfied if the steady state probability of being in the set of states
satisfying ® is < p.

o A path measure Pq,(p) is satisfied of a state s if the integral of the probability measures of all the
paths from s satisfying ¢ is < p.

A useful extension to the basic CSL syntax, used by the PRISM [15] model checker and by us, allows us to
test the value of a steady state or path measure:

b = S_2(P) | P=2(e)

2If we aggregate a set of states when only some of them satisfy a property, the abstract state will have a truth value of ?’
i.e. it ‘maybe’ satisfies the property).
i.e. it ‘maybe’ satisfies th ty
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Figure 4: The CSL property editor

These are not state formulae in themselves, since they do not evaluate to a truth value, but to the probability
of the property holding of a state. This does not affect the expressivity of CSL, but is convenient for users
of a model checker.

Path formulae ¢ have the following syntax, where I is a non-empty interval over R>q:

er=Xo | o U
These two operators have the following semantics:

e The next operator, X' ®, holds of a path if it leads to a state satisfying ® in one transition, within the
time interval I.

e The until operator, ®; U ®,, holds of a path if it reaches a state satisfying ®, within the time interval
I, and until then only passes through states that satisfy ®;.

Classically, for a CTMC, a CSL formula will evaluate to either true or false, or a probability in the case of the
test operators ®p. In our case, however, we want to model check abstract models, hence the test operators
will evaluate to a probability interval. This describes the best and worst case probability of satisfying the
formula, based on the information available in the abstraction. Since this means that we might not know
whether or not the model satisfies a property, we need to use a three-valued semantics of CSL [13], with
truth values of T, L and ? (true, false, and maybe).

To illustrate the properties we can express, consider the following formula, for the active badge model
from Figure 1. Let us assume that we used the abstraction view to define the atomic properties Left Corridor
and Right Corridor, meaning that the database is in states DB14 and DB1g respectively:

P_-(Left Corridor U Right Corridor)

This asks the question, “what is the probability that the database will continue to think that the person is in
the leftmost corridor, until it becomes aware that the person is in the rightmost corridor?” We can construct
this formula using the CSL editor, as illustrated in Figure 4.

The aim of the CSL editor is to make it as easy as possible to construct a CSL formula. In particular, it
ensures that we can construct only valid formulae. The buttons on the interface correspond to the various
CSL operators and logic connectives, and are enabled by clicking on the part of the formula we want to edit.
Hence we cannot enter a path formula where a state formula is required, or vice versa, and the test operators
® can only be used at the top level of a formula. The path and state operator buttons produce a pop-up
menu with the available choices — for example, timed versus untimed until operators.

The most useful feature of the CSL editor is that it presents us with a list of the atomic formulae that
we defined in the abstraction view. Hence, we can easily refer to sets of states in the model, using the labels
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[Z: Problems | 88 Model Checking View £2 - @ Abstraction View | El Console =08

Name CSL Property Result
Skip Middle Corridor P=7 [ Left Corridor U Right Comidor ] [0.41615,0.41635]

Transient Accuracy. In 00001 l [Chack Properties

Figure 5: The model checking interface

13:16:04 [badge.pepal Model added.

13:16:04 [badge.pepal Model parsed.

13:16:08 [badge.pepal Kronecker state space derived. Elapsed time: 5 ms.

13:24:36 [badge.pepal <Model Checker> Generating abstract CTMC...

13:24:36 [badge.pepal <Model Checker> Optimising uniformisation constant to 7.0...

13:24:36 [badge.pepal <Model Checker> Generated abstract CTMC with 72 states.

13:24:36 [badge.pepal Property "P=7 [ Left Corridor U Right Corridor 1" was checked in 28 ms.

Figure 6: Console output from the model checker

we created. Because the internal data structures are shared, if we change the name of a property in the
abstraction view, it will automatically be updated in the CSL formulae that use it. Similarly, a property
cannot be deleted from the abstraction view while it is being used in a formula.

Figure 5 shows the model checking view, from which the CSL editor can be opened. The main component
of the view is a table of all the properties that are defined for the model. When the Check Properties button
is pressed, all selected properties are model checked, and the results are displayed next to each property.
In this case, we have not abstracted the model, so the result is very precise — a probability interval of
[0.41615,0.41635]3. The only error here is due to the termination condition of the model checker itself, and
can be improved by modifying the Transient Accuracy field.

If we require more detailed information about the progress of the model checker, a log is available in the
console view. For readability, we reproduce the output of the console, for model checking the above property,
in Figure 6. In the next section, we will briefly discuss the implementation architecture in more detail, but
first let us consider some results obtained by abstracting the active badge model — this is, after all, the
purpose of our tool.

Table 1 shows the result of model checking two transient properties of the active badge model under
different abstractions. The first is the same untimed until property we have been considering up to now
(where we shorten Left Corridor to Left, and Right Corridor to Right). The second is a timed until property,
which states the same condition, but with the additional constraint that the database must enter state DB1g4
(the rightmost corridor) within one time unit. For each property, we investigate the effect of aggregating the
states of each of the sensors, and then finally aggregating all three of them at the same time.

The results clearly show how the choice of abstraction affects the precision of the bounds. For both
properties, abstracting sensor S14 has no effect on the bounds — hence we can halve the size of the model
without losing precision. The story for the other sensors is quite different, however. Aggregating Sig gives a
poor bound in both cases, whereas in the case of S15 the bound is much worse for the first property than the
second. Finally, aggregating all three sensors results in the largest reduction in the size of the model, but at
the cost of limited information for the second property, and no information for the first.

We can intuitively see why aggregating Si4 has no affect on the precision, since it cannot cause the
database to move from its initial state. The other two sensors have the power to move the database to a
state that satisfies the property (in the case of Sig), or violates the property (S15), hence aggregating either

¥We have validated our results for concrete models against PRISM.
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CSL Property Aggregated States | State Space Size | Probability Interval

Pz (Left U Right) None 72 [0.41615,0.41635]
{S14, rep14.514} 36 (0.41615, 0.41635)

{515, rep15.S15} 36 [0.06246, 1.00000]

{S16, rep16-S16} 36 (0.00000, 0.90004]

All of the above 9 [0.00000, 1.00000]

P_o(Left U Right) None 72 [0.03018, 0.03019]
{S14,rep14.514} 36 (0.03018, 0.03019)

{S15, repy5-S15} 36 (0.01556,0.03199)

{S16, rep16-S16} 36 [0.00000, 0.62023]

All of the above 9 (0.00000,0.63213]

Table 1: Abstract model checking of the active badge model

of them will have a big effect on the precision. Having said this, it is not obvious to begin with that it is safe
to aggregate Sy4, and in larger models safe abstractions can be even harder to find.

The advantage of our tool is that it allows us to experiment with different abstractions of the model,
without worrying about whether or not it is safe to do so. The results of the model checker are always accurate,
in that the actual probability of satisfying the property lies within the interval we obtain. Furthermore, if
an abstract model satisfies or violates a particular CSL property, we can be sure that the original model also
does. In the worst case, we might obtain imprecise bounds, but if we reduce the size of the model sufficiently,
there is very little cost involved.

5 Architecture of the Implementation

So far, we have looked at the user interface for abstracting and model checking PEPA models without
comment on the implementation details. Whilst a detailed description of the theory is beyond the scope
of this paper, it is useful to know something about the type of abstraction we use, to make use of the tool
more effectively?. A simplified view of the implementation architecture is shown in Figure 7. The dotted
box contains our addition to the PEPA plug-in, and we show how it interacts with the parts of the existing
tool that we take advantage of — namely, the PEPA editor and parser, and the Markov chain solvers®.

The key to our approach is in using a Kronecker representation of the state space of a PEPA model [12].
Rather than deriving the state space of the system, we store a separate transition matrix for each component
and action type. We can always derive the full state space by taking Kronecker sums and products of these
matrices [16]%, but they give a more compact representation in general. When we abstract a PEPA model,
we do so compositionally on its Kronecker state space. It is only when we come to analyse the abstract model
that we have to expand the Kronecker representation. The size of this representation is proportional to the
sum of the number of states in each sequential component — as opposed to the product, in the worst case,
for the expanded state space.

From the Kronecker state space, we generate a graph representation of the structure of each sequential
component, which we call the display model. This is rendered by the abstraction view, which manages a
sequential abstraction of each component, based on the states that the user is currently aggregating. It also
stores the set of atomic properties for the model, which is shared with the model checking view. The model
checking view in turn keeps track of a set of CSL properties for each model.

The heart of the tool is the abstraction engine. In general, if we aggregate states in a Markov chain,
we end up with a non-Markovian model, since we are no longer memoryless. However, if all the states in
each aggregate partition agree on the probabilities of moving to the other aggregate partitions — a condition

“For a more thorough account, see [18].

®We use a library of solution methods provided by the Matrix Toolkits for Java (MTJ) [2]

SActually, it is slightly more complicated than this — we need to keep the exit rates and transition probabilities separated,
because of the minimum semantics of PEPA cooperation. For more details, see [18]
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Figure 7: The architecture of the abstraction and model checking engine for PEPA

called ordinary lumpability [14] — then we do still end up with a Markov chain. Unfortunately, this condition
is rare in practice, and so we need to look for alternative techniques — in our case, we make use of two:

1. An abstract Markov chain [7,13] is the natural result of aggregating a Markov chain that is not lumpable.
Since the states in an aggregate partition have different transition probabilities, we take the maximum
and minimum probability of moving between two abstract states. This is similar to a Markov decision
process [17], and indeed the model checking algorithms are similar [13]. Since an abstract Markov chain
is not Markovian, it has no steady state solution — hence, we cannot use it to model check steady state
properties. We can, however, model check all other CSL formulae except the timed next operator’.

We can apply abstract Markov chains compositionally to PEPA models at a small loss of precision, by
applying the abstraction before expanding the Kronecker representation. This results in an abstract
CTMC that can be model checked in the usual way.

2. Stochastic bounding [19] of Markov chains is based on the principle of ordered probability distributions.
For one Markov chain to bound the steady state distribution of another, it must ensure that its dis-
tribution is a bound at all times. For any Markov chain, given an ordering on its state space and a
partitioning, we can algorithmically construct an upper (or lower) bound that is ordinarily lumpable
with respect to that partitioning [8]. This can be applied compositionally to PEPA, so that the bound
is constructed at the level of its Kronecker representation [18]. Since stochastic bounding produces
another Markov chain, we can solve it in the usual way to compute its steady state distribution, which
bounds that of the original model.

By combining these two distinct techniques, we are able to model check both transient and steady state
properties of abstract PEPA models.

6 A Larger Example

Before we conclude this paper, we will examine a larger PEPA model. Figure 8 is a model of a round-robin
server architecture, where the resources of a single server are shared between n computers. The server moves
around each computer in turn — if there is a job waiting, it services it before moving onto the next computer.

"The timed next operator is not preserved under uniformisation, which is used when we apply abstract Markov chains in a
continuous time setting.
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PC; = (arrive, \;).PC} + (walkon ;11) modn, T)-PCi
PC’, = (serve;, T).PC;
Server; = (walkon ;1) modn,w)-S€TVET (i41) modn + (serve;, p).Server;
Server; = (walk(i{1)modn>w)-SETVET (;41) modn
(PCo || ... || PCn=-1) ] Serverg

{walkon,...,walkon,, _1,serveq,...,serve, 1}

Figure 8: A PEPA model of a round-robin server architecture

CSL Property Aggregated States | State Space | Probability Interval
S_+(Server’) None 768 [0.31184,0.31184]
{Server(, 5} 7 [0.00000, 0.33333]
{Servery._ 5} 7 [0.00000, 0.75000]
{Serverly, 5, Servers s} 6 [0.00000, 1.00000]
P_o (T U Servers) None 768 [0.53940, 0.53941]
{Server(, s} 448 [0.51954, 0.54567]
{Servery. 5} 448 [0.00000, 1.00000]
{Servery, 5, Servers. s} 384 [0.53940, 0.53941]

Table 2: Abstract model checking of the round-robin server model

Jobs arrive at computer PC; at rate \;, and the service rate of the server is . The server moves between
computers at rate w.

Consider this model when n = 6, in which case the concrete PEPA model has 768 states. To avoid any
symmetry in the model that could allow a more exact aggregation, we will assume that every computer has a
different arrival rate, A; = ¢ + 1. The results of model checking two distinct properties are shown in Table 2
The first property looks at the proportion of time spent in a Server’ state, where the server has completed
a job, but has not yet moved to the next computer. The second property looks at the probability that the
server will reach PC'y within the first 0.1 time units (given that it starts with PCy).

Looking at the steady state property first, we see that aggregating all the Server’ states gives a good
upper bound on the actual probability. Although the lower bound provides no information, this would be a
useful result if we were interested in verifying that the server spends no more than a certain proportion of
time in a Server’ state. This is especially true when we consider that the state space has been reduced by
99%. The other choices of aggregation yield poor results, however, which illustrates how the best abstraction
depends entirely on the property we are analysing.

If we look at the second property, by comparison, we see that we achieve the best results when we
abstract all the states following Servers, but before Serverg. In this case, we can halve the state space
without affecting the precision. In fact, since Table 2 only looks at aggregating states on the server, we can
do even better. If we aggregate the computer states for PCy... PC'5, we can reduce the state space to just
24 states (a 97% reduction in size) without affecting the precision. The reason we can achieve such good
results here, is that after the server passes through the Servers state, the property must be satisfied — hence
we can ignore all subsequent states. The abstraction view allows us to take advantage of this aggregation
very quickly, without requiring any modifications to the model.

7 Conclusions

In this paper, we have described a new tool for abstracting and model checking PEPA models, which is an
extension of the Eclipse PEPA plug-in. It provides a graphical interface for labelling and aggregating states
of PEPA components, and for constructing and model checking CSL properties. The key advantage of the

10
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tool is that it allows modellers to quickly experiment with different ways of abstracting their models, and to
take advantage of direct model checking facilities in the PEPA plug-in, without requiring external tools such
as PRISM. This is not to say that our tool is a replacement for other, more established model checkers, but
we feel that it is a useful addition to the artillery of the performance modeller.

Whilst a great deal has gone into the development of this tool, we are aware that there are still many areas
in which its capabilities can be expanded upon and improved. For example, we would like to add support
in the near future for PEPA’s aggregation notation, which provides a shorthand for specifying a number of
identical copies of the same component (e.g. Client[100]). We also intend to add support for exporting and
importing of CSL properties, so that the plug-in can more easily be used in conjunction with PRISM and
other tools.

Overall, whilst we have demonstrated the capabilities of our tool in this paper, our ultimate objective is
to provide a practical and useful contribution to the model checking community. We would be delighted if
you, the reader, could take the time to download and experiment with the new PEPA plug-in, and to provide
us with any feedback, comments, or suggestions for improvement. It is easy to install, and full instructions
are given at http://www.dcs.ed.ac.uk/pepa/tools/plugin. May many happy abstractions await you!
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Concerning Performance Driven
Cryptographic Protocol Development

Nicholas O'Shea

Abstract

We present a method of applying performance modelling t@tographic
protocols and explore how this allows protocol developerddtermine if there
are any bottlenecks in their protocol. When the deploymeeanario has been
set implementers can determine how a chosen protocol warkisat scenario.
Using the tools provided by the PAM framework network adrsiirztors can also
determine the most efficient use of any upgrade to the netinfndstructure.

1 Introduction and Motivation

Since the dawn of civilisation, man has felt an inescapabkdrto communicate se-
curely. While we can now provide this, performance is lookeéds a critical mat-

ter. Noted security expert Bruce Schneier repeatedly siat¢s] that “Security is a

trade-off”. While people are willing to wait for securityhere are limits to how long

they will do so. There are multiple methods for analysing $keurity properties of

cryptographic protocols and equally many methods of aivaythe performance of
computer systems. In this paper we explore merging the tvdsfie

2 PAMelLa

PAM, Process Algebra Modelling, is a framework for représgnprocess calculi as
labelled continuous-time Markov chains and analysing theing the analysers of the
PEPA Eclipse Plug-in[6]. PAM allows stakeholders in Marawv process calculi to
generate the underlying labelled transition system froeir lavourite Markovian pro-
cess calculus and then pass this transition system to th& Bépse Plug-in for solu-
tion and visualisation of the results. The PAM languageasgnts transition systems
using XML allowing the structure of the transition systenbteasily represented.

LySa[2?] is a process calculus for describing cryptograpbictocols similar to
the Spi-calculus[1]. Using static analysis there are tdoisanalysing the security
properties of protocols modelled in this language.

We present PAMela, short for PAM-ersatz-LySa, an Eclipsg{dh which trans-
lates LySa models into PAM files which we can then analyse. tldreslation process
between LySa and PAM is straightforward for simple protsdait as the protocols get
larger subtleties are discovered. A PAM file contains a sasfestates which can have
several transitions. A transition is a description of theuléng state along with a label
and rate for the transition from the original to the new stder our use, a state is a
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composition with each process representing a principapioaocol. As cryptographic
protocols do not typically have a notion of choice the traoss in a single process
are linear. There is some work to be done with automaticatisolling multiple and
nested encryption. Additionally, although there is no ckadn a single principal there
is some option in the transitions. In the excerpt below, faraple, either the first
or third process can transition to a new state, although ¢cersl is waiting for an
accompanying send process from principal B for this recpioeess.

<state>
<conposi tion>
<process>(new NA) </ process>
<process>(new NB) </ process>
<process>(B, S, M A, B; z1, z2) </ process>
</ conposi tion>
<transitions>
<transition>
<conposi tion>
<process>(A B, M A B, (A B, M NA)) </ process>
<process>(new NB) </ process>
<process>(B, S, M A, B; z1, z2) </ process>
</ conposi ti on>
<via name="(new NA (by A))" rate="n_A"/>
</transition>
<transition>
<conposi tion>
<process>(new NA) </ process>
<process>(A B, M A B; yl)</process>
<process>(B, S, M A, B; z1, z2) </ process>
</ conposi ti on>
<via name="(new NB (by B))" rate="n_B"/>
</transition>
</transitions>
</ state>

This section comes from the Otway-Rees protocol presergliMand the current
stage this section represents is emphasised.
(v KAS) (v KBS)
(!(v NA) (A,B,M,A,B,{A,B,M,NA} 45 [atal des{ s1}]).
(B,A,M;x1). decrypt x1 a§NA;xk} x a5 [ at a2 orig{ s3} ]in
(B,A;x2). decrypt x2 ag;xmsg}.; [ata3 orig{ b3} 1in 0
|
I(v NB) (A,B,M,A,B;y1).
(B,S,M,A,B,y1{A,B,M,NB} ks [at bl dest s2} ] ).
(v MSG) (S,B,M;y2,y3).
decrypt y3 a§NB;yk} xps [at b2 orig{ s4} ]in
(B,A,M,y2).(B,A,{MSG},, [atb3 dest{ a3} ]).0
|
I(v K) (B,SM,A,B;z1,22).
decrypt z1 a§A,B,M;zna} x 45 [at s1 orig{ al} ] in
decrypt z2 a§A,B,M;znb} ks [at s2 orig{ b1} ]in
(S,B,M{zna,K} x a5 [at s3 des{a2}], {znb,K} x ps [at s4 desfb2}] ).0)

The full state space diagram can be seen below, such diageanige automatically
generated by the PAMeLa Eclipse plug-in, although this aeelieen hand drawn in
an attempt to provide readability. The diagram demonstrtitat while each principal
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is a linear system, there are several areas where differémtipals can advance at
different speeds before meeting up on shared transitions.

State Space Diagra \

e N oo

t_B_A t.S_B "\s—/g d-S

Different rates are generated for encryption, decryptimessage generation and
communication for each separate principal and link betwteem. Using the PEPA
Eclipse Plug-in we can then determine if the protocol isahlé for the intended de-
ployment scenario and if we were determined to improve omegiahe infrastruc-
ture which part it should be. In cases such as the above ORe®g protocol, pre-
conditions on the protocol such as the shared keys KAS, KBSaamoved from the
PAM model.

3 AutoRate

Without specifying the rates of the various transitiongéhis only so much benefit that
can be gained from analysis of the model. By declaring the tyfoconnections and
devices we can automatically assign values to these refjrates. This is done with
a graphical interface that makes it easier for those unfamilith the formal model to
achieve desirable results quickly. A screen-shot of thislmaseen in Figure 1. A user
can choose the type of device that the principal will run od #re network speed of
the connection between communicating principals. Thisrimftion will then be used
to automatically calculate the rates for all the transgioihis particular deployment
scenario automatically generates the following rates:

<par aneter nane="e_S" val ue="8. 961646000000002"/ >
<par anmeter name="t_B A" val ue="135.0"/>

<par aneter nane="n_S" val ue="2330.0"/>

<paraneter name="t_S B" val ue="250.0"/>
<paraneter nane="d_B" val ue="1165.0"/>

<par anmet er name="d_A" val ue="550.0"/>

<par anet er nane="n_B" val ue="2330.0"/>

<paraneter nane="n_A" val ue="1100.0"/>

<paranmeter name="t_B S" val ue="250.0"/>
<paranet er nane="e_B" val ue="8.961646000000002"/ >
<par anmet er nanme="d_S" val ue="1165.0"/>
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Figure 1: AutoRate Screenshot
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Figure 2: Utilisation Graphs of principals (clockwise fraop left) A, B and S

<paraneter nane="r" val ue="6.2E9"/>
<par anmeter name="t_A B" val ue="135.0"/>
<paraneter nane="e_A" val ue="4.2308200000000005"/ >

4 Analysing Otway-Rees

If we look at the graphs presented in Figure 2 for each pré®cuilisation we see
that most of the time is spent waiting for a message to arrivas tells us that the
devices that are used are sufficient to not be a bottleneckesystem. Looking at
experimentation graphs we see that there is a certain pdiatenit is worth upgrading
this component after which improving the speed of the ndtwal have little effect.
Figure 3 is typical of all the transmission speed experimton graphs and we can see
the curve levels off at a rate of around 80 and anything dftatrrnakes little difference.
As our rates are over this threshold while we can improve #réopmance it would not
be an efficient use of resources to do so as the performanaasewould be marginal
without a large investment.

5 Conclusion

Itis important for implementers to be able to make sure tieg thoose an appropriate
protocol for their deployment scenario. For protocol depelrs it is equally important
that their design is not so flawed as to include unnecessafgrpgnce bottlenecks.
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PAMeLa allows protocol developers to utilise powerful periance analysis without
needing any knowledge of the underlying mechanics or laggu¥Vith the aid of the
AutoRate plug-in appropriate rates are automaticallyudated based on a user’s se-
lected deployment scenario, eliminating a difficult aspefgberformance modelling.
With these tools, network administrators can work out thet ey of improving the
performance of their network thus potentially saving tinmel aoney instead of acci-
dentally devoting resources to areas which would not impmerformance.

A theoretical approach to performance evaluation for dgcprotocols has al-
ready been attempted in work such as [3]. This work relies sinldishing a new
extended operational semantic for LySa in which each ttiansis assigned a label.
Here we provide an easy-to-use alternative that fits in withlihe PEPA Eclipse
Plug-in and the LySa Toolkit in Eclipse (LyTE)[4].

There are a few avenues for further work. It would be usefildd@ble to perform
response time analysis on the generated PAM models. The faateommunication
and encryption could be made size-dependant. Additiomatlye simulation work to
improve the pre-defined rates would be beneficial, perhapgiging different rates
for different encryption algorithms or for devices undeffalient loads with multiple
instances of a protocol running.
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A computational method based on temporal logic
for parameter search and robustness analysis of

biological models
— Invited Talk —

Frangois Fages
INRIA Paris-Rocquencourt, France

Abstract

Temporal logics have proven useful as specification languages for de-
scribing the behavior of a broad variety of systems ranging from elec-
tronic circuits to software programs, and more recently biological systems
in either boolean, discrete, stochastic or continuous settings. Because
temporal logics allow us to express both qualitative (e.g. some protein
is eventually produced) and quantitative (e.g. a concentration exceeds
10) information about time and systems variables, they provide a pow-
erful specification language in comparison with the essentially qualitative
properties considered in dynamical systems theory (e.g. multistability, ex-
istence of oscillations) or with the exact quantitative properties considered
in optimization theory (e.g. curve fitting). In this talk, we define a contin-
uous degree of satisfaction of a temporal logic formula with constraints,
and show how it can be used as a fitness function with state-of-the-art
optimization methods for finding kinetic parameter values satisfying a set
of biological properties formalized in temporal logic. We also show how it
can be used to define a measure of robustness of a biological model with
respect to some temporal specification. These methods, implemented in
BIOCHAM, are evaluated on models of the cell cycle and of the MAPK
signalling cascade.

(Joint work with Aurélien Rizk, Grégory Batt and Sylvain Soliman)
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Abstract. We study the biochemical processes involved in scaffold-mediated
crosstalk between the cAMP and the Raf-1/MEK/ERK pathways. We model
the interactions by a continuous time Markov chain with levels and analyse
properties using Continuous Stochastic Logic and the symbolic probabilistic
model checker PRISM. We consider a number of biologically relevant properties
of the model, including sequentially dependent events and pulsating behaviour.
In order to handle these kinds of properties, we extend the model with signs of
first order derivatives.

1 Introduction

In the context of intracellular signalling pathways, a scaffold is a protein whose main
role is to anchor particular proteins in the proper locations for receiving signals or
transmitting them. In addition, under certain circumstances, a scaffold can increase
the output of a signalling cascade or decrease the response time for a faster output.

In this paper we present a model of scaffold-mediated crosstalk between the cyclic
adenosine monophosphate (cAMP) and the Raf-1/MEK/ERK pathways, an interaction
that has an important role in the regulation of cell proliferation, transformation and sur-
vival. We use continuous time Markov chains with levels (CTMC with levels) [CDHC09]
and the PRISM model checker [KNPO07] to develop and analyse a number of predictive
models. Our aim is to provide new quantitative analysis and new ways to model and
reason about behaviour that is not yet completely understood or quantified.

We express properties in Continuous Stochastic Logic (CSL) [BHHKO3], in particu-
lar some restrictive case of sequentiality properties and pulsations. In order to analyse
these kinds of properties, for each variable of interest we add a new variable in the
model representing the sign of its derivative.

The paper is organised as follows. In the next section we introduce the basics about
scaffolds and the role of an AKAP scaffold in particular. In Section 3 we give an
overview of the PRISM model. Section 4 contains a description of some properties of
interest and the results of analysis. Conclusion and directions for future work follow.
We note that the behaviour of scaffold proteins modelled here is the topic of current
wet-lab investigation. Our models have been informed by discussions with a number
of experimentalists: some aspects of behaviour are still unknown and the subject of
conjecture.

2 Scaffold proteins and the AKAP

In intracellular signal transduction pathways, scaffolds are proteins playing an organi-
sational role rather than a signalling role [JEF00]. Scaffolds have a anchoring function
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by placing particular proteins in the proper intracellular locations for receiving signals
or transmitting them. Experiments have shown that under certain circumstances, a
kinase scaffold can increase the output of a signalling cascade or decrease the response
time for a faster output. Therefore scaffolds may also exhibit a catalytic function. An-
other property of the scaffolds is combinatorial inhibition: if there are too many or too
few of either scaffolds or kinases, the output of the pathway decreases.

We are interested in particular in the behaviour of the A-kinase anchoring protein
(AKAP for short) in the context of crosstalk between cyclic AMP and the
Raf-1/MEK/ERK pathway. The species we are interested in are the following: (i) cyclic
adenosine monophosphate (cAMP); (ii) protein kinase A (PKA), the main cAMP ef-
fector; (iii) Raf-1 with two phosphorylation sites of interest, Serine 338 (S338) and
Serine 259 (S259); (iv) phosphodiesterase 8 (PDE8A1), (v) phosphatase PP.

If the concentration level of cAMP goes above the basal one, cAMP activates PKA
by binding to its regulatory subunits. When PKA becomes activate, its catalytic sub-
units catalyse the transfer of ATP terminal phosphates to the phosphorylation site
S259 of Raf-1. The site S338 of Raf-1 is inhibited when S259 is phosphorylated. Only
when S338 gets phosphorylated, the pathway Raf-1/MEK/ERK is activated and the
signalling cascade begins.

The catalytic function of PKA would sometimes couple with the AKAP, by binding
PKA together with phosphodiesterase PDE8A1 on the scaffold to form a complex
that functions as a signal module. Under these conditions, as the cell is stimulated,
cAMP activates PKA, and then PKA is responsible for the activation of PDE8A1 (by
phosphorylation). PDE8A1 converts cAMP to AMP by hydrolysis. If phosphorylated,
PDE8A1 degrades more cAMP, hence rapidly reducing the amount of cAMP that can
activate PKA hence leading to a feedback mechanism for downregulating PKA.

The inhibition of Raf-1 at S338 is correlated with a high activity of PKA. At the
beginning, cAMP synthesis is induced, causing a rise of PKA’s activity that continues
in the inhibition of Raf-1.

We illustrate the AKAP scaffold and the regulatory mechanism described above in
Figure 1. We use three different types of arrow to distinguish between different types
of interactions:

e A activates or phosphorylates B: A —— B

e A dephosphorylates B: A— -> B
o AdegradesB: A—— B

The arrow with no source and with target cAMP represents a diffusion of cAMP from
the environment.

The AKAP scaffold has three positions to be filled by PKA, Raf-1 and PDE8A1
respectively. Hereafter we use a binary representation of the states of each position: 1
for activation or phosphorylation and 0 otherwise. The second position concerns the
state of the site S259 of Raf-1. If the scaffold position for PDE8A1 is not filled, we only
represent the first two positions of the scaffold. For instance S100 stands for a filled
scaffold with active PKA and unphosphorylated PDES8A1 and site S259, whereas S01
for an unfilled scaffolded with inactive PKA and phosphorylated S259.

In Figure 2 we describe the biochemical reactions of the model. Each reaction is
given in pseudo-chemical notation, with explicit reference to the scaffold positions (the
underlying reactions have mass action kinetics). We associate reaction rate constants
(from ry to roe) with each biochemical reaction.

Currently, we do not have good experimental data concerning rates for the re-
actions. However, we have some information on the ratio between the rate of PKA
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Fig. 1. Interactions between cAMP, filled AKAP scaffold, unfilled scaffold and free PDE8A1

N

(cAMP diffusion)
_—p CAMP

(PKA activation)
5000 + cAM P —, S100
S00 + cAMP —, S10

(S259 phosphorylation)
5100 —,, S110

5101 —,; S111

510 =, S11

PP + 8010 —,, PP + S000
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PP + S01 —,, PP + 500

(cAMP release)
S111 —,,, S011 + cAMP
S11 —p, SO1 + cAMP

(S259 dephosphorylation)

(PDE8A1 phosphorylation)

5100 —,,, S101

$110 —,,, S111

S10 + PDESA1 —,,, S10 + pPDESAL
S11+ PDE8SA1l —,,, S11 4+ pPDE8A1

(PDE8A1 dephosphorylation)

PP + 5001 —,,, PP+ S000

PP+ S011 —,.,; PP+ 5010

PP +pPDE8SAl —,,, PP+ PDE8A1

(cAMP degradation)

S011 + cAMP —,,, SO11

S001 + cAMP —,,, S001

S100 + cAMP —,,, S100

S110 + cAMP —,,, S110

5010 + cAMP —,,, S010

5000 + cAMP —,.,, S000
pPDESAL + cAMP —,,. pPDESA1
PDESAL + cAMP —,,, PDESA1
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Fig. 2. Biochemical reactions occurring during scaffold-mediated crosstalk between the cAMP
and the Raf-1/MEK/ERK pathway

phosphorylating Raf-1 at S259 and PDESA1 (either on the scaffold or not). On un-
filled scaffolds, PKA phosphorylates two or three times less unscaffolded PDESA1 than
Raf-1 at S259 from the same scaffold. On filled scaffolds, PKA phosphorylates at the
same rate Raf-1 at S259 and PDE8A1. Consequently the relation between constant
rates of the reactions involving PKA phosphorylating either PDE8A1 or Raf-1 is:
ry =75 =7rg = rig = ri1 = 3% ri2 = 3*r13. In addition, phosphorylated PDE8A1
degrades about three times more cAMP than PDESA1 does, hence the following ra-
tios between the constants rates of the reactions where PDE8A1 degrades cAMP:
T19 = T'20 = T21 = T'22 = T'23 = I'24 = 3 % g5 = 9 * rg6.
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Finally, when PKA and PDE8A1 form a complex on the scaffold, PKA’s activity
becomes more efficient.

Our discussions with experimentalists have revealed the following expectations, or
conjectures, about AKAP behaviour.

Question 1. Increasing the amount of phosphorylated PDESA1 leads to a cascade of
changes in the concentration levels of the other reactants: decreasing amounts of cAMP
and active PKA, and an increase in the activity of Raf-1 due to lower levels of phos-
phorylated Raf-1 at site S259. Informally, we express this behaviour by the following
implication, where 1 ( resp. |) denotes increase (resp. decrease):

1T pPDE8A1 = | cAMP = | active PKA = | pRaf-1g959 = T active Raf-1

Question 2. Interactions between cAMP and Raf-1 and other molecules are not con-
sidered in the current model. However, the system is not closed, we include a kind of
exogenous interaction concerning the diffusion of cAMP. We conjecture this leads to a
fluctuation of the concentrations of some reactants. Namely, the system should exhibit
a pulsating behaviour corresponding to the feedback mechanism for the downregulation
of PKA coupled with the diffusion of cAMP. Time courses from laboratory experiments
suggest the presence of a pulsating behaviour. Pulsation ensures that the state of the
Raf-1 pathway alternates such that it is not always (or for a very long period of time)
either active or inactive (which may increase the risk of disease). Note that we call such
a behaviour pulsating, not oscillating. This is because oscillation assumes fluctuation
around a given value; current data does not provide us with such a value, hence our
choice of pulsating rather than oscillating behaviour.

3 Modelling AKAP with CTMCs with Levels

Following the style adopted in [CVGOO06], we define a PRISM model for a CTMC with
levels as follows. There are modules for cAMP, scaffold, PDE8A1 and PP, each with
corresponding variables representing levels of concentrations. In particular, the module
for the scaffold has a variable for each possible combination of positions (S000, S100,
S101, S110, S011, S010, S001, S111, S00, S10, S01, S11). Commands in the modules
correspond to reactions, which are synchronised on each participating module (i.e.
consumers and producers in the chemical reaction). Additionally, we defined diffusion
of cAMP from time to time.

As an example, consider the reaction ro where cAMP activates PKA when the level
of cAMP is above the basal level. Then in the module describing cAMP we add the
command:

[activate_PKA] (cAMP > basal_camp) -> (cAMP) : (cAMP’ = cAMP-1);
while in the module describing the scaffold we have the coupling command:

[activate_PKA] (S000 > 0) & (S100 < scaffold_max) ->
(r2*S000) : (8100’ = S100+1) & (S000’ = S000-1);

In the definition of the PRISM model, we used the convention that the rate constant
goes in the command corresponding to the consumer reactant, in this case PKA. By
synchronisation on the common label, the reaction rate will then be the product of the
constant rate ro and the concentration levels of cAMP and PKA.
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Unless otherwise stated, we assume the number of levels N = 2. We consider max-
imum N levels of filled /unfilled scaffolds, 2 %+ N levels of phosphatase PP, and around
N/2 levels of unscaffolded PDE8A1. Whereas for cAMP, since it is diffused in the sys-
tem, we allow a greater concentration of cAMP, maximum 10 * N. Full details of the
model are available from the authors.

4 Analysis

We use rewards based properties and CSL properties to formalise the questions posed
in Section 2 and PRISM to verify their satisfaction (or not).

First, we consider Question 1, using rewards to compute the expected level of con-
centration at a particular time.

Second, we consider transient properties concerning the sequentiality of events and
pulsating behaviour. We extend the states of the CTMC model to include (signs of)
derivatives, for some variables of interest.

Reward-based Properties. For each species of interest: phosphorylated PDESAT,
free cAMP (not bound to some PKA), active PKA and phosphorylated Raf-1 at site
S259, we add a reward construct to compute the expected level of concentration at
a particular time. For example, the reward associated with phosphorylated PDE8A1
computes the sum of the level of unscaffolded and phosphorylated PDE8A1 and the
levels of scaffolded and phosphorylated PDE8A1, at each time instant.

rewards "phosphopde8"
true : pPDE8A1 + S101 + S111 + S001 + S011;
endrewards

In Figure 3 we plot the expected levels of concentration for each species. Note a
delayed pulsation of all variable values. However, this does not prove that the properties
expressed in Section 2 are satisfied; for this, we formulate temporal properties.
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Fig. 3. Expected levels of concentrations of phosphorylated PDE8A1, free cAMP, active PKA,
and phosphorylated Raf-1 at site S259 after 30 time-units
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Derivative-based Transient Properties. We extend the CTMC with levels model
such that for each species in the biochemical system, we add a new variable representing
the sign of the value of the derivative. Then, each PRISM command associated with
a transition updates not only the values of some variables, but also the signs of their
derivative as well. For efficiency reasons we include a derivative only for variables
occurring in the properties of interest. In our particular model, we add derivatives for
cAMP, active PKA and scaffolded phosphorylated PDESAT.

We illustrate here how the signs of the derivatives are updated in the scaffold module
for the reaction where cAMP activates PKA:

[activate_PKA] (S000 > 0) & (S100 < scaffold_max) ->
(r2*S000) : (S100° = S100+1) & (S000’ = S000-1) &
(drv_PKA_A’> = 1) & (drv_S259_P’ = 0) & (drv_PDES_P’ = 0);

Since the level of active PKA is affected (increased) by this command, the derivative
of PKA becomes positive, whereas the rest of derivatives become 0 since there is no
change in the variables values.

We now formalise the temporal properties. In the following, for x a variable, we
denote by | = a negative derivative of x and by T x a positive derivative of x.

Necessarily Preceded. We express the property in Question 1 as a temporal query using
the necessarily preceded or requirement pattern [MRM™T08]. This pattern represents an
ordering relation between two events, the occurrence of the later being conditioned by
the occurrence of the former: a state ¢ is reachable and is necessary preceded all the
time by a state 1. The associated CTL formula of this pattern is:

EF¢ A (AG((—)) = AG(=9)))
Assume the following two state formula:
¢ =] cAMPA | active PKA 1 =] pPDE8SA1

with ¢ corresponding to a state where the levels of cAMP and active PKA are de-
creasing, and 1) to a state where the level of phosphorylated PDE8SA1 is increasing.
Employing basic propositions equivalences, we translate the requirement pattern into
CSL to obtain the following formula which was checked as true for our PRISM model:

Pso[F] A P<o[F(=((m¢) = Px1[F(=9)]))]

Pulsating behaviour. An oscillating behaviour concerns fluctuation around a given value
k. Oscillation and its expression as temporal formulas in CTL and PCTL have been
studied in [BMMO09] and informally described as always in the future, the variable x
departs from and reaches the values k infinitely often. The corresponding CTL formula
is:

However, as discussed earlier, we are interested in pulsating behaviour, i.e. no fixed
k. We therefore consider oscillations (around 0) of the values of the first derivatives of
some variables. We refer to this approximate oscillating behaviour as pulsation. Note
that we can observe a pattern corresponding to a pulsation in Figure 3: we repeat-
edly have the situation where the level of phosphorylated PDE8A1 increased whereas
the levels of cAMP and active PKA decreased, and then the level of phosphorylated
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PDES8A1 decreased whereas the levels of cAMP and active PKA increased. Assume the
following two state formulas:

¢ =1 pPDE8SA1 A | cAMPA | active PKA
1) = | pPDE8A1 A T cAMPA 7 active PKA

We translate the CTL temporal formula describing an oscillation to a CSL formula
for a pulsation involving the two state formulas above and we obtain the following
formula checked as true for our model using PRISM:

Peo[F(=(¢ = PsolF]) V =(¢ = Pso[F¢]))]

5 Related work

Derivatives have been considered previously in the context of model checking. For
example in BIOCHAM [Fag05,RBFS08], the query language associated is LTL with
constraints over real numbers, evaluated using a symbolic model checker written in
Prolog. Again, in the context of BIOCHAM [CRCFS04], a weaker form of oscilla-
tion properties expressed in CTL are used with the symbolic model checker NuSMV;
the oscillating behaviour is approximated by the necessary but not sufficient formula
EG((EF~¢) A (EF)).

6 Conclusion and Future Work

We have developed a stochastic model of the behaviour of the AKAP scaffold and
scaffold-mediated crosstalk between the cAMP and the Raf-1/MEK/ERK pathways.
The model is a CTMC with levels and is implemented in the PRISM language.

We have considered questions and conjectures concerning system behaviour posed
by experimentalists; these include sequentially dependent events and pulsating be-
haviour. In the context of imprecise and incomplete data, pulsation seems more appro-
priate than oscillation. We have used rewards and CSL to express the properties, and
checked them with the PRISM model checker. In order to express pulsation, we have
added a representation of signs of first derivatives to the stochastic model. Preliminary
discussions with experimentalists confirm their interest and validation of the model
and analysis.

Future work includes adding explicit derivatives, so that we can reason about the
amplitude of the pulsation. We will refine the model with data on the rates, as the
data becomes available, and add more detail such as it requires 4 molecules of cAMPs
to activate one PKA. We will also investigate the value of adding second derivatives to
identify local minima and maxima.

We have investigated further hypotheses, such as whether the way PDESA1 de-
creases the PKA phosphorylation of Raf-1 at S259 can be counterbalanced by the
addition of a PDE8A1 inhibitor such as the a drug Dipyridamole. This is the topic of
a further paper.
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Over the last decade an increasing interest in using evolutionary approaches to study
biological networks has continuously grown. Understanding how networks emerged during
evolution can help us to understand their basic properties, such as the role of complexity
and the importance of topology and feedback loops.

In [5] we developed a specific framework to allow straightforward study of network evo-
lution based on BlenX [4] and the Beta Workbench [3], a process calculi based programming
language and its stochastic simulation engine, respectively. We proposed a framework for
simulating the evolution of protein-protein interaction networks where evolution proceeds
through selection acting on the variance generated by random mutation events, and indi-
viduals replicate in proportion to their performance, referred to as fitness. This follows the
idea that in order to simulate evolution by natural selection, we must be able to express
populations of individuals, variability and fitness.

BlenX represents a protein as a computational entity, a boz, composed by a set of interfaces
and an internal program. Interfaces, which represent protein domains, have associated a sort
(i.e. representing the structure of the domain) and are the places where a protein interacts
with other proteins; the internal program, instead, codifies for the mechanism that transforms
an interaction into a protein conformational change, which can result in the modification of
other interface sorts.

A BlenX program specifies qualitatively and quantitatively a system of proteins and their
interaction capabilities. In particular, the former are specified through a binary relation «
on interface sorts (see [4] for details). The graphical notation of boxes and their interaction
capabilities we use throughout this paper is depicted in Fig.1(a). Since in our evolutionary
framework a system specified by a BlenX program represent and individual (see Fig.1(b)),
a population consists of a set of different BlenX programs, each representing an individual
composing the population (see Fig.1(c)).

In [5] the evolution of a population is implemented with an evolutionary algorithm which
works in four main parts and is iterated for a specified number of steps; each iteration is
called generation. The algorithm firstly generates the initial population; the population can
be generated randomly, from a predefined network configuration to be used as a starting
point, or it can be a network with no interactions. Each individual in the population is
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o(F,D)=15
o(D,E)=23
a(G,C) =50

(a) Boxes and boxes interactions (b) Individual (c¢) Population
Figure 1: a) The small squares on the border of boxes are the interfaces; C, D E,... are
the interface structures (omitted when not necessary); P1, P2,... are internal programs

and B1, B2,... are the names of the boxes (protein species). The arrows are the graphical
representation of the compatibility relation « (on top) which describes qualitatively and
quantitatively boxes interaction capabilities, i.e., through which interface pairs two boxes
can exchange signals and communicate. b-c) Examples of an individual and a population of
different individuals.

then simulated separately using the Beta Workbench stochastic simulator, and the outputs
of the simulations are used to compute the fitness values of the individuals. Like in a real
environment, individuals with the highest fitness values are more likely to survive, repli-
cate and produce a progeny that resembles them, being not, however, completely equal to
them. This part of the algorithm, indeed, creates a new population with the same number
of individuals of the current population, using as a base the current individuals. Depending
on a probability proportional to the fitness measure, individuals replicate and pass to the
next generation. During the replication, each protein in the individual is given the chance
to mutate, according to a probability. The different types of mutations we considered in
[5] are based on real biological processes where mutations can happen at DNA and protein
level. Variability is achieved by associating each of the considered mutations to a BlenX
program modification. The great flexibility of BlenX in the definition of the structure of
proteins, indeed, allow us to introduce primitives for mutations used to build domain-based
interaction and mutation models. Starting from the study of mutations at a biological level,
we end up with some interesting program modifications that permit us to mutate the BlenX
representation of proteins in a meaningful and automatic way.

It is clear that the measure of fitness is problem dependent: it varies with the kind of
network, with the characteristics a scientist wants to investigate, and so on. This measure can
be done in various ways, including stability analysis, integration of the signal, measure of the
derivative. In [5] the fitness was computed using integration of protein species time-courses
in stochastic simulation results. Here we propose and discuss a theoretical framework, based
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on concurrency theory, for computing certain classes of fitness measures. The goal of this
paper is to present intuitively and informally most of the ideas we want our framework to
be based on.

The dynamics of a system implemented by a BlenX program is described by a stochastic
structural operational semantics, which distinguishes between monomolecular reactions (a
single box is involved), bimolecular reactions (two boxes interact by means of synchroniza-
tion or communication) and events (global box rewriting rules), allowing the generation of
transition systems with arcs labelled by stochastic rates. This dynamics results exactly in
the behaviour we are interested to study, i.e., trajectories in transition systems encode the
discrete variation of protein species and protein domains amounts. In particular, we are
interested in determining if the dynamics of protein species and protein domains in a given
system fits an ideal behaviour, i.e., a certain time-course representing the ideal performance
(see Fig.2). When we say fits, we intrinsically admit an amount of error, hence opening the
doors to the realm of approximation methods [1, 2, 8, 6]. These methods aim to bridge the
gap between rigid equivalence checking techniques and more relaxed requirements of real
systems, and some of them deal with notions of behavioral equivalence for deciding if two
systems behave almost (up to small errors or fluctuations) the same or, more formally, for
measuring the distance between systems. One well-established approach uses pseudometrics,
which give a measure of the similarity of systems that are not equivalent (see e.g. [8, 6]).

A A

B

B- Bs

protein amount
protein amount

\
\

time time

(a) (b)

Figure 2: a) Example of ideal behaviour of a single protein species; b) Example of ideal
behaviours of a set of protein species.

At this stage, anyway, we are not interested in comparing systems, but only systems
against ideal behaviours. We rely on an approximated variant of the simulation preorder
notion for deciding if a system almost simulates (fits) a certain ideal behaviour. Denoting
with S; a i-th discrete configuration of a system described in BlenX, an ideal behaviour (or
more generally a set of ideal behaviours) can be represented as a trace of the form:

t t t th—1
T=25,% 9 g 2. . g

3



106

Towards a process-calculi approach to study the evolution of biological networks

where t; values represent times. It is clear how this trace definition captures the notion of
time-course (or more generally of a set of time-courses). However, since we deal with times,
it is quite obvious that traces can be used to represent behaviours at different time scales.
For simplicity, we start by considering only traces at the same time scale of BlenX systems
dynamics.

In order to develop further our fitness definition, we have first to introduce a notion of
observables. At this stage we consider the two main properties we are interested to observe
in a system configuration, namely the amount of protein species and protein domains. In
our BlenX setting, classes of structurally equivalent boxes represent protein species while
interfaces with same sorts represent protein domain classes. Denoting with S the system
configuration reported in Fig.1(b), we indicate with Obs(.S, Bs) and Obs,(.S, E) observations
in S of, as an example, protein species B4 and domains F, respectively, obtaining:

Obss(S,By) =3 and Obsy(S, F) =11
Note that given a protein species B and a protein domain A, the functions:
dP(X,Y) = |Obsy(X, B) — Obs,(Y,B)| and d?(X,Y) = |Obsy(X, A) — Obsy(Y, A)|

are metrics on the set of BlenX system configurations. These notions of distance represent
two of the ingredients we want to use to develop our approximated simulation relation. Given
a bound ¢, indeed, we can construct a relation that compares systems and ideal behaviours
up-to fluctuations of protein species and protein domains amounts within the range €. As
an example, the following picture shows how a BlenX transition system trajectory match a
trace up-to fluctuations in the amount of protein species B within the range e.

to - t1 tn—l\ o

trace Sp: »!S1i— -+ =S}

trajectory iShi—iS1i—> .- TG

dB(So,8h) <e dB(S,8)) <e dB(Sn,5%) <€

It is quite clear how traces differ from BlenX transition systems trajectories by the pres-
ence of times instead of stochastic rates on arc labels. Here we relate traces and trajectories
by considering the expected values of the negative exponential distributions with parameters
Ai. Given a bound o !, if we have that the distances:

L
)\n—l

1 1
A=t ——|, [Aa=Ar+to——|, -, |[Apoi=0n o+t 1—
/\1 )\2

are all less than o, then we know that the trajectory has an average time behaviour which
is close to the one of the trace up-to fluctuations within the range o:

1Obviously, in formalizing these ideas we have to be sure that the size of o respects some size relation
with the traces times in order not to create inconsistencies in our calculations.
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S 5 o
trace SO > Sl ) . n >'.Sn

. Ao : HERP WY
trajectory S) — Sj—i-- = S]

A1l <o |Ap-i] <o

At this point, given a set of protein species and protein domains we are interested to
observe, a BlenX system S’ and a trace T', we can combine the two just given notions and
say that S simulates trace T with precisions € and o, only if S’ can match all the moves
of T up-to fluctuations in observations and time values within ranges € and o, respectively;
Fig.3 gives graphical intuitions of what this relation looks like. By finding the tightest e
and o such that S’ simulates 7" we can build a notion of distance (metric) between BlenX
systems and traces; this allows to compare different systems with respect to the distance
they have from a trace, given the set of observations we are interested in. This concept fits
perfectly in our evolutionary framework and can be rephrased in terms of comparing different
individuals with respect to the distance they have from an ideal behaviour, i.e., the notion
of approximated simulation can be used to compute the fitness of an individual. Tightest
is the precision of the simulation, greater is the fitness value. Obviously, since the precision
depends on two values, we can think of finding a formula that combines them (e.g. a linear
combination) allowing for the weighting of the precisions importance.

protein amount
protein amount

(a)

Figure 3: a) Example of simulation where only a protein species is observed; b) Example of
simulation where a set of protein species is observed.

Note, anyway, that the given definition of simulation says only that in the transition sys-
tem of S’ there exists a trajectory that match the trace up-to fluctuations, but says anything
about the probability to follow this trajectory with respect to all the possible trajectories
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of length n in the transition system (n is the length of the trace). This is quite annoying,
because in our fitness computation we would like to consider not only that a system almost
simulates an ideal behaviour, but also that the simulation is not a rare event. In order to
obtain this, the idea is to use the previous definition of simulation and compute the proba-
bility p that a system S’ has to generate a trajectory that simulates T" with given precisions
e and 0. Also in this case we can develop a notion of distance between systems and traces
by combining not only precision values, but also the probability p; the idea is to find the
tightest € and o and at the same time maximize p. Like before, we want a combination that
allows weighting the three parameters. Note that by giving a weight zero to the probability
value we should be able to recover the previous approximated simulation definition.

Although useful as a starting point to develop a theoretical framework for fitness com-
putation, we think that this approach represents also a first step towards the achievement
of certain kind of description of neutrality [9] in terms of some process-algebraic definition
of functional or behavioural simulation or equivalence meaningful in the biological domain.
This will clearly be of help in applying concurrency theory to study evolutionary robustness
and evolvability, concepts recently recognized as crucial to the understanding of evolution
[9]. We want to finish by mentioning a different process-calculi based work presented in [7],
which aims to combine a variant of w-calculus, the continues m-calculus, and model-checking
techniques as an approach to study robustness and evolvability of biological networks.
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Abstract

We introduce a spatial extension of stochastic m-calculus that provides a formalism to
model systems of discrete, connected locations. We define the extended stochastic semantics
and also give deterministic semantics in terms of a system of ordinary differential equations.
We describe two simple examples, one based on a standard epidemic model and one modelling
resistance in plant tissues.

1 Introduction

Stochastic process algebras are becoming increasingly important in Systems Biology. Several
frameworks have been developed (such as Bio-PEPA [6]) that allow convenient description of the
models and different ways of formal analysis. Moreover, SPAs are naturally suited for extensions
— for example in [5] Bio-PEPA is extended with spatial descriptions, a very important feature for
modelling of various biological systems.

Stochastic w-calculus is a SPA that has been successfully applied to modelling in Systems
Biology [4, 3, 16, 10]. This gives a motivation for its further extensions. We introduce certain
spatial features to stochastic m-calculus. This has been done to some extent in the Bio-Ambient
calculus [15]. However, our aim is to provide an extension that would allow a definition of an
alternative, deterministic and continuous, semantics (it is not clear to us how this could be done
for the Bio-Ambient calculus). In this work we will first remind the reader of the stochastic -
calculus and provide a definition of the deterministic semantics, based on the continuous m-calculus
[11] and PEPA [9]. Then we introduce a spatial extension £m that allows modelling of discrete,
connected locations and show how it keeps both the stochastic and deterministic semantics. We
illustrate our ideas on two examples, one a standard epidemic model and another from plant

physiology.

2 Stochastic m calculus

We will use a formalism (shortened to Sm) based on the standard stochastic 7-calculus, as described
in [14].

The basic primitives of Sw are processes that communicate over channels or evolve indepen-
dently. Communication happens via actions. On a channel a, a process can perform an output
action la, possibly involving transmission of a message, la(y) (where 1 is a vector of variables and
channel names). On the other hand, a process can perform an input action ?a, possibly receiving
a message, 7a(Z) (where T is a vector of variables which become bound by the values in the re-
ceived message). Each channel has an associated constant rate, which corresponds to the rate of
communication over that channel. To evolve independently, a process can perform a silent action
TQr at a specified rate r.

To summarize, the actions are

a=la\ %\ la{®) \ 2a(Z) \ TQr.

The processes are built inductively from actions and the basic zero process 0 not capable
of any action. A continuation is a process of the form «.P (where P is a process), capable of
performing an action a and thereby evolving into the process P. A summation ), ; «;.P; is a
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process with multiple such capabilities. A process P|Q is a parallel composition of two processes
P, @ that can communicate together. The restriction operator 'new’ ensures that the channels
in the set ¢ are private to the restriction process (new ¢)P, unless sent to another process via
channel communication. Finally, for a more convenient modelling and, more importantly, to allow
recursion, a process identifier instance can be used in place of a process it defines, possibly with
some parameters, A(y).

To summarize, the set of processes of S (denoted by P) contains

P,Q=0\ Y a,.P;\ P|Q\ (newp)P \ AR).

el

The binding between identifiers and the processes they define is specified in an environment, a
collection of defining equations of the form

AW) & p.

An environment F together with an initial process S form a system of Sm — a complete description
of the underlying model.

For an example, consider a simple epidemic model. Due to a disease, a population can be
divided into three types of individuals — susceptible, infected and recovered. A susceptible individual
can catch the disease when meeting an infected one, who can also recover from the disease after a
period of time. We can take the environment Fgrr consisting of the equations

S % 1,
Id:d!i.]—i— TQr . R,

R%o

representing the three different types of individuals and specifying their behaviour. The com-
munication on the channel i between the processes I and S corresponds to the transmission of
the disease from an infected to a susceptible individual and the silent transition from a process
I to the process R corresponds to the recovery of an infected individual. The population can be
represented by an initial process of the form s x S|i x I|r x R (where n x P is a shorthand for a
parallel composition of p copies of P).

2.1 Stochastic semantics

Traditionally, stochastic m-calculus has a discrete, stochastic semantics [14], given in the form of
a continuous time Markov chain (CTMC). The states of the CTMC correspond to the processes
and the transition rates are obtained from the rates associated to the channels and the rates of
the silent actions according to rules defined on the structure of processes. Parallel compositions
are capable of the same actions as their components. Those can can evolve independently or
communicate on channels. If two processes capable of complementary actions (input and output)
on the same channel are in a parallel composition, they evolve together with rate corresponding
to the rate of the channel. If the process performing output action also sends a channel name
coming from a restriction, the other process is put under the same restriction. Identifier instances
are treated as the processes they define.

Unlike for some of the other SPAs, such as PEPA, the CTMCs arising from S models can have
an infinite state space (products of continuations can be parallel compositions) and so the only
standard method of analysis is the stochastic simulation using a variant of the Gillespie algorithm
[8]. The efficiency of this algorithm can be improved by aggregating identical processes within
parallel compositions (using properties of the structural congruence for S7) and hence making the
complexity independent of individual process populations. The aggregation also shows that S
naturally obeys the law of mass action - it can be shown that the rate of communication between
two processes depends on the product of their populations. See [17] for details.



Anton Stefanek, Maria Grazia Vigliotti and Jeremy Bradley

2.2 Deterministic semantics

A recent trend in SPAs is to provide an alternative continuous semantics that serves as a deter-
ministic approximation to the underlying CTMC, [9, 1, 11]. This has been done for an extension
of the stochastic m-calculus, the continuous w-calculus, in [11]. We will employ a style more similar
to the case of PEPA [9].

In the deterministic semantics, populations of processes are approximated by real valued func-
tions over time that are mutually related via a system of ordinary differential equations (ODEs).
For S, similarly to [11], we can define a notion of a prime process — a process that cannot be split
into a parallel composition of non-zero processes — and show that each process (corresponding to
a state in the CTMC) can be uniquely expressed as (is structurally congruent to) a parallel com-
position of prime processes. Then we can define for each prime process P a real valued function
[P] giving the population (its approximation) of P over time. To obtain the system of ODEs,
we look at the possible ways the population of P can increase and decrease in a short period of
time. It can increase as a result of a communication between two prime processes R,T or as a
result of a silent transition of some prime process ). On the other hand, it can decrease due to
communication between P and another prime process () or a silent transition of P.

Q R|T

Enter

Exit

We can keep track of these possibilities together with their multiplicities (for example 7Qr.(P|P)
increases the population of P by two) in form of Enter and Exit multisets and define the system
of ODEs of a system (S, E) as consisting of the following, for each reachable prime process P:

d[p] _ 3 Q1) + > ra - [RI(6)[T](t)

d (r,Q)€Enter, s, g (P) (a,R,T)€Enterch, s, (P)
> g [Pl - > ry - [PIO)[U](t)-
qEExitT,s,E(P) (b,U)EEXitch,S’E(P)

The initial values of the functions [P] are given by the populations of P in the initial process
S. This system of ODEs can then be numerically solved to give an approximation of process
populations over time.

For the epidemic example, we get the following system of ODEs

d[S]/dt = —ri - [SI)[L](2),
d[I}/dt = ri - [SJO)II(E) = 7rec - [L](2),
d[R]/dt = ryec - [I](2).

with initial values given by s, i and r in s x S|i x I|r x R. See Figure 1 for a numerical solution
of this system and a comparison with a sample stochastic simulation.

Unfortunately, the set of ODEs from the deterministic semantics of a S7 system does not
necessarily have to be finite. The interplay between the recursion and restriction can potentially
result in an arbitrary number of newly created channels that are “connected” in arbitrary many
different ways and thus form an arbitrary number of prime processes and the corresponding real
valued functions. This is one of the distinctive features of stochastic m-calculus and has been used
to model similar structures in nature, such as polymerization of actin filaments in [3]. However,
most of the stochastic m-calculus models from the literature do not require such features (see [12]
for a collection of some of them) — it makes sense to provide a characterization that will ensure a
finite set of ODEs. A very crude solution is to restrict the stochastic m-calculus to the Chemical
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(a) Stochastic simulation (b) ODE solution

Figure 1: A simple epidemic example. Comparison of the stochastic simulation of the CTMC from
the discrete semantics and a numerical solution to the ODEs from the continuous semantics.

Ground Form (CGF) — a subset excluding the restriction operator and action parameters. We
can show that this ensures finiteness of the resulting set of ODEs. This agrees with [2], where the
author provides a translation of models in CGF to ODEs via chemical equations.

Finally, most of the models in [12] are in CGF or can be translated into “equivalent” ones in
CGF (see [17] for some examples). This allows comparison of the two semantics and therefore
further investigation into their relationship, with the possibility of formal limit results such as for
PEPA [7].

3 Spatial extension — L7

We can now define a simple spatial extension of Sm which we will call Lxr. We aim for a minimal
extension that can provide a basis for further improvements. Considering applications in biology,
we focus on discrete compartments between which the processes can move. The Bio-Ambient
calculus [15] models this to a certain extent, but additionally allows dynamics of the compartmental
structure. Albeit suitable for some applications (e.g. membrane modelling), we believe that it
would not be straightforward to maintain the deterministic semantics of such extension — we
therefore consider compartments with fixed structure. This can be justified by the fact that the
current knowledge about biological systems is limited and the existing models mainly describe
fixed compartments (as is argued in [5] where a similar extension is provided for Bio-PEPA).

3.1 Location graphs

We can argue that in case the compartments are non-overlapping (but possibly nested), their
structure can be represented by a graph — the vertices represent the compartments and the edges
represent how the processes (molecules, proteins, etc.) can move between them. This will form the
basis of our extension. We define location graphs that give the structure of the locations (by which
we mean generalized “compartments”, not necessarily having physical boundaries). Inside each
location, there are S processes that can independently evolve, with rates affected by the locations
volume. Moreover, these processes are allowed to move between the locations, with rate given by
the location graph. We also assume that communication can happen only between processes inside
the same location.
Formally, location graphs are of the form

[lll Pl,...,lni Pn]v,m

where L = {ly,...,l,} is the set of location names, P; are S processes, v: L — R is a volume
function assigning a fixed volume to each location and m: P x L x L — R is a movement function
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giving the rate of movement of processes between pairs of locations. A system of Lm consists of
an environment and a location graph.

Returning to the epidemic example, we can be interested in a system with a quarantine where
the infected individuals get placed after a period of time and are kept until they recover. We can
model this with a location graph with two locations, one corresponding to the original “world” (say
a) and the other to the quarantine (say b), with processes coming from the original environment.
There are two possible movements in this model — of I processes from a to b and of R processes
from b to a. The rate of the first, say rgiagnose can correspond to how fast an infected individual
gets diagnosed and the rate of the second, say 7recover to how long it takes to verify a recovery.
Therefore we take m(I,a,b) = rgiagnose and m(R, b, a) = Trecover and m(P,1i,12) = 0 for all the
other processes P and locations Iy, 2. We can ignore the location volume and set v(a) = v(b) = 1.
As the initial location graph we can take (starting with an empty quarantine)

G=1la:sx SlixI|rxR,b:0],m

and get a system of L7 (Egig, G).

3.2 Stochastic semantics

The stochastic semantics of L7 is an extension of the stochastic semantics of Sw. Each state of the
CTMC is a location graph. The transitions can be either internal to a single location or correspond
to a movement between locations. In an internal transition, the processes inside a location [ can
communicate or evolve independently in the same way as in S, resulting in a transition to a
location graph with only the contents of [ changed accordingly. The rate is potentially affected
by the volume of [ — mimicking the chemistry, the rate of communication should be inversely
proportional to the volume of [. Therefore the original S rate gets divided by v(l) in case it
corresponds to a communication transition.

In the movement transition, a process P “moves” between two locations. If the process in
[1 contains P in a parallel composition and the movement function allows the movement of P
between [; and another location ls, i.e. m(P,l1,l2) # 0, then there is a possible transition to a
graph with only locations /7 and I changed, where P is removed from the parallel composition in
1 and added to the parallel composition in [5. Ideally, we would only allow the movement of prime
processes. However, the movement of restrictions would require more complicated semantics in
order to respect the structural congruence. Therefore only summations and identifier instances
defining summations can have a non-zero movement function. This can be further extended if
suitable models that need movement of restrictions (complexes) are described.

The aggregation results and hence the efficient Gillespie algorithm from S7 can be re-formulated
for L7 in an obvious way.

3.3 Deterministic semantics

The deterministic semantics of L7 is an obvious extension. By the properties of Sw, the process
in each location can be uniquely expressed as a parallel composition of prime processes. Therefore
we can take a real valued function [P]; for each process P and location [. Population of a process
P in each location ! can change due to an internal transition — the corresponding terms in the
resulting ODE are the same — and due to movement of P to and from .
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Qinl move from j
m(]a l7 P) Enter
Pinl

ove to k Exit

on binl

The Enter and Exit multisets can be constructed in a similar way to Sw, with the difference
that we need to consider the movement in the set of all reachable prime processes. This then leads
to an ODE for each real valued function [P];:

diPli 3 r[QU() + 3 ro [ R (0)[T(t) Jo(1)

dt N . , :
(r,Q)eEnter, s g (P) (a,R,T)eEnter.;, s g(P)

D D) U E D S S MO ANV

q€Exit, s g (P) (a,U)EEXiten 5.2 (P)

+ Y mGLP)PLM - > mlk P)[Pl(t)

m(j,1,P)#0 m(l,k,P)#0

For the epidemic example we get real valued functions [S]s, [I]a, [R]a, [I]s, [R]s (we ignore [S]p
as, due to the definition of m, it clearly stays constant zero all the time). See Figure 2 for a
numerical solution to the extended set of ODEs and a comparison with a sample simulation.

We will look at a simplified example from plant physiology [18]. Consider a hypothetical plant
tissue consisting of cells arranged in a two dimensional grid. A cell can be attacked by a virus.
A hypothesis is that in this case, it sends out a signal to the neighbouring cells, which in turn
become more resistant to the virus and thus eventually prevent its spreading to the whole tissue.
We will show how L7 can be used to model this situation and so to carry out experiments in-silico
to confirm the hypothesis.

Our location graph will represent the structure of the tissue — we take a grid with only adjacent
nodes connected. Each location will correspond to a cell — initially, it will contain a Cell process.
The Virus process will be able to attack a cell when in the same location. In that case, the
cell releases warnings to the neighbouring cells — it will create several Warning processes, that are
allowed to move to the neighbouring locations — and starts fighting the virus. The life of the cell will
be represented by the process Life and the resistance against the virus by the Resistance processes.
The resistance processes will be able to attack the virus (output action on the channel defeat),
while the virus attacks the life of the cell (output action on the channel fight) — the likelihood of
the cell surviving therefore depends on the number of resistance processes it releases. When the
virus wins, the cell gets defeated and the virus multiplies, otherwise a resistance process destroys
the virus and notifies the cell (output action on the channel defeated) which then switches back to
the normal state (but with resistance to the virus). When a cell gets warned (communicates with
a warning process), it switches to the resistant state (the process RCell), which is identical to the
Cell with the difference that it releases more Resistance processes.
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(c) ODE solution: location a

Figure 2:

(d) ODE solution: location b

To model this behaviour we take an environment consisting of the defining equations

Cell =?attack.(Life|6 x Reistance|d x Warning)+?warn.RCell,
RCell ="attack.(Life|20 x Reistance|d x Warning)+?warn.RCell,
Resistance =!defeat.!defeated + delayQexpire,

Life =?fight+?defeated. RCell,

Virus =lattack.(!fight.(2 x Virus)+?defeat).

To model the tissue structure, we take a location graph which can be drawn as the following:

[ C0,0- Cell

Cp,2: Cell

J—~{

Cp,3: Cell ]

H co,1: Cell H
1

i
[ c1,0: Cell chz C’ell|VirusH
i

!
c12: Cell H c1,3: Cell ]
!

[ c2,0: Cell

i
c2,2: Cell H co,3: Cell ]

H €21 :I Cell H
i

[ c3,0: Cell

H cs,1: Cell H

c3,2: Cell

J~{

c3,3: Cell ]

The volume of all locations is a constant 1 and the Warning and Virus processes are allowed to
move on the edges. See Figure 3 for a sample simulation of this L7 system.
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Figure 3: Sample simulation of the plant patogen model. Each cell in the grid represents time
evolution of the corresponding compartment. The system starts with the virus in the location
c1,1. Figure (a) shows an example of a simulation where the virus is contained after attacking
the neighbouring cells of ¢; ;. Figure (b) shows a simulation where the virus spreads to the
neighbouring cells and survives.

4 Conclusion and Further work

We introduced L7, an extension of stochastic m-calculus that provides basic features for modelling
systems of discrete, connected locations. To support this formalism, we developed a tool JSPiM
(to be released in due time, see [17] for details of the implementation) that allows simulation and
ODE generation and numerical solution of S7 and L7 models. Written in Java, it also serves as
an alternative to the existing stochastic m-calculus tool SPiM [13]. We hope that with the help
of this tool, more realistic examples from biology can be proposed, thus verifying the suitability
of Ln and giving direction for possible extensions. These could include the already mentioned
movement of restrictions (usually representing chemical complexes). A syntactical extension of
Lm providing constructs for active movement could also prove useful — for example in the plant
tissue model, the warning cells released would be each directed to a different neighbouring location
instead of just allowed to randomly move.

A more ambitious task would be to relate L7 to reaction-diffusion systems and work towards
a formalism that would model the space continuously.
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How restrictive is the current action decomposition
property for compression bisimulation?

Vashti Galpin
LECS, School of Informatics
University of Edinburgh
Vashti.Galpin@ed.ac.uk

Bio-PEPA is a stochastic process algebra for modelling biological systems. Semantic equivalences
such as bisimulation are defined for process algebras and allow for the comparison of different mod-
els with respect to their behaviour. A question of interest is what semantic equivalences are useful
in systems biology modelling. There are three approaches that can be taken in answering this ques-
tion. First, one can consider the existing equivalences used in computer science and second, one can
develop equivalences based on what biologists view as equivalent behaviour. The third approach in-
volves considering two systems that we expect to have the same behaviour and use that as the basis
for an equivalence. This approach has been successfully applied to Bio-PEPA to define compression
bisimulation.

Bio-PEPA avoids the state space explosion in two ways: by allowing analysis based on ordinary dif-
ferential equations and by discretising the concentrations of species. In the second case, we can use
different step sizes to obtain different discretisations of the same Bio-PEPA model. Even though these
models have different discretisations, we expect them to have the same behaviour and it is possi-
ble to construct an equivalence that identifies two different discretisations of the same model. This
equivalence is called compression bisimulation (Galpin and Hillston, Discretisation and equivalence
in Bio-PEPA, to appear in Proceedings of CMSB 2009) and is qualitative in that it only considers re-
action names and not reaction rates.

Compression bisimulation involves equivalence classes of states in the labelled transition system ob-
tained from the Bio-PEPA model. States are considered equivalent if they have the same reactions
available. Transitions are then generated between classes of states from the transitions of the labelled
transition system, creating a new transition system. Classical bisimulation as defined by Milner is
then used to determine if the new transitions systems obtained for each discretisation have the same
behaviour.

It is possible to show that two discretisations of a single species are compression bisimilar without any
restrictive conditions. However, when showing that compression bisimulation is a congruence with
respect to the synchronisation operator, a condition called the current action decomposition property
(CADP) is currently required. This property requires that if we have two Bio-PEPA models P} DLQ @1
and P D§ Q- that are both derived from the same Bio-PEPA model P l>§ @ and which both have the
same reactions available, that P; and P, have the same reactions available and 1 and ()5 have the
same reactions available.

The investigations of this property have shown so far that for a reaction « ¢ L there are two basic cases
where CADP does not hold and for o € L there are two basic cases where CADP does not hold. The
first two cases are easy to exclude from consideration since they are not reasonable Bio-PEPA models.
In these cases, we can show that « appears in P and in () but we know that « ¢ L. For P D§ Q to be
a reasonable representation of a biological system, any shared reaction should be in L. For the cases
with o € L, there are a number of avenues to consider including the role of creation and degradation
reactions, and whether a Bio-PEPA model is fully expressible. These points will be elucidated during
the presentation. This is work in progress.
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Abstract. Tool support for any modelling language is vital if the lan-
guage is to be used. Bio-PEPA is a relatively new language designed for
the modelling of biological systems, with tool support for the Bio-PEPA
language under development. Here we present the syntax allowed by the
current version of the Bio-PEPA Eclipse Plug-in and give a brief overview
of the features present within the plugin. The purpose of the paper is
to serve as the initial documentation until a more complete manual is
written.

1 Introduction

Bio-PEPA [1] is a process algebra designed for the modelling of biological sys-
tems and has been used to model a wide range of systems including circadian
clocks [2], signalling pathways [3,4] and genetic networks [5]. The modelling
of these systems was made possible through the development of tools for the
Bio-PEPA language.

Currently there exist two main tools for working with Bio-PEPA models, the
Bio-PEPA Workbench and the Bio-PEPA Eclipse Plug-in. While both are under
active development, they each serve a particular role. The Bio-PEPA Workbench
is a prototype tool for introducing new language features and types of analysis;
the Bio-PEPA Eclipse Plug-in is an environment intended to target end-users
wishing to model in Bio-PEPA. The recent release of version 0.1.0 of the plug-in
includes several key improvements, including support for the Bio-PEPA locations
extension [6] and an improved syntax. With these changes it becomes important
to document the new syntax if the tool is to be used. The paper will cover the
Bio-PEPA language followed by a brief overview of the plug-in.

2 The Bio-PEPA Language

A biological system can be encoded as a Bio-PEPA model by way of a 6-tuple
(V,N,K,F g, Comp, P), where:

— V is the set of locations

— N is the set of species attributes

— K is the set of parameter definitions
— Fr is the set of functional rates
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— Comp is the set of species components
— P is the model component

Each of these sets results in a separate type of definition. For the description
of the Bio-PEPA Eclipse Plug-in syntax, the following formatting will be applied:
keywords will be typeset using typewriter and variable names and values in
italics. Optional parts to the definition will be indicated by the use of angular
brackets ( () ). Where applicable, lists of possible tokens will use the curly brace
({}) or in the case for more complex expressions be separated by a vertical
line ( | ).

Legal identifiers (IDs) in Bio-PEPA follow the requirements for naming of
variables in Java. The first character must be either an alphabetical character
or an underscore (_) and subsequent characters may be alpha-numerics or the
underscore character. In models with multiple compartments the naming con-
vention for species is slightly more complicated, with different representations
allowed in different places.

speciesID Referring to just the species identifier is seen as a global reference.
If a species can exist in three locations and a reaction is stated in terms of
the species then the reaction is assumed to be defined as occurring in all
three locations independently of each other.

speciesID@locationID This allows a reference to a specific species in a specific
location. If a reaction is defined in this manner it will not be enabled in other
locations that the species can exist in.

speciesID@locIDy,. .. ,locID, If a reference to a species in more than one lo-
cation, but not all, is required then a comma delimited list can be used. This
allows fine-grained control over where the definition in question is applicable.

From herein, where a species identifier is expected it shall be referred to as a
speciesID and the legal forms will be explicitly stated.

To aid in the description of the different parts of a Bio-PEPA model, the
following model shall be used as a running example. Fig. 1 shows a simple
Bio-PEPA model of a Michaelis-Menten reaction. The model describes a sin-
gle compartment where all the species reside along with three parameters, two
required to describe a reaction using Michaelis-Menten kinetics and the third for
the conversion of species P back into species S. The actual reactions are labelled
as alpha and beta and the model also contains definitions for the three species
required for the reactions to occur. The different parts of A Bio-PEPA model
will now described in the order as seen in the 6-tuple.

Lastly, to avoid the repetition throughout the different definitions, it should
be noted that all definitions, with the exception of the model component, are
terminated by the use of the semi-colon (;). This particular convention follows
on from PEPA.

2.1 Locations

Each location must encode an identifier, the parent location, the size of the
location (s € R), the type the location represents (kind) and the step-size (H €
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// Locations
location main : size = 1, type = compartment;

// Parameters
v-M = 1.0;

KM = 1.0;

rl =v.M*0.1;

// Functional rates
kineticLawOf alpha : £fMM(v_-M, K_M);
kineticLawOf beta :r_1 * PQmain;

// Species components

S = (alpha, 1) << S + beta >> S;

P = alpha >> P@main + beta << P;
E = alpha (+) E;

// Labelled composition definition

pathway ::= S@Qmain[1000] <*> P@main[0];
// Model component

pathway <alpha> E@main[100]

Fig. 1. Bio-PEPA Michaelis-Menten example.

N*) for the location. As with all identifiers in a Bio-PEPA model, the identifier

must be unique to the model. The parent identifier allows the generation of

the location tree, where the mapping is one parent to many children and the

parent should be seen to envelope the entire of the child or children. The type

(or kind) of location can be any from the set of {membrane, compartment} and

it is assumed that a membrane will act as the parent to a single compartment.
The concrete syntax, as accepted by the plug-in is as follows:

location ID (in parentID) : size = value (, step-size = value)

(, type = {membrane,compartment});

Here we can see that the keyword location labels the purpose of this defi-
nition. The keyword must be proceeded by the ID for this new location. If the
model defines multiple locations, the spacial location can be specified by adding
the keyword in and the ID for the parent. By defining just the parent, the lo-
cation tree can be generated by the parser. A colon is then used to separate
the identifier (and the relative location if defined) from the properties of this
definition, where multiple properties are comma separated. In the case of a lo-
cation the size is the only required property (where value € R) while the type
remains optional as it defaults to compartment. The step-size (value € N*)
is only required if performing analysis of a Bio-PEPA model with levels, with
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more detail below. The definition is then terminated by the use of the semicolon
as previously stated.

If no locations are defined the default location is used, which is equivalent
to that seen in Fig. 1, a compartment labelled main with size equal to one (if
required by the solver in question). The location definition in Fig. 1 could also
have been written without the type property being set due to compartment being
the default.

2.2 Species Attributes

The purpose of the species attributes definition is closely connected to the model
component definition, as will be described later. The model component contains
the information regarding population counts of the different species which, while
sufficient for time-series analysis using others Ordinary Differential Equations
(ODEs) or Stochastic Simulation Algorithms (SSAs) , does not allow analysis
by Continuous Time Markov Chains (CTMCs) . For CTMC analysis the model
must be bounded, requiring upper limits as to expected population counts. In
connection with the step size of a specie’s location this will allow the tool to
calculate the number of levels to allow analysis by levels, the approach used
in [4]. To keep the model component syntax as simple and clean as possible,
this additional information is recorded in a species attribute definition. As the
only supplementary information currently allowed pertains to CTMC analysis
the entire definition is optional. Indeed, as of the current version of the Eclipse
Plug-in (version 0.1.0) CTMC analysis is not possible so the definition is intended
more for future use. Expected usage of the definition will include solving the
CTMC, with packages such as the Matrix Toolkit for Java (MTJ) [7] or to allow
exporting of the model into other tools such as PRISM [8]. Whilst the purpose
of the current form is similar to that of the original definition [1], much of what
was encoded has been removed due to redundancy in the information or because
a more apt location has been utilised.
The concrete syntax, as accepted by the plug-in is as follows:

species speciesID : upper = value(, lower = value);

As can be seen, if the definition is used, the only required attribute is the
upper bound (value € N*) as the default lower bound is the value zero. If an
improved lower bound is known then it can also be specified (value € N*). In
regards to the species identifier, any of the different forms can be used. It should
be noted though that if the definition is required i.e. for any form of CTMC
analysis, then the bounds must be specified for every species in every location
it exists in.

2.3 Parameter Definitions

Parameter definitions, being a staple part of every language, require little in the
way of explanation and is not different here. The concrete syntax, as accepted
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by the plug-in is as follows:

ID = expression;

where

expression = int | float | ID | speciesID | (expr) | expr + expr |

expr — expr | expr/expr | expr * expr | In(expr)

As can be seen, an expression is any standard mathematical expression with
the definition structured as it is because of the recursive nature of the expres-
sion (expr simply being an abbreviation for expression, and not a different set of
allowable expressions). These expressions can reference other parameters, loca-
tions (size) and species (population counts) by their respective identifiers, where
speciesID must refer to a species in a single location if multiple locations are
specified. The ability to use functions is also present, with support growing as
required. As of version 0.1.0 of the plug-in, support is limited to In, while the
next release will include others such as the floor and ceiling functions. Stan-
dard infix operators are present with the exception of the exponentiation (to be
present in the next release). It should be made clear that any parameter that
refers to a dynamic component e.g. a species is itself labelled dynamic for the
purposes of compiling out static expressions. So in Fig. 1 the parameter r_1 will
be evaluated at compile time to avoid needless recomputation during every step.

2.4 Functional Rates

One of the key differences between PEPA and Bio-PEPA is the use of functional
rates and how they are handled. In PEPA the action name has no rate attached
to it, merely acting as a label for identifying transitions. Instead the rate was
part of the prefix operator, with the overall rate for any given action never
explicitly defined. In Bio-PEPA the rate is explicitly defined within the model
and attached to the name.

The concrete syntax, as accepted by the plug-in is as follows:

kineticLawOf ID : expression’;

where expression extends the previous expression statement to also include pre-
defined kinetic rates as shown here.

expression’ = expression | £MA(expr) | £MM(expr, expr)

The functional rates, like locations, are clearly labelled through the use of
the keyword kineticLawOf which is followed by its identifier. Following the syn-
tax of the locations, the colon is used as the separator between the identifier
and it’s rate. As stated, legal expressions include all those allowed in the pa-
rameter definitions along with additional functions specific to commonly found
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rates in the biological domain (mass-action and Michealis-Menten (£MA, and £MM
respectively)) with the ability to add others (e.g. competitive inhibition or Hill
kinetics) later.

Briefly covering the currently available rates:

Mass-action takes one parameter, r, with the overall rate for the reaction
being the product of the rate and the population counts of all the reactants
and modifier species involved in the reaction e.g. £MA(r), where the reaction
involves species S and S interact to form S3, would equate to a rate of r x
S1 X So (assuming stoichiometric coefficients of one). If instead the reaction
only involved S as a reactant then the corresponding rate would be r x 5.
In Fig. 1, reaction beta could have been also written as £MA(r_1).

Michaelis-Menten takes two parameters, vy; and Kj; and requires a set num-
ber of species to perform specific roles within the reaction. One species is
required to act as a reactant (S), another as the enzyme (E) and the last
as the product (P) as seen in Fig. 1. The ordering of the parameters, along
with the associated rate can be seen below.

vy X S X E

fMM(’U]\{,KM) = K —|—S
M

2.5 Species Components

The species component definition lists all the reactions a particular species is
allowed to participate in and in what role. The list of actions are separated by
the choice operator (+), behaving in an identical manner to the choice operator
in PEPA.

The concrete syntax, as accepted by the plug-in is as follows:

ID = 5; (where S = action | S+ 9)
Where an action is defined as

action = (ratelD, stoichiometry) op speciesID; | rateID op speciesID; |
(rateID]locationID op’ locationID], stoichiometry) (.) ID; |
rateID[locationID op’ locationID) (.) ID;

with op € {>>,<<,(+),(-),(.)} and op’ € {— >, < — >}.

The first ID refers to a species but in this particular definition is labelled as
an ID to make it distinct from the the other species identifiers expected within a
single species component definition. This identifier must take the first speciesID
form of just the species name with no location. Thus each global species can
have at most one definition, with the speciesID used to allow control over where
a particular action is permissible. The initial identifier is then followed by the
equals symbol and then a list of actions separated by the choice operator. with
each action taking one of the forms shown above. In the case of non-transport
definitions i.e. the first two in the action definition, the speciesID can take any of
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the previously defined forms. Thus a single reaction can be defined as occurring
in the global sense for the species, in a single location or in a subset of the
locations where the species is present. The identifiers labelled ratelID are normal
identifiers, but ones that must refer to a previously defined functional rate and
stoichiometry is the stoichiometric coefficient for the species in this reaction
(stoichiometry € N*).

With the operators, it is best to connect the textual representations back to
the symbols used in the original Bio-PEPA definition.

Behaviour Bio-PEPA symbol|ASCII representation
reactant l <<

product T >>
activator @ (+)
inhibitor o (=)

modifier ©) ()
unidirectional transportation — - >
bidirectional transportation - < =>

Using the example in Fig. 1, we can see the species P acts as a product in
reaction alpha, but only within location main. This clearly has no impact in the
simple example, being that there is only one defined location, but it does allow
the syntax for species in particular locations to be shown. The species P also
participates in reaction beta, this time acting as a reactant.

The example in Fig. 1 also highlights some of the abbreviations permissible
in the definition. If a statement does not specify a stoichiometric coefficient the
default value of one is used. The definition for species S shows the syntax for
including the stoichiometric coefficient and the abbreviated form for when the
stoichiometry is one, these being the first two forms shown in the action definition
above.

Transportation is one of the current features not highlighted in the running
example. Transportation represents the movement of a single species between two
adjacent locations within the model, as described in [6]. In the defined syntax
above (third and fourth action definitions) it requires two locationIDs, the first
acting as the source and the second as the target and must refer to locations
that this particular species resides in. As the locations are embedded within
the transportation action the identifier is simply the species name. The general
modifier operator is used for transportation as while the levels of the species
in the two locations change, the overall amount does not. Transportation can
either be in a single direction or in both, with an example below in the concrete
syntax.

... + gamma[main — > child] (.) E;

In this example, species E essentially has an additional reaction defined which
is equivalent to the following:

EQ@Qmain — > EQchild
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If the transportation was defined as being bidirectional then the reverse reac-
tion would also be defined, with both occurring at rate gamma. In instances such
as these it is advisable to take care with the rates; use of the mass-action rate
kinetic would produce two rates, one where the population count of EQmain is
factored in and the other which would be dependent on EQchild while a custom
rate would be used as is in both directions.

2.6 Model Component

The model component is the final definition in a Bio-PEPA model, both in
terms of the building blocks to be described here and in terms of required lo-
cation within the model. Bio-PEPA imposes little ordering on the definitions
with the exception that the model component definition is the final entry. At
this point a distinction has to be made between the model component definition
and labelled compositional definitions. To offer compositionality the tool needs
to accept fragments of the model component and allow the assigning of a label
for reference. Essentially the definitions are nearly identical, with the difference
being the assignment on an identifier and the use of the termination symbol.

The concrete syntax for labelled compositional definitions, as accepted by
the plug-in is as follows:

ID == P; (where P = ID | (P)| P < L > P | speciesID[value])
where

Behaviour |Bio-PEPA symbol|ASCII representation
cooperation‘ B> ‘ <L>

L

Unlike the model component, labelled compositional definitions require an
identifier for reference in the model component. The assignment symbol differs
here from other definitions, taking the form of ::= which uniquely identifies the
definition type. The compositional fragment comes next, taking one of the forms
described above. It can consist of an identifier for another labelled compositional
definition, single species or the synchronisation of several species or identifiers.
For a single species, the identifier must refer to a specific species in a specific
location (if locations are used). This limits the speciesID to one of the first
two forms as described earlier. After the species identifier comes the popula-
tion count, where value € Ny. Examples of this can be seen in Fig. 1, where
the identifier pathway refers to a labelled compositional definition containing
S@main[1000]

The cooperation operator represents the glue within the compositional defi-
nition, fulfilling an identical role to its counterpart in PEPA. Just as in PEPA,
the cooperation set, indicated by the symbol L, can either be the wildcard token
(%) or a comma delimited list of actions. In Fig. 1 we can see the use of the wild-
card within the definition labelled pathway. This will cause the left and right
trees to synchronise on any common action names. In the case of the example
this would could have been expanded out to <alpha, beta>.
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The model component follows the same syntax as the labelled compositional
definition without the assignment or the terminator symbol. Referring back to
the syntax above, the model component is simply P. In Fig. 1 the model compo-
nent is the synchronisation between the labelled compositional definition path-
way and the species E. As S and P already synchronise over alpha in the pathway
definition, this synchronisation results in a reaction involving three species.

3 The Bio-PEPA Eclipse Plug-in

The syntax covered is that of the Bio-PEPA Eclipse Plug-in, one of two tools
developed at Edinburgh University for the Bio-PEPA language. Built on top of
the Eclipse platform [9], it offers an operating system agnostic editor and suite
of time-series solvers for the construction and analysis of Bio-PEPA models. It
provides the modeller with a rich modelling environment for Bio-PEPA, from
the initial creation of the model through to the analysis and inspection of the
results.

The features currently supported in the plug-in can be roughly grouped into
those assisting the modeller in the writing of their models and features for the
analysis of the model. Examples of the former include an editor (with Bio-PEPA-
aware syntax highlighting) and static analysis of the model for detecting various
syntactic errors. For the latter, the plug-in is capable of generating and displaying
time-series results from ODE solvers or SSAs, with the option to export these
results in both graphical and textual formats. Many of these features can be seen
in Figure 2.

Once the model has been built, the plug-in parses the model and performs
static analysis to detect a variety of modelling errors. If errors are present
they are listed in the problems tab for the modeller to identify and correct.
Once free from errors, the modeller has access to ODE solvers in the form of a
Runge-Kutta implicit-explicit solver and a Dormand-Prince adaptive step-size
solver [10], these being made available through the odeToJava library. The plug-
in also supports analysis through stochastic simulators, with implementations of
Gillespie’s SSA [11], Gibson-Bruck [12] and the Tau-Leap algorithms [13] avail-
able. The ability to use different types of solvers has allowed us to discover errors
in published modelling studies in computational biology [14].

The modeller also now has the ability to export the Bio-PEPA model in
SBML format (level 2 version 3), with the hope to support other formats such
as PRISM at a later point. This allows for other modelling tools to be utilised;
in the case of SBML this allows access to applications such as COPASI or SBSI
Visual, a CSBE initiative.

Instructions for downloading the Bio-PEPA Eclipse Plug-in are available from
http://biopepa.org under Tools. From there instructions can be found for
various versions of the Eclipse platform along with the URL for downloading
the plug-in.
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Fig. 2. Screen shot of the Bio-PEPA Eclipse Plug-in. The editor can be seen in the top
left corner, with the outline view in the top right. The problems tab (bottom right)
displays warnings and errors associated with the open models and the ability to plot
results can be seen in the bottom left.

4 Conclusions

Here we have covered the syntax for the Bio-PEPA language, hopefully in suf-
ficient detail to allow a modeller to use the plug-in. The different types of defi-
nitions have been described, detailing which parameters are required and which
are optional. Finally, a brief overview of the plug-in has been given to highlight
some of the key functionality currently present.
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Abstract

We describe a novel method of performing efficient stochastic simulation of models of biological networks
with time-dependent behaviour (such as circadian clock models). Networks are described in the Bio-PEPA
process algebra and then compiled to sets of coupled simulation models, each instantiated with different rate
parameters. These models have simpler kinetic functions than those found in a single model, allowing the
application of more efficient simulation methods.

1 Introduction

Circadian clock models are important in computational biology to help us understand how living organisms from
plants to humans react to changes in the night/day cycle. However, they are complex to simulate because of the
difficulty of encoding the switch from day to night conditions in the simulation. The phenomenon of increased
activity during daylight hours (due to higher temperature and the presence of light) is often encoded in ODE
models using a conditional construct in the kinetic laws. The intention is to write a construct of the following
form for a rate expression in a kinetic law for reaction r:

if day then k; else &,

where k; is a kinetic constant describing the rate of reaction r in the daytime and k;, is a kinetic constant describing
the rate of reaction r in the nighttime. Since ODE solvers have a built-in notion of time, but not of day and night,
then the predicate day usually needs to be implemented through reference to a time variable (modulo 24 hours). If
the hours of daylight are from 6a.m. to 6p.m. the expression then becomes:

if (time%24) > 6 A\ (time%24) < 18 then k, else k.

Since ODE solvers and chemical kinetics simulators do not always allow conditional constructs in kinetic laws
the conditional often needs to be replaced by the use of a discontinuous 6 function' which returns 1 for true and 0
for false leading to an expression such as the following.

(B((1ime%24) > 6 A (1ime%24) < 18) xky) + (0((time%24) < 6V (time%24) > 18) xky)
Encoding conditional expressions in this way has several disadvantages:
1. the expressions in the kinetic laws become complex and hard to read;
2. the kinetic laws make explicit reference to the current simulation time; and

3. the kinetic laws are no longer differentiable because of the use of the discontinuous 0 function.

10r sometimes a smoothly differentiable function which approximates this.
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The first of these is a problem because we would like our models to be as easy to understand as possible (to reduce
the potential for modelling errors). The second disadvantage is a problem for Gillespie simulation frameworks
which do not usually expose the current simulation time to the kinetic functions (because for a Gillespie simulation
kinetic functions must depend only on rate constants and molecule counts). The third of these disadvantages
prevents modellers from deriving the Jacobian matrix of derivative functions which can be used to improve the
speed, accuracy and robustness of a numerical integrator. Without a representation of the Jacobian matrix a
numerical integrator typically approximates by using finite differences. However, this approximation will not
always be usable in practice because it may require the maximum allowed relative error from one time point to
the next to be decreased to an unacceptably small value. Finally, without a Jacobian matrix efficient approximate
stochastic simulation algorithms such as Gillespie’s t-leap [1] cannot be used at all.

However, none of these problems arise if we express our model description as a pair of coupled models, one
using the set of daytime kinetic parameters (k;) and the other using the set of nighttime kinetic parameters (k).
In this setting:

1. the expressions in the kinetic laws are simplified;
2. the kinetic laws do not need to make reference to the simulation time; and
3. the kinetic laws need not make use of a 6 function and remain differentiable.

Maintaining a pair of closely related models would of course be a maintenance headache in practice but using
the Bio-PEPA process algebra [2] as the high-level modelling language for the problem we can generate this pair
of coupled models. In this way we decompose the modelling problem and we can perform separate simulations
which can be recombined to give the desired results. We have provided this functionality for Bio-PEPA by adding
the Bio-PEPA Workbench to the Dizzy simulation framework [3].

2 The Bio-PEPA Workbench

The Bio-PEPA Workbench? is a command line software tool which provides a platform for analysis of Bio-
PEPA models using various techniques. This is accomplished by parsing a text file which contains a model
written in the Bio-PEPA language and capturing the model in an intermediate tree-like structure. This intermediate
representation is then used as a template for producing several outputs, using external tools. These outputs include:

e A differential equation model, in terms of a high level “vector field” representation. This representation is
used by VFGen which in turn generates ODE models suitable for analysis by the Sundials ODE suite and
MATLAB.

e A stochastic simulation model in C++ code which is used by stochkit, a software toolkit that features an
implementation of Gillespie’s SSA. The results generated by stochkit are then plotted with gnuplot.

e A Continuous Time Markov Chain model expressed in the reactive modules language, understood by the
PRISM model checker, and a CSL formulae file corresponding to than model.

o A IKIEX report (along with the corresponding PDF) and an HTML page containing a formatted version of
the Bio-PEPA model and the graphs that were generated from the simulation runs.

e A translation of the Bio-PEPA model to the CMDL language, as used by the Dizzy simulator.

The file containing the Bio-PEPA model definition does not include arithmetic values assigned as initial concen-
trations of species or rate constants. Instead, these values are parsed from a separate CSV file which is a part of
the model definition. The CSV file consists of a row containing the names of the species and rate constants of the
model, and a number n > 1 rows containing comma-separated values corresponding to the initial concentrations
and rate constants. This gives the capability to perform multiple analysis of the same model based on several
sets of initial concentration and rate constant values. The Bio-PEPA workbench is written in Standard ML, and
compiled to Java bytecode using the MLj compiler.

’http://homepages.inf.ed.ac.uk/stg/software/biopepa
3http://www.dcs.ed.ac.uk/home/ml7
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3 Integration of the Bio-PEPA Workbench into Dizzy

Dizzy features a modular software framework in many aspects. New simulators and new parsers for model lan-
guages can be implemented and added easily through well-defined interfaces. Bio-PEPA could indeed, be imple-
mented and integrated using the relevant interface, which is called IMode1Builder and it defines a method for
accepting an InputStream object and returning a Model object. The Model class facilitates a unique and
consistent representation of a biochemical network in Dizzy. It includes objects representing reactions, species
(divided into reactants and products), stoichiometric coefficients, concentrations etc. Each one of the description
language parsers, performs the translation and capture of the underlying model into a Mode 1 object, which is used
for the simulation. In order to implement the TMode1Builder interface, however, we should have a parser for
Bio-PEPA implemented natively in Java. Instead we developed a new class which extends Dizzy’s EditorPane
and overrides the processModel () method. This method passes the text from the Dizzy text area into an
appropriate translator class (according to the model language which is currently enabled on Dizzy) and returns a
Model. The overridden processModel () method is responsible for passing the Bio-PEPA model text entered
into the text area to an internal method which performs the intermediate steps in order to translate the Bio-PEPA
model into a number of Dizzy models (according to the number of sets of CSV values) by calling the newly cre-
ated runtime library. Then it brings up a GUI chooser from which the user can select one of the output models to
simulate. The attribute mEditorPane is assigned either an EditorPane object or a BioPEPAPane, accord-
ing to what type of model is currently displayed in the text area. The intermediate steps of compilation from a
Bio-PEPA text model to a Model are now captured by processModel () of BioPEPAPane which is called
instead, when mEditorPane is assigned a BioPEPAPane object, using virtual method invocation. All other
calls made to processModel () will end up calling the overridden method.

4 Simulating a Bio-PEPA model

An interesting characteristic of representing a biochemical network as a Bio-PEPA model is the separation of the
initial concentrations and parameter values from the semantics of the model. This abstraction enables the Bio-
PEPA Workbench to perform multiple simulation runs for each set of values in the CSV file. The final constituent
of the extension involves transferring this capability to the Dizzy tool. It can be divided into three parts:

e Extension of the simulation framework to support successive simulations of multiple models for comple-
mentary time intervals.

e Implementation of new graph outputs to support colour marking of the graphs, according to the model
running for particular time ranges.

e Creation of a GUI component for choosing the model that will run for particular time intervals, the number
of time points that will be simulated for each time interval, and the colour that will be used for marking the
graph according to the model and the time interval.

The extension offers the capability of running multiple simulations of a Bio-PEPA model based on the CMDL
outputs which are acquired from the compilation of the Bio-PEPA model from the integrated library and the
different sets of values in the CSV file. For example, assuming that there are three sets of values in the CSV file, the
Bio-PEPA Workbench outputs three CMDL models with one set of values assigned to each. The modeller has the
ability to choose time intervals which will be assigned to each of the models, with the restriction that the intervals
must be exhaustive and non-overlapping. In the original version of Dizzy, a call to the processModel ()

method in EditorPane would perform the translation from a model written in CMDL, to a Model object
which is an independent representation of the model, regarding the description language used, ready to simulate.
Afterwards, the object would be passed to the simulator framework. The simulation framework is responsible for
manipulating the numerics (i.e. concentrations of species) of the Mode 1 object during the simulation process. The
extension requires that all Mode 1 objects created from the Bio-PEPA model and the CSV file should be passed to
the extended simulation framework, thus the first step was to add a method to Bi oPEPAPane in order to process
the CMDL files and return all Mode 1 objects. The second step of this part of the extention involved extending the
functionality of the simulation framework in order to process all models with one of the simulation algorithms of
Dizzy in one simulation run.
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Figure 1: (a) The spreadsheet component as a part of Dizzy’s functionality; and (b) the GUI component featuring
the selection of the models, time-intervals for simulation and colours for the output graphs.
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5 Simulation management

To manage the more complex simulation process which involves coordinating multiple models, a new class ex-
tending SimulationLauncher was created, namely SimulationLauncherBioPEPA. According to the
description language which is enabled at the point of request for simulation, the respective class will be used as the
simulation GUI. The methods that are overridden in the new class, are the ones responsible for the simulation pro-
cess and the visualisation of the results. SimulationLauncherBioPEPA constitutes the extended simulation
framework and contains a constructor which accepts multiple models. The ability to select which models are going
to be simulated for particular time intervals is carried out though a new class which is instantiated from the ex-
tended simulation framework. This class provides a GUI component which enables the user to choose the models,
the corresponding time-intervals, the number of simulated time points for each model and the marker colours for
the selected models. Figure 1(b) shows the component as a part of the simulation GUI. An added feature permits
the user to repeat selected elements for a number of times by adding periodicity to the list. This class also contains
methods for checking the inputs in the text fields. More specifically, the time-intervals must be exhaustive and
non-overlapping. The overridden runSimulation () method in class SimulationLauncherBioPEPA
performs the necessary steps for the correct simulation of multiple models. An important assumption had to be
made in order to proceed to the implementation. In each simulation time step, the resulting concentration value of
a species depends on the model that is currently running, the simulation algorithm and the concentration value of
the previous time step. This is a valid assumption because each time step can be considered as the starting time for
the simulation of the model. The deterministic simulation algorithms will always behave in a predetermined way
according to the initial concentration, while the stochasticity in the stochastic algorithms does not depend on time.
Another reason that the assumption remains valid is that time-specific events are not implemented in the current
extension. Therefore there is no discontinuity in the concentration values during a simulation.

temp001.dizzy[0.0,30.0] = temp002.dizzy[30.0,60.0]
temp003.dizzy[60.0,90.0]

100 4
L
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a5
a0
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w
z

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Time

[=E=Ecolons =P =5

Figure 2: The output graph resulting from the simulation of the Michaelis-Menten kinetics model for different
parameter values.

6 Conclusions

We have implemented a simulation management framework for the Bio-PEPA language which is well-suited to
supporting the modelling and analysis of clocked models. The time series is divided into phases with a set of
parameter values assigned to each phase. Phases need not be of equal length, and there many be any number of
them (not just two). A cycle of simulation models is generated and simulated in isolation for each phase of the
cycle. The results are combined to give a presentation of the results across several phases of the cycle.

The use of an explicit time variable or a discontinuous function is avoided, making it possible to use efficient
numerical integrators for continuous simulation or efficient stochastic simulators such as t-leap. Thus both contin-
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uous and deterministic simulation results are obtained more quickly than when using an approach which encodes
the phase-change using a 0 function.

The method is implemented as an extension to the Dizzy simulator which includes a copy of the Bio-PEPA
Workbench tool. A syntax-highlighting editor for Bio-PEPA is provided, together with a built-in Java spreadsheet
for editing the files of parameter data read by the Bio-PEPA Workbench when generating Dizzy models for sim-
ulation. The compilation from Bio-PEPA to Dizzy is completely automated by the workbench, allowing Dizzy
models to be generated without user intervention.

The simulation process is driven by a user interface component which allows users to specify phases of the
simulation and to set the periodicity of the repetition. This flexible design allows for initial phases of the simulation
which are not repeated. For example, a simulation of a 12-hour day might begin with six hours of night, thereafter
followed by alternations of twelve hours of daylight and twelve hours of night, for any number of repetitions up
to a finite time horizon.

The simulation process is driven by a single source model in the Bio-PEPA process algebra, avoiding the need
to keep modified copies of a low-level simulation, and avoiding the need to ensure that these are consistent when
run.

Acknowledgements: Stephen Gilmore is supported by the EPSRC grant EP/E031439/1 “Stochastic Process
Algebra for Biochemical Signalling Pathway Analysis”.
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Abstract

Many formal models for biological systems include a notion of topological space in the
form of compartments. We consider the problem of modelling gradient diffusion systems
that require a notion of metric space. We define diffusive slots, which govern local interac-
tions and the diffusion from and to adjacent slots, and areas, which comprise one or more
slots. We propose that a generic formalism is not suitable for modelling gradient diffu-
sion systems, rather we tailor formalisms to particular scenarios, e.g. to biological systems
with a given shape. An example of diffusion of nitric oxide in blood vessels illustrates the
approach.

1 Introduction

Numerous languages and frameworks for discrete representation and reasoning about biological
interactions have been developed over the last decade. The main contributions have been in
the area of process algebras [15, 14, 9, 4, 3, 7], where a biochemical system is modelled by
interacting processes representing molecules or species; rewriting rules [8, 2], where a system
is modelled by molecules and their binding sites and state change is governed by rules that
rewrite parts of the system; and high level languages [5, 13|, where a biochemical system is
specified by a list of parameters, reactions and additional grammatical features, which can be
converted to any other formalism.

Here, we consider the problem of representing and reasoning about space in a discrete
formalisation and in particular, we consider gradient diffusion systems. While the formalisms
above have been extended to include a notion of space, it is usually by means of a topological
space with compartments that are private locations, each of which is governed by a specific set
of reactions and between which interactions are prohibited. Compartments are delimited by
membranes that are static or dynamic, i.e. they change through time, leading to changes in
the configuration of the compartmental structure.

In models of gradient diffusion systems, so far formalised mainly by cellular automata [1],
notions like position and distance between molecules are required. These models apply, for
example, to biological systems where proteins are translated in specific areas of tissues or
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Figure 1: Two spatial approaches: single unit tracking (on the left) and average unit amount
in an area (on the right).

organs. The diffusion distance, i.e. the ability of proteins to migrate far from the source,
is fundamental for the correct functioning of the system: very precise phenotypes might be
connected to areas where different proteins meet. An example of this phenomenon is pattern
formation during morphogenesis of the Drosophila embryo [12].

The paper is organised as follows. In the next section we consider modelling choices for
spatial models and in section 3 we propose a framework for the formalisation of gradient
diffusion models. In section 4 we give an overview of a gradient diffusion model example:
diffusion of nitric oxide in blood vessels. Our conclusions and future work are in section 5.

2 Modelling choices for space

In this section we give an overview of modelling choices for the formalisation of biological
systems when a notion of location is required.

Individual and population view: in formal models of biochemical interactions, an
elementary unit is either a single molecule, a fixed number of molecules, or a fixed amount of
concentration. Formalising these elementary units in space, one has a choice between labelling
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Figure 2: Compartments can be extended with a notion of position.
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Figure 3: Modification of the compartmental structure or of the spatial shape.

a unit with its position, or simply tracking the number of units of the same type that are at a
specific position. This is illustrated in Figure 1.

Many formalisms, such as Bioambients [16], Brane Calculi [6], biok-calculus [11] and
stochastic bigraphs [10], although capable of implementing the individual view, choose the
population view, primarily to reduce the state space explosion problem. An example of a
process algebra based on the population view is Bio-PEPA [7].

Topological and metric space: as previously mentioned, compartments delimit areas
where different molecules or different interactions take place. This is often suitable when con-
sidering a cell: typical compartments are cytoplasm and nucleus. But in diffusion systems, one
often considers tissues or organs, at an higher organisational level. The notion of compartment
is no longer sufficient. One needs to distinguish between diffusive slots, which govern local
interactions and the diffusion from and to adjacent slots, and areas, usually comprising one
or more slots, which encompass the delimiting function of compartments. This is illustrated
in Figure 2. Models that include a notion of diffusion in a metric space are usually continuous
and based on or derived from partial differential equations (PDEs). We note that in these
models, the shape of the biological entity being modelled and the coordinate system used are
critical factors.

Compartments and shape modification: some of the above mentioned formalisms, e.g.
Bioambients, Brane Calculi and stochastic bigraphs, allow compartment manipulation. When
the shape and the position of a biological entity is taken into consideration, other modifications
might be necessary, such as the addition of new slots or the reassignment of a slot to a different
area. This is illustrated in Figure 3. Examples of when these additional modifications might
be required are tumour growth and organ morphogenesis.

Clearly a form of metric space is required for modelling gradient diffusion. Our preliminary
investigations have led us to believe that a generic formalism will not be useful because there
is huge variety of overall shape of the biological entity, and consequently the chosen coordinate
system. We therefore concentrate on particular scenarios, as defined in the next section.
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Figure 4: Translation and query for a description of a given scenario

3 High level languages for specific scenarios

We define a scenario as a biological system and a set of assumptions about shape, compart-
mentalisation and equations governing diffusion. The difference between models of a scenario
will be in the level of detail, the types of molecules and biochemical interactions.

In order to formalise gradient diffusion models, we propose a high level descriptive language
that is designed specifically for a single scenario. These are the main advantages:

Improved readability and maintenance: a scenario specific language is compact, it
states only the information that distinguish models belonging to the same scenario. Notions
and assumptions that are shared by models of the same scenario do not need to be stated
explicitly in the language. Consequently descriptions are easy to read, write and maintain by
modellers that are familiar with the scenario.

Modularity and translations: a formal language can be parsed and translated to other
formalisms, such as process algebras or rewriting rules, if these are suitable for the scenario.
The translation is automatic and ensures reliability of model formulation. If new mathematical
models or formalisms that are more suitable are later defined, then new translations can be
used while the high level language is unaltered.

High level queries: it is possible to formulate queries based on the high level language.
Results are computed depending on the underlying formalism.

4 Example: nitric oxide bioavailability in blood vessels

In this section we briefly present an example scenario: diffusion in blood vessels.

Consider modelling nitric oxide (NO) bioavailability in blood vessels. Models of this sce-
nario aim to determine the diffusion distance of NO along the radius of a vessel, where NO is
produced in a narrow region on the internal wall of the vessel. Numerous models have been
developed over the last decade (see [17] for a complete review) and almost all of them share
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the same assumptions and use the same diffusion governing equations. In particular, a vessel is
modelled as a cylinder with partial differential equations (PDEs), using Fick’s law of diffusion
in cylindrical coordinates. Compartments define areas such as endothelium (where NO is pro-
duced), vascular wall, and lumen (i.e. where the blood flows). Another common assumption
is that the diffusion operates only in the radial direction, while it can be considered negligible
in other directions.

We have defined a high level language from which both a traditional PDE and a stochastic
process algebra (SPA) model can be derived. The SPA in this case is Bio-PEPA with static
compartments: the space (in this case the radius) has to be divided into a number of slots
defined by the modeller. The Bio-PEPA model is derived according to the implicit assumptions
of the scenario and to information in the high level description. This means that the character-
istics of each compartment, given by the rates of transport between compartments, the volume
and the associated reactions, are derived automatically. From the Bio-PEPA description thus
derived, other modelling approaches become accessible, such as ordinary differential equations
(ODEs) with compartments, and continuous time markov chains (CTMCs with levels) (see
[7] for details). Finally, a high level query language can be mapped to continuous stochastic
logic (CSL), for reasoning about the states of the chain. A schematic representation of these
translations is given in Figure 4.

5 Conclusions and Future Work

We have considered the problem of modelling gradient diffusion systems requiring a notion
of metric space. In order to model space, we introduced diffusive slots, which govern local
interactions and the diffusion from and to adjacent slots, and areas, comprising one or more
slots, which encompass the function of compartments. We outlined an approach for modelling
based on a high level language description for a given scenario and gave a brief overview of
modelling an example gradient diffusion system: bioavailability of nitric oxide in blood vessels.

Future work includes formal proof the relationship between the underlying models, i.e.
between PDEs, ODEs and CTMCs with levels, and further investigation of suitable query
languages for gradient diffusion models.
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Modelling the bubonic plague in a prairie dog
burrow, a work in progress

Soufiene Benkirane, Carron Shankland, Rachel Norman, Chris McCaig
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1 Introduction

Plague is caused by a bacteria known as Yersinia pestis, and is affecting over
200 mammalian species worldwide [6], including human. It is famous for being
the Black Death, who killed millions of people in Europe. Even now, the disease
is still a serious health problem in some parts of the world [3], and it is lethal
without immediate medicale attention.

In North America, the black-tailed prairie dog is a keystone species in the
flora and fauna dynamics, with over a hundred related species [5]. However, the
introduction of this exotic disease has severe consequences on the population of
prairie dogs, and thus affects the whole ecosystem. Indeed, prairie dogs are ex-
tremely susceptible to the plague, and their mortality rate is almost 100% when
infected. The main source of infection has long been thought to be the prairie
dog flea (Oropsylla hirsuta)[8]. However, a recent paper [9] suggested that the
flea might not be the main vector of infection, but that direct transmission and
infected soil might have a more important role. This paper tries to reproduce
the results obtained in Webb et al. [9], while using a PEPA model instead of
Ordinary Differential Equations (ODEs). The main objective is to determine
if PEPA is capable of modelling an epidemiological model, and what issues are
raised while doing so. The bubonic plague is particularly suitable for addressing
this issue, as it requires several different features to be added to describe the
disease behaviour.

2 Presentation of the disease behaviour

2.1 The bubonic plague behaviour

The disease has three main vectors of infection. The first is direct transmission.
In other words, if a prairie dog affected by the bubonic plague meets one that
is not, there is a chance that the bubonic plague is transmitted to the non-
infected prairie dog. The second vector is indirect transmission. In this case, an
infectious prairie dog infects the soil, either with its faeces or when it dies, its
body still being very infectious. The final vector of infection is the flea. A flea
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Figure 1: The bubonic plague in prairie dogs PEPA model.
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can be infected by an infectious prairie dog while feeding on him. Once inside
the flea’s body, the bacteria blocks the proventriculus [1], preventing the flea
from eating. As it cannot manage to eat anymore, the flea starts biting more
often. If it goes to a different prairie dog, it might infect it. The flea finally
starves to death after a few days.

2.2 The model

In order to model the disease, an ST model [4] will be used. In these models,
the population is divided in two: the Susceptibles and the Infectious. The Sus-
ceptibles are individuals that do not have the disease. They have a chance to
become Ezposed if they are contacted by an Infectious. After the incubation pe-
riod, they themselves become infectious. So an infectious individual can spread
the disease. In the case of the bubonic plague, the Infectious cannot recover,
the disease is deadly in almost 100% of cases [9, 7].

In the case of the bubonic plague in the prairie dog population, direct trans-
mission, transmission via fleas, and transmission via the infected soil had to be
modelled. The model that has been used in this study is presented in Figure 1.
It is divided into five section: prairie dogs, a mirror image of prairie dogs, fleas,
a mirror image of fleas and the soil. Prairie dogs can be in five different states:
S, SDying, Exposed, Inf or Dead. This corresponds to the states describing an
SI model. However, two states can raise questions. SDying is used in order to
model density dependent birth. Indeed, in this model, birth occurs at a con-
stant rate birthrate. However, some of the infants can die, because the density
of the population is too high. This results in an overall population increase of
birthrate x S(1 — S/K) which is very similar to the term used by Webb et al.
[9] birthrate x S(1 — N/K) (with N the total population of prairie dogs) .
The second unusual state is Dead. This state is necessary as it is not possible
in PEPA to create new sequential components, so these represent ghosts, or
potential newborns. The second section, the mirror image of the prairie dogs’
section, is necessary to model all the interactions between prairie dogs, such as
direct transmission of the disease or birth. This is explained in more details by
Benkirane et al. [2]. The third and fourth sections detail flea behaviour, in a
similar fashion to prairie dogs. Finally, the fifth section models the soil, which
can either be infected or healthy. It has not been possible to faithfully capture
the model of Webb et al. [9] in PEPA. In particular, the transmission from fleas
to prairie dogs, and the reproduction of fleas is driven by density dependent
terms that cannot be precisely described in PEPA. The parameters that have
been used are shown in Figure 2. Most of them are taken from Webb et al. [9],
apart from fbirthrate which has been chosen within biologically realistic bounds.
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Parameter Value Description

birthrate 0.0866/2 | Intrinsic rate of increase (host)

K 200 Carrying capacity (host)

totalNbPD 200 Total number of host (including the dead ones)
death_rate_PD 0.0002 | Natural mortality rate (host)
transmission_rate 0.09 Flea transmission rate
contact_direct_rate 0.073 Airborne transmission rate
contact_env_rate 0.073/20 | Transmission rate from reservoir
incubation_rate 0.21 Incubation period=! (host)
death_rate_inf-PD 0.5 Infected host mortality rate

decay_rate 0.006 Reservoir decay rate

leaveHostRate 0.05 Rate of leaving hosts

a 0.004 Searching efficiency of questing fleas
fdeathrate 0.07 Natural mortality rate (vector)
inf_flea_rate 0.28 Transmission rate: hosts to vector
flea_incubation_period 0.009 Incubation period—! (vector)
finfdeathrate 0.33 Disease-induced mortality rate (vector)
foirthrate 0.14 Intrinsic rate of increase (vector)

Figure 2: The parameters used in the simulations.
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Figure 3: The comparison of the two sets of ODEs: The red line represents the
total population of prairie dogs, with equations taken from Webb et al. [9] and
the black line is from the equations derived from the PEPA model. Root Mean

Square value: 9.19
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Figure 4: Total population of prairie dogs, when only one vector of transmission
is triggered. The blue line represents the number of prairie dogs when only
direct transmission is present, and the dashed green one describes what happens
when only indirect transmission is considered. The model with fleas only is not
represented because it overlaps with the direct transmission model.



150 Modelling the bubonic plague in a prairie dog burrow, a work in progress

3 First results

Ordinary Differential Equations (ODEs) have been derived from the model using
the Stirling Amendment algorithm [2], and compared to the set of equations
given by Webb et al. [9]. Stochastic simulations appear to produce unreliable
results for this model and are therefore not used. For example, the number of
sequential components in a particular state can sometimes be calculated to be
negative. Clearly, this can never be the case. When the ODEs derived from the
PEPA model are used, they match the ODEs from Webb et al. [9], as shown in
Figure 3, which is a first step in validating the PEPA model. There is a slight
difference at the start, which remains to be understood.

The goal in modelling this system is to consider rigorously the three different
transmission methods, and to ascertain if one is more crucial to overall disease
dynamics than the others. For this purpose, three submodels are extracted
from the model of Figure 1 by setting appropriate parameters to zero. The
results, presented in Figure 4 clearly show that the main vector of transmission
is indirect transmission. This is a very interesting result, as it contradicts the
classical view that fleas are the main vector of transmission. However, a caveat
is in order: the parameter driving the indirect transmission is not backed up by
data.

4 Conclusion

PEPA has proved to be very capable of describing epidemiological problems.
Indeed, although it does not allow directly for some key features present in
biological phenomena (e.g. time dependent parameters, density dependent pa-
rameters), it provides ways of bypassing the problem, whilst still producting
sensible results. However, in order to fully validate this particular PEPA model,
a comparison with the data gathered from the field still needs to be carried out.
Also, a sensitivity analysis is needed for some of the parameters, in particu-
lar the indirect transmission rate, in order to confirm that it is indeed indirect
transmission that drives the spread of the disease.

Finally, this first epidemiological model based on a real biological system
has provided insights into which issues might arise when modelling biological
problems in PEPA. In particular, space and density dependent transmission are
two very common features. Therefore, it needs to be determined in which cases
it is possible to add one of these features to a PEPA model and how this could
be done.
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Abstract

We use NetLogo to create simulations of two models of disease transmission originally expressed in WSCCS. This allows us
to introduce spatiality into the models and explore the consequences of having different contact structures among the agents.
In previous work, mean field equations were derived from the WSCCS models, giving a description of the aggregate beha-
viour of the overall population of agents. These results turned out to differ from results obtained by another team using cellu-
lar automata models, which differ from process algebra by being inherently spatial. By using NetLogo we are able to explore
whether spatiality, and resulting differences in the contact structures in the two kinds of models, are the reason for this dif-
ferent results. Our tentative conclusions, based at this point on informal observations of simulation results, are that space
does indeed make a big difference. If space is ignored and individuals are allowed to mix randomly, then the simulations
vield results that closely match the mean field equations, and consequently also match the associated global transmission
terms (explained below). At the opposite extreme, if individuals can only contact their immediate neighbours, the simulation
results are very different from the mean field equations (and also do not match the global transmission terms). These results
are not surprising, and are consistent with other cellular automata-based approaches. We found that it was easy and conve-
nient to implement and simulate the WSCCS models within NetLogo, and we recommend this approach to anyone wishing to
explore the effects of introducing spatiality into a process algebra model.

1. Introduction

Susceptible-Infected-Recovered (SIR) models are a widely used technique for modelling the spread of infectious disease.
These models consist of coupled ordinary differential equations, describing the disease in terms of three population groups:
S, susceptible individuals, who have never had the disease; I, infecteds, who can pass on the disease to susceptibles; and R,
recovereds who are assumed to be immune from future infection. A key concept in this approach is the “global transmission
term” [3] which describes the rate at which susceptibles are converted into infecteds by their contact with previously infected
individuals. The correct form of these transmission terms is the subject of much debate. Traditionally, two terms have been
used: BSI (“density dependent transmission”) and B’SI/N (“frequency dependent transmission”). Frequency dependent trans-
mission is typically used for diseases where the number of potentially infectious contacts is considered to be fixed, rather
than depending on population density; the classic example is sexually transmitted diseases, if it is assumed that the average
person has a fixed number of sexual contacts. Density dependent transmission applies to diseases such as measles, where the
number of potentially infectious contacts is higher in a denser population. (We are assuming here that the overall area occu-
pied by the population is fixed, as the transmission terms become more complex if this assumption is relaxed.)

Traditional SIR models describe the situation at a global, aggregate level, and an interesting question has been how to re-
late this to the behaviour of single individuals. Individual behaviour can be modelled by cellular automata, which can then be
analysed by performing simulations, or by a limited set of algebraic techniques such as pair approximation. An alternative
technique using process algebra was developed by McCaig [1]. Here, a model of individual behaviour is created using a sto-
chastic process algebra such as WSCCS, and this is then used to derive a set of mean field equations representing the emer-
gent population level behaviour.

In this paper we focus on two disease models created in WSCCS, representing density dependent transmission and fre-
quency dependent transmission. These models are presented in full detail in [2] where the techniques of [1] were used to de-
rive mean field equations from these models. The transmission terms can then be derived from these equations, and were
shown to be B’SI/N (the frequency dependent term) in the model which used frequency-dependent transmission, and BSI (the
density dependent term) in the model using density-dependent transmission. These results seem unsurprising, but they appear
to be contradicted by results obtained by another team who used a cellular automata approach. Turner et al [4] built cellular
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automata models of the two forms of disease transmission and, after running many simulations and using statistical tech-
niques to fit the resulting data to the two transmission terms, concluded that the global frequency dependent term was better
at describing both forms of transmission.

Our aim was to investigate the reason for this discrepancy. The WSCCS and cellular automata models differ in a number
of details, but the most striking difference is the presence of spatiality in cellular automata. In WSCCS, there is no notion of
agents being located in space, and one cannot (or not without some cumbersome encoding) speak of agents being near or far
from each other. Contact between agents is therefore entirely random. In cellular automata models, however, agents are
usually located on a two-dimensional grid and one can speak of the distance between pairs of agents. In the cellular automata
built by [4] contact between agents was determined by the distance between them; in effect, an agent could only make contact
with its nearest neighbours. Our suspicion was that this was the reason for the differing results.

We used NetLogo [5] to create implementations of the WSCCS models of both frequency dependent transmission and
density dependent transmission. We provided each model with two choices of contact structure between individuals: random
mixing, intended to capture the contact structure implicit in WSCCS, and nearest neighbour mixing, which is the contact
structure used in the cellular automata of [4]. We then compared the results of simulating these models with the results pre-
dicted by the mean field equations derived from the original WSCCS models. In section 2 we explain the WSCCS models,
introduce NetLogo, and briefly discuss how the simulations were built. Section 3 describes the results of running the Net-
Logo simulations and Section 4 discusses our conclusions and possible future work.

2. Using NetLogo to add spatiality to the WSCCS models

The WSCCS models [2] include four types of agents: susceptibles, infecteds, recovereds, and newborns. (Newborns have no
interactions with other agents and mature into susceptibles after one time step.) The models consist of three stages. In the first
stage all individuals can give birth with a density dependent probability (p-birth = p-birth-0 — k N,, where p-birth-0 is the
probability of birth in the absence of crowding, k is a scaling constant, and N, is the size of the population (which, at this
stage, contains no newborns). In addition, the infected individuals can also probabilistically become transmitters. For fre-
quency dependent transmission, this occurs with a fixed probability, p-contact. For density dependent transmission, this
probability is directly proportional to the size of the population, and is given by the term x/,, where « is a scaling constant.
This is the only difference between the two kinds of transmission.

In the second stage, each transmitter makes a single contact with another (non-newborn) member of the population. In the
final stage, individuals make probabilistic choices, with all probabilities being fixed. Susceptibles which were contacted by a
transmitter may either become infected (with probability p-infect), die (with probability p-die) or remain as susceptible (with
probability 1 — p-infect — p-die). Infecteds either recover (with probability p-recover), die (with probability p-die), or remain
infected (with probability 1 — p-recover — p-die). Recovereds and uncontacted susceptibles each die (with probability p-die)
or remain in their current state (with probability 1 — p-die). Finally, newborns mature to become susceptible within the next
iteration of the model.

The full WSCCS code for each of these models is given in [2], which also gives the derived mean field equations. For
frequency dependent transmission, the mean field equations give rise to the transmission term 5’S.[/N; (Where 5’ = p-infect *
p-contact), which is the standard frequency dependent transmission term. For density dependent transmission, the derived
transmission term is £S./, (where £ = p-infect * k), which is the standard density dependent transmission term.

Contact between agents in WSCCS is purely random, as there is no notion of agents being spatially located. To study the
effect of adding spatiality we translated the WSCCS models into NetLogo. NetLogo [5] is a “cross-platform multi-agent pro-
grammable modelling environment” which has been used for building simulations of a very diverse set of phenomena in a
wide variety of domains within the physical, natural, and social sciences. It is a descendent of the Logo programming lan-
guage, which was designed for teaching programming to schoolchildren, and retains some Logo features such as easy and
intuitive programmability (as well as the keyword “turtle” to describe an individual agent). However, it also includes many
features which make it suitable for serious research. The features most important for our work were the interface builder,
which makes it easy to add buttons, sliders, choosers and other I/O features for controlling and monitoring a simulation, and
the plotting system, which allows simulation results to be dynamically displayed on screen.

The programming language of NetLogo is well designed to support multi-agent programming. Essentially, mobile agents
called “turtles” move over a spatial grid of stationary agents called “patches”. (Turtles may also be connected via “link”
agents but these were not used.) Turtles may be differentiated into different “breeds”, each with their own local variables and
methods. In this project, four breeds were defined: newborns, susceptibles, infecteds, and recovereds. A
large and powerful set of language primitives support interactions between agents. The ease of coding is perhaps best illus-
trating by showing a sample of code. Figure 1 shows the code for the t ransmitters-make—-contact procedure, which
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is called at stage 2, after the infected agents have made a probabilistic choice either to become a disease transmitter (t rans—
mitter? = true)or not. The ask command is applied to the agent set infecteds with [transmitter? =
truel, and causes all such agents to carry out the following block of code. This code first checks whether there remain any
other uncontacted non-newborns, as contact will not be possible if all possible contacts have already been made. Contact will
then be made according to the chosen contact structure. If random mixing is chosen, then another randomly chosen uncon-
tacted non-newborn will be marked as contacted. If nearest neighbour mixing is chosen, then the contact will be made with a
suitable agent located at the minimum distance from the contacting agent. (If there are several agents at the minimum dis-
tance, a random choice will be made). The t ransmitter? variable is then reset to false for the next iteration.

to transmitters-make-contact
ask infecteds with [transmitter? = true] [

if (any? other turtles with [ (contacted? = false) and (breed != newborns) 1) [
if (mixing = "random") [
ask one-of other turtles with [ (contacted? = false) and (breed != newborns) ]

[set contacted? true]

]

if (mixing = "nearest neighbour") [
ask min-one-of
other turtles with [ (contacted? = false) and (breed != newborns) ]

[distance myself]
[set contacted? true]
1
]
set transmitter? false
]

end

Fig 1: sample NetLogo code

The NetLogo user interface is shown in Fig 2. The “interface” tab has been selected and shows the user interface created
for our WSCCS models. (The other two tabs contain documentation and program code.) At the top left there are various but-
tons, input areas, choosers, and sliders for controlling the simulation and entering parameters. At the bottom left there is a
graphical visualization of the simulation. At the right there are three plotting areas, each containing plots of the numbers of
infecteds, recovereds, susceptibles, and the total size of the population. These values are plotted against time, measured in
“ticks”, each corresponding to one iteration of the simulation. The top plot shows the results of the simulation, while the
other two plots show the values predicted by the mean field equations corresponding to frequency dependent and density de-
pendent transmission. These plots allow a quick visual comparison between the simulation results and the results predicted by
the two transmission terms. For a more rigorous comparison, NetLogo may also be programmed to perform multiple simula-
tion runs over a range of parameter values, and the resulting data may then be subjected to statistical analysis using some
other appropriate tool, such as S-PLUS.

3. Results

At this stage in this work we have not yet attempted to perform large-scale multiple simulations or to do any statistical analy-
sis of the simulation results. However, some results already appear to be very likely from observation of several individual
simulation runs. It seems safe to say that with random mixing, the simulation results support the conclusions of [2]: density-
dependent transmission results in the behaviour described by mean field equations that use the global density-dependent
transmission term, and frequency-dependent transmission results in the behaviour described by mean field equations with the
global frequency-dependent transmission term. Figure 2 shows an example of a simulation run that illustrates this. In this run,
we have selected frequency dependent transmission and random mixing, and the simulation output is clearly a much closer
match to the graph of the mean field equations for frequency dependent transmission. (The three sets of graph are separated
for clarity, but are drawn to the same scales.)

The results are much less clearcut when nearest neighbour mixing is applied. More work would be needed to study these
results systematically, but observations suggest that neither of the two global transmission terms is particularly good at de-
scribing either frequency-dependent or density-dependent transmission when nearest-neighbour mixing is used. This is not
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very surprising, as there is an assumption of random contact (or “mass action”) in the derivation of the global transmission
terms, and indeed it appears to be folklore knowledge [7] within the mathematical modelling community that these transmis-
sion terms do not generally work for spatially-based models. This is supported by Rhodes and Anderson [6] who developed a
cellular automata model involving moving individuals, and varied the “step length”, i.e, the distance travelled by an individ-
ual at each time step. This approach may be seen as a more general form of our experiment, where random mixing corre-
sponds to the case where an individual may move an arbitrary distance, and nearest-neighbour mixing is the case where the
step length is the shortest possible non-zero value. Rhodes and Anderson discovered that the traditional global transmission
terms (or “mass-action-based models™) are only appropriate if the step length is sufficiently large in comparison with the
mean distance between individuals. For shorter step lengths, mass-action is not applicable, and the behaviour of the popula-
tion is dependent on the value of the step length. Our observations appear to be consistent with these results.
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Fig 2: NetLogo interface showing the WSCCS simulation
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4. Discussion

We found that NetLogo provided a very effective and easy-to-use method to explore the effect of adding spatiality to a proc-
ess-algebra based model. The agent-based style of programming used by NetLogo makes it relatively easy to implement
process algebra concepts such as agents (“turtles” in NetLogo), different classes of agent (‘“breeds”), communication and
synchronization. There is no direct support for probabilistic actions, however, so these have to be coded explicitly by using
random number generation. There are many powerful language constructs supporting spatiality and movement of agents. We
also found the support for graphing. We would recommend NetLogo to anyone wishing to investigate the behaviour of a
process algebra model when deployed in some particular spatial setting, or with some spatially-described contact structure
amongst agents. An example might be exploring the workings of some communications protocol within a specific network
configuration. A more ambitious future project would be to develop a systematic method for compiling process algebra mod-
els into NetLogo (perhaps with default “random” contact between agents) so as to make it easier to explore the effect of add-
ing spatiality.
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1 Introduction

Traditional models of directly transmitted infectious disease [1,4] split the pop-
ulation into those who are susceptible to the disease, those who are infectious
and those who are immune to it. However, it is believed that for a wide range
of disease systems there are a few individuals who cause the majority of new
infections. These individuals are known as superspreaders [6]. Two mechanisms
have been proposed to explain superspreaders and this paper presents our inves-
tigation of these proposals.

In the superspreader models that follow the infected portion of the pop-
ulation consists of two distinct groups: standard infected individuals (I) and
superspreaders (U). The first mechanism that has been proposed to explain
superspreaders is increased infectiousness (also known as supershedders). If a
susceptible individual is contacted by a supershedder the probability of becom-
ing infected (p;,,) is higher than the probability of becoming infected having been
contacted by an infected individual (p;), i.e. p;, = ap; for some constant a > 1.
Supershedders may arise because of a compromised immune system (meaning,
for instance, that more of the infectious microorganism is present in their body
so the quantity shed is greater) or because of some genetic predisposition that
causes them to shed a greater quantity of the infectious microorganism.

In the second proposed mechanism the contact rate for the superspreaders
is higher than the contact rate of the infected individuals. We implement this
by having the probability that a superspreader will make contact in an iteration
of the model (p,,) larger than the probability that and infected individual will
make contact (p.) i.e. pey, = ap.. These superspreaders are more gregarious or
well travelled than average and therefore make significantly more contacts than
most infected individuals in the population.

The superspreader model presented here was developed in the process alge-
bra Weighted Synchronous Calculus of Communicating Systems (WSCCS) [13],
which has proved particularly useful in studying a wide range of biological sys-
tems [3,10-12].
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S1%1./: 52
N = e/ 12 X T2+ (1 — peg)n/ : 12
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def

R2 = w.inf: R3+ w.infU: R3+1.4/: R3
B2=1.y/: B3
S3 < 1./ S1

Sr3 < (pi*x (L =ps))/ : I1+ (pixps)/ : UL+ (1 —pi).y/: S1
SU3 < (piu*x (1 —ps))/ : I1+ (piu*ps)y/ : UL + (1 — psu).y/: S1
I3 p.\/: Rl+(1—py).y/: 11

U3 =prv/: R+ (1—pr)/: U1

def

R3=1.4:R1

Popn & 51{s} x I1{i} x Ul{u} x R1{r}[{/}

Fig. 1. Superspreader model of disease transmission

2 Model

In this section we give a description of the individual behaviours modelled and
also the mean field equations (MFE) that can be derived from the model (mak-
ing use of a rigorous algorithm described in [9] and [8]). In our the model the
population consists of four subpopulations: susceptibles, S; infecteds, I; super-
spreaders, U; and recovereds, R.

WSCCS is a discrete time process algebra and one consequence of this is
that behaviour in our model is separated into several stages. For instance we
separate probabilistic behaviours (e.g. birth and death) from those involving
contact between individuals (e.g. transmission of infection). By doing this we
can more easily reason about the overall behaviour of the system. The different
stages happen sequentially during one iteration of the model which is equivalent
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to one real time step. The length of the time step depends on the units of the
parameters.

We may naively assume that changing the order of these stages would have
no effect on the overall average behaviour of the model but in general this is
not true. Changing the order in which the stages happen changes the underlying
biological assumptions and also alters the resulting MFE [7].

The model in Fig. 1 can be used to represent superspreaders with either
increased infectiousness or increased probability of contact by specific choices
of parameters. The behaviour in the model in one timestep is separated into
three stages. In the first stage infected and superspreader individuals make a
probabilistic choice to make an infectious contact in the second stage of the
model. Susceptible and recovered individuals do not make any choices at this
stage of the model (S1 and R1 become S2 and R2 respectively). In addition the
infected individuals are able to make an infectious contact in the next stage of
the model with probability p. and superspreaders also choose to make contact
in the second stage, with probability pe,.

In the second stage disease transmission occurs. The infecteds and super-
spreaders that made the probabilistic choice to make contact in the first stage
each make a single contact (where contact means the type of contact in which
the disease could be transmitted and so will vary in its definition for different
diseases). Each type of individual (S,I,U and R) can be contacted once (be-
ing exposed to the disease). Only the susceptibles are affected by contact (we
assume that recovery from infection confers lifelong immunity) and susceptible
individuals that are contacted can contract the disease during the third stage of
the model.

In the third stage the susceptible individuals that were contacted probabilis-
tically decide to contract the disease or not. Individuals that were contacted by a
standard infected contract the disease with probability p;, while those contacted
by a superspreader become infected with probability p;,,. The newly infected indi-
viduals themselves become superspreaders with probability ps. At the same time
existing infected and superspreader individuals make the probabilistic choice to
recover, with probability p,..

The mean field equations that describe this generalised model are

PiDci St It + PiuPcu St Ut

St+1 - St - Nt )
It—i—l _ (1 _pr)It + (1 - ps)(pipciStIt +piupcuStUt) 7
Ny
szczSI+zucuSU
Ut+1:(]-_pr)Ut+p(pp tth Peuot t)7
t
Rii1 =Ry +pr(I: + Uy), (1)

with Nt = St—f—It +Ut +Rt
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2.1 Contact Superspreaders

The first situation considered features superspreader individuals that are capa-
ble of making more contacts than the standard infected individuals. For this
case there is no qualitative difference between contact from an infected or su-
perspreader. This is implemented by setting the probability that susceptible
individuals become infected after contact the same whether contact is with an I
or a U (p; = piu), and by having the probability that a superspreader will make
an infectious contact greater than the probability that an infected individual
will make a contact i.e. pe, = ap. for some o > 1.

By applying these parameters to the MFE we find equations to describe the
contact superspreaders model:

PipeiSt (I + aly)

Sty1 =5t —

Ny ’

1- s )Pi ciS I + aU,
It+1:(1_pr)It+( p)ppNt(t « t)’

t
DSl + U,
Upi1 = (1 _pr)Ut + DPsPiPci Zé-t + « t) ,
t

Riy1 = Ry +pr(It + Uy), (2)

where o > 1 is a constant.
The transmission term in these equations,

piSt(cily + ac;Uy) , 3)
Ny

is of the frequency dependent form [2]. This is because the behaviour described at
the individual level is frequency dependent - the probabilities of making contact,
pe and pey, do not vary with the overall population size. It has already been
shown [7] that we can describe behaviour at the individual level that leads to
density dependent transmission terms, i.e. 351, in the resulting MFE. Here
frequency dependent transmission was used because it is more straightforward
to describe in WSCCS and is more reasonable for human diseases.

2.2 Supershedders

The second case we consider features supershedder individuals, with susceptible
individuals more likely to become infected after contact with a supershedder than
with a standard infected. In this case superspreaders and infecteds are equally
likely to make contact (pe, = pei). If a susceptible individual is contacted by
a supershedder the probability that it will become infected is greater than the
probability that infection will occur after contact with an infected individual
(piw = ap; for some constant « > 1).

From the WSCCS description of this model the mean field equations that we
derive are (2), the MFE for the contact superspreader model of Section 2.1. In
Section 2.3 we comment on the similarities between the MFE.
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2.3 MFE

The two models considered lead to identical systems of mean field equations. This
suggests that the actual mechanism by which superspreaders arise is unimportant
in determining the population level equations that describe the mean behaviour
of the population.

If population level equations were written down directly to model a super-
spreader system, with frequency dependent transmission and density dependent
birth, they would not differ greatly from (2). Kemper [5] proposed an ordinary
differential equation model without births or deaths and featuring density de-
pendent transmission in which the transmission terms were: (r1f + rU)S - the
rate at which susceptibles contract the disease; B(riI 4+ roU)S - the rate at
which susceptibles become standard infected individuals; (1 — 8)(r1I 4+ r2U)S -
the rate at which susceptibles become superspreaders. Kemper’s model did not
explicitly consider which of the two proposed mechanisms (increased contacts or
increased infectiousness) give rise to superspreaders. Instead it merely captures
the idea that a small proportion of the infected individuals are responsible for
the majority of new infections.

The difference with our MFE, however, is that we can be sure that our MFE
are a direct consequence of the individual level assumptions made, having been
rigorously derived from the individual based description of the model. This allows
us additional ways to study the system, for example by performing stochastic
simulations of the model allowing us to study the variability in the system as
well as the mean behaviour considered by the MFE.

It is worth noting that if all we are interested in is the mean behaviour then it
is possible to choose different parameter values that would give the same overall
mean behaviour from a model without superspreaders. For instance considering
a supershedder system (with p;, = ap;), ps will be the mean proportion of
infected individuals that are superspreaders and it would be possible to design
a model without supershedders with a different probability of infection pj that
would have the same mean behaviour. This is done for our example by setting
a = 1, so that the supershedders have the same behaviour as the standard
infecteds, and by setting p; = pi, = (1 — ps)pi + apips - all other parameter
values are unchanged.

3 Conclusions

Two different mechanisms have been proposed by which superspreaders may
occur in populations [5, 6]. By developing individual based models, and rigorously
deriving population level equations to describe the mean behaviour, we have
demonstrated that changing the mechanism at the individual level has little
effect on the population as a whole. In addition we have demonstrated that,
by choosing different parameter values, it is possible to write a model without
superspreaders in which the average behaviour will be identical to the model
with superspreaders.
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