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Process algebras

I history

I developed to model concurrent computing (mid 1980’s)

I originally no notion of time or space, some extensions

I Hillston developed PEPA, stochastic process algebra (1996)

I Hillston developed ODE interpretation of PEPA (2005)

I Bio-PEPA, a biological process algebra

I close match between modelling artificial and natural systems

I developed by Ciocchetta and Hillston (2009)

I extension of PEPA, functional rates and stoichiometry
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Process algebras (cont)

I what is a process algebra?

I compact and elegant formal language

I behavior given by semantics defined mathematically

I classical process algebras: labelled transition systems

I stochastic process algebras: continuous time Markov chains

I why use Bio-PEPA?

I formalism to describe species and interactions

I unambiguous, precise

I different analyses available from a single description
deterministic simulation (population view),
stochastic simulation (individual view),
continuous time Markov chain with levels (abstract view)
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Bio-PEPA (in brief)

I species: reactions, stoichiometry, locations

S@L
def
= (α1, κ1) op1 S@L + . . . + (αn, κn) opn S@L

where opi ∈ {↓, ↑,⊕,	,�}

I model: quantities of species, interaction between species

P
def
= S1@L1(x1) BC

∗
. . . BC

∗
Sp@Lp(xp)

I other information required for modelling
L compartments and locations, dimensionality, sizes
N species quantities, minimums, maximums, step size
K parameter definitions
F functional rates for reactions, definition of fα

I definition of behavioural semantics
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Bio-PEPA Eclipse Plug-in

I software tool for Bio-PEPA modelling

I Eclipse front-end and separate back-end library

editor for the Bio-PEPA language

outline view for the reaction-centric view

graphing support via common plugin

problems viewUser 

Interface

parser for the Bio-PEPA language

export facility (SBML; PRISM)

ISBJava time series analysis (ODE, SSA)

static analysis

Core

I available for download at www.biopepa.org

I case studies, publications, manuals
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Bio-PEPA Eclipse Plug-in (cont)
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Protein trafficking in the cell

I research from the Frame laboratory at Cancer Research UK

I focus on active form of oncoprotein Src, member of Src family

I Src inactive at perinuclear region, active at membrane

I Src is trafficked in endosomes

I results of experimental research

There is more inactive Src in endosomes closer to the nucleus than
those further away. Furthermore, almost all Src at the membrane
is active. Hence, there is a gradient of inactive Src to active Src.
(Sandilands et al, 2004)

The persistence of active Src at the membrane is inversely related
to the quantity of FGF added. (Sandilands et al, 2007)
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Src: gradient from inactive to active

(Sandilands et al, Dev. Cell 7, 2004)
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Src: persistence of response to FGF

(Sandilands et al, EMBO Reports 8, 2007)
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Modelling

I work in progress: Bio-PEPA, HYPE

I identification of recycling loops: number and type

I assume one long and one short

I data is very limited

I qualitative
I gradient of inactive versus active, activation within endosomes

I endosome movement is directional along
microfilaments/microtubules

I quantitative
I estimates of endosome speeds and length of recycling loops

I timing from FGF stimulation experiment
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Simplified Bio-PEPA model

I active Src at membrane

aSrc@mb = (bind,1) << aSrc@mb + (out sh,150) << aSrc@mb +

(in sh,75) >> aSrc@mb + (in long,100) >> aSrc@mb;

I endsome in short recycling loop

Endo short@cyto = (out sh,1) >> Endo short@cyto +

(in sh,1) << Endo short@cyto + ... ;

I model:

aSrc@mb[initial aSrc mb] <*> Endo short@cyto[initial Endo short]

I reactions

out sh: 150 aSrc -> Endo short

in sh: Endo short -> 75 aSrc
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Two loop trafficking model – results
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Circadian clock

I Ostreococcus tauri, tiny green alga

I two genes involved in circadian rhythm

Hybrid modelling of a circadian

clock using HYPE
Vashti Galpin∗, Luca Bortolussi‡, Jane Hillston∗†

∗Laboratory for Foundations of Computer Science, School of Informatics, University of Edinburgh; ‡DMI, University
of Trieste,Italy; †CSBE, University of Edinburgh

Ostreococcus tauri circadian clock

◦ Ostreococcus tauri: tiny green alga

◦ circadian clock: regulates organism depending on time of day

◦ two genes: TOC1 and LHY, transcribed to mRNA

◦ translation of proteins from mRNA

◦ light enhances rate of TOC1 mRNA transcription

◦ light inhibits TOC1 protein from becoming active

◦ light enhances rates of protein degradation

◦ LHY protein in nucleus inhibits production of TOC1 mRNA

◦ negative feedback loop

◦ quantities of proteins oscillate with light cycle

◦ oscillations persist for some time in constant light

Hybrid models

◦ contain both continuous and discrete behaviour

◦ continuous behaviour represented as sets of
ordinary differential equations (ODEs)

◦ discrete behaviour represented as switches from
one set of ODEs to another

Modelling the clock

◦ existing models

• ODE: smooth function for light cycle
• Bio-PEPA: discrete function for light cycle

◦ new HYPE model with discrete events for
change from light to dark, and dark to light

◦ HYPE: process algebra specifically for modelling
hybrid systems

◦ each species affected by light has the form
A

def
= light.α.A + dark.β.A + . . . where α

describes its flow in light and β in darkness

◦ event conditions determine when events light
and dark happen

◦ flows affect quantities of species

(Akman et al, FBTC 10, EPTCS 19, 2010)
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Circadian clock in Bio-PEPA: alternating light dark

Akman, Guerriero, Loewe and Troein 9

(a) LD 6:18 – ODE (b) LD 6:18 – average 10000 SSA runs (c) LD 6:18 – single SSA run
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(d) LD 12:12 – ODE
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(e) LD 12:12 – average 10000 SSA runs
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(f) LD 12:12 – single SSA run

(g) LD 18:6 – ODE (h) LD 18:6 – average 10000 SSA runs (i) LD 18:6 – single SSA run

Figure 4: Comparison of the deterministic and stochastic models for different photoperiods.

computed in terms of expected values and this, especially in the case of oscillations which are out of
phase, does not give satisfactory results.

PRISM [15] is a probabilistic model-checker, which can be used to verify properties of a CTMC
model. It also includes a discrete-event simulator for statistical model-checking. PRISM has been used
to analyse systems from a wide range of application domains, and recently also biochemical systems [14].
Models are described using the state-based PRISM language, and it is possible to specify quantitative
properties of the system using a property specification language which includes the temporal logic CSL
(Continuous Stochastic Logic) [3, 4].

Using the Bio-PEPA Workbench [5], we generated a PRISM model of the clock (together with a
set of reward structures and some standard CSL properties which are automatically generated). In the
PRISM model, one module is defined for each species, and module local variables are used to record
the current quantity of each species. The transitions correspond to the activities of the Bio-PEPA model
and the updates take the stoichiometry into account. Transition rates are specified in an auxiliary module

(Akman et al, FBTC 10, EPTCS 19, 2010)
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Circadian clock in Bio-PEPA: light only

6 Complementary approaches to understanding the plant circadian clock

(a) DD – ODE (b) DD – average 10000 SSA runs (c) DD – single SSA run
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(d) LL – ODE
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(e) LL – average 10000 SSA runs
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(f) LL – single SSA run

(g) LL-DD – ODE (h) LL-DD – average 10000 SSA runs (i) LL-DD – single SSA run

Figure 2: Comparison of the deterministic and stochastic models in different light conditions.

individual SSA runs we note that occasionally a non-zero number of molecules can be briefly observed,
even after several circadian cycles (Figure 2(c)).

LL system. In constant light (LL), the deterministic system also exhibits damped oscillations, with
all species tending to non-zero constant values after about 7-8 days (Figure 2(d)). Similar behaviour is
observed by averaging over 10000 SSA runs (Figure 2(e)), though the oscillations damp more rapidly and
the steady-state value is slightly different (e.g. the LHY copy number is about 130 in ODEs compared
to about 160 in the SSA). However, a 10-fold increase of the scaling factor to Ω = 500 yields a perfect
quantitative agreement between the SSA and ODEs (see Figure 8 in Appendix C). Although the precise
source of the discrepancy is not known at present, we hypothesise that it is caused by a breakdown of the
continuous approximation underpinning ODEs, due to the low copy numbers obtained at small Ω values.

The other, most notable, difference between the deterministic and stochastic models is the behaviour
of individual SSA runs (Figure 2(f)), for which persistent irregular oscillations (in both phase and ampli-
tude) are observed. Because of phase diffusion effects, however, these oscillations cannot be detected in

(Akman et al, FBTC 10, EPTCS 19, 2010)
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I gp130/JAK/STAT pathway

I circadian clock in Neurospora

I various models from BioModels Database

I And now for something completely different . . .

I epidemiological modelling

I emergency egress modelling

I see www.biopepa.org for more details
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Emergency egress modelling in Bio-PEPA

loc exit nr. present loc exit nr. present
rat g 18 rbt g 16
rat f 18 rct f 18
ras f 18 ras g 18
rbs f 17 rbs g 17
rag f 36 rag g 36

TABLE III
EVACUEES INITIALLY PRESENT AND RELATED EXIT FOR ALL FLOORS.

from exit next from exit next
rat g hat lwt f hat
rat f hat lwt g swt
rbt g hat let g hat
rbt f hat let f set
rct g hat set g les
rct f hat set f les
hat g lwt swt g lws
hat f let swt f lws

TABLE IV
ROUTING OF EVACUEES FOR FLOOR 3.

comparison takes into consideration both the predicted mean
evacuation time of the three storey building and the population
of evacuees present over time in a particular building section
(i.e. its node profile).

The results we obtained within a fluid flow framework are
coherent with those in [10], while the differences can often be
explained by the different kinds of solution sought. The results
in [10] are given in terms of optimal fluxes. Our modelling
approach complements the search for optimal routing solutions
by allowing other cases, sometimes closer to reality, to be
considered. The model can be easily adapted to different
scenarios, such as the presence of hurt evacuees or dynamic
routing strategies, as illustrated in Sect. VI.

We also present averaged stochastic simulations of evacua-
tion. Stochastic simulations can be more informative than fluid
flow approximation, especially when an “individual or agent
view” of the problem appears more suitable than a “population
view”. The relationship between the fluid flow approximation
and stochastic simulation is one of convergence as discussed
briefly in Sect. III. In this paper we limit ourselves to observe
a clear coincidence of stochastic simulation and fluid flow re-
sults, even for a relatively small number of stochastic samples
and perhaps not so large population numbers. We take this as
a further confirmation of the proper construction of our model.

All stochastic simulation and fluid flow analyses in this
paper have been performed with the mentioned parameters on
an Apple iMac 2.66GHz Intel Core i5 using the PEPA-plugin
analysis tool [16] unless otherwise stated.

A. Predicted building evacuation time

In Figure 2 the arrivals of all evacuees from the different
rooms are shown, over the time interval [0, 5] minutes using an
adaptive step-size 5th order Dormand-Prince ODE solver. The
labels in the legend are “Room Xy (z)”, where X indicates
the name of the room, y indicates the floor and (z) indicates
from which exit the evacuees left the building. For example,
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Fig. 3. Arrival of evacuees (GIL)

the leftmost curve in Figure 2 shows the evacuees arriving
from Room A at the ground floor leaving the building through
exit g. It is clear that evacuees at the ground floor are those
nearest to the exits and therefore they reach these exits first. It
is also clear that all evacuees from Room A at the ground floor
reach their exit. In Figure 3 results are shown for a stochastic
simulation of the same model using Gillespie’s algorithm [5]
for the same time interval, with 10 independent runs and
confidence interval 0.05. As can be observed, the curves in
Figure 2 and Figure 3 correspond reasonably well given the
small number of replicated runs of the stochastic simulation.

The total (mean) time for all evacuees to leave the building
is close to 3 minutes. This corresponds well to the 170 seconds
predicted by Evacnet4 for the optimal evacuation time of the
same three storey building.

Figure 4 shows the cumulative arrivals of evacuees from all
floors for each of the exits. There are in total 105 evacuees
for exit g and 107 for exit f . In the original case study these
numbers differ resulting in 148 for exit g and 64 for exit
f . This difference can be explained by the fact that in [10]

(Massink et al, SEFM 2010)
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Conclusion

I Bio-PEPA

I biological process algebra

I formal and unambiguous description of a system

I behaviour derived mathematically

I various analyses can be applied to a model

I abstraction is a key principle

I how can Bio-PEPA contribute towards atlases?
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Thank you
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Parameters

I initial parameters for species representing basal behaviour
I no decision species, no added FGF, no active FGFR
I long recycling loop inactive so no species from it
I hence only 3 species present initially

I rate of entry and probability of recycling in each loop

I input and output stoichiometry for each loop
I short loop: input and output the same
I long loop: output much larger than input

I creation rate of active Src during basal behaviour

I binding rate for active Src and active FGFR

I time to pick up inactive Src in perinuclear region

I assume time taken in each loop fixed using calculations
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Parameters (continued)

I at least 13 unknown parameters – not so simple

I enable short recycling loop only

I find parameters to balance short loop
I 50% of active Src at membrane
I 50% of active Src in the short recycling loop

I 6 parameters not yet specified

I enable the long recycling loop

I guess some parameters

I enable the doser and see what happens
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Bio-PEPA syntax

I two-level syntax

I sequential component, species

S ::= (α, κ) op S | S + S op ∈ {↑, ↓,⊕,	,�}

I α action, reaction name, κ stoichiometric coefficient

I ↑ product, ↓ reactant

I ⊕ activator, 	 inhibitor, � generic modifier

I model component, system

P ::= S(`) | P BC
L

P

I need a more constrained form
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Well-defined Bio-PEPA systems

I well-defined Bio-PEPA species

C
def
= (α1, κ1)op1 C +. . .+(αn, κn)opnC with all αi ’s distinct

I well-defined Bio-PEPA model

P
def
= C1(`1) BC

L1
. . . BC

Lm−1
Cm(`m) with all Ci ’s distinct

I well-defined Bio-PEPA system

P = 〈V,N ,K,F ,Comp,P〉
I well-defined Bio-PEPA model component with levels

I minimum and maximum concentrations/number of molecules
I fix step size, convert to minimum and maximum levels
I species S : 0 to NS levels
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Example: reaction with enzyme

I S + E −→←− SE −→ P + E

I S(`S) BC
∗

E (`E ) BC
∗

SE (`SE ) BC
∗

P(`P) where

I S
E−→ P

I S ′(`S′) BC
∗

E ′(`E ′) BC
∗

P ′(`P′) where
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Bio-PEPA semantics

I operational semantics for capability relation −→c

I Choice, Cooperation for α 6∈ L, Constant as expected

I Prefix rules

((α, κ) ↓ S)(`)
(α,[S :↓(`,κ)])−−−−−−−−→c S(`− κ) κ ≤ ` ≤ NS

((α, κ) ↑ S)(`)
(α,[S :↑(`,κ)])−−−−−−−−→c S(`+ κ) 0 ≤ ` ≤ NS − κ

((α, κ)⊕ S)(`)
(α,[S :⊕(`,κ)])−−−−−−−−→c S(`) κ ≤ ` ≤ NS

((α, κ)	 S)(`)
(α,[S :	(`,κ)])−−−−−−−−→c S(`) 0 ≤ ` ≤ NS

((α, κ)� S)(`)
(α,[S :�(`,κ)])−−−−−−−−→c S(`) 0 ≤ ` ≤ NS

Vashti Galpin

Spatio-temporal Biological Process Modelling Joint MRC/INCF/SICSA Workshop on Atlas Informatics



Process algebras Bio-PEPA Protein trafficking Circadian clock Other examples Conclusion

Bio-PEPA semantics

I operational semantics for capability relation −→c

I Choice, Cooperation for α 6∈ L, Constant as expected

I Prefix rules

((α, κ) ↓ S)(`)
(α,[S :↓(`,κ)])−−−−−−−−→c S(`− κ) κ ≤ ` ≤ NS

((α, κ) ↑ S)(`)
(α,[S :↑(`,κ)])−−−−−−−−→c S(`+ κ) 0 ≤ ` ≤ NS − κ

((α, κ)⊕ S)(`)
(α,[S :⊕(`,κ)])−−−−−−−−→c S(`) κ ≤ ` ≤ NS

((α, κ)	 S)(`)
(α,[S :	(`,κ)])−−−−−−−−→c S(`) 0 ≤ ` ≤ NS

((α, κ)� S)(`)
(α,[S :�(`,κ)])−−−−−−−−→c S(`) 0 ≤ ` ≤ NS

Vashti Galpin

Spatio-temporal Biological Process Modelling Joint MRC/INCF/SICSA Workshop on Atlas Informatics



Process algebras Bio-PEPA Protein trafficking Circadian clock Other examples Conclusion

Bio-PEPA semantics

I operational semantics for capability relation −→c

I Choice, Cooperation for α 6∈ L, Constant as expected

I Prefix rules

((α, κ) ↓ S)(`)
(α,[S :↓(`,κ)])−−−−−−−−→c S(`− κ) κ ≤ ` ≤ NS

((α, κ) ↑ S)(`)
(α,[S :↑(`,κ)])−−−−−−−−→c S(`+ κ) 0 ≤ ` ≤ NS − κ

((α, κ)⊕ S)(`)
(α,[S :⊕(`,κ)])−−−−−−−−→c S(`) κ ≤ ` ≤ NS

((α, κ)	 S)(`)
(α,[S :	(`,κ)])−−−−−−−−→c S(`) 0 ≤ ` ≤ NS

((α, κ)� S)(`)
(α,[S :�(`,κ)])−−−−−−−−→c S(`) 0 ≤ ` ≤ NS

Vashti Galpin

Spatio-temporal Biological Process Modelling Joint MRC/INCF/SICSA Workshop on Atlas Informatics



Process algebras Bio-PEPA Protein trafficking Circadian clock Other examples Conclusion

Bio-PEPA semantics

I operational semantics for capability relation −→c

I Choice, Cooperation for α 6∈ L, Constant as expected

I Prefix rules

((α, κ) ↓ S)(`)
(α,[S :↓(`,κ)])−−−−−−−−→c S(`− κ) κ ≤ ` ≤ NS

((α, κ) ↑ S)(`)
(α,[S :↑(`,κ)])−−−−−−−−→c S(`+ κ) 0 ≤ ` ≤ NS − κ

((α, κ)⊕ S)(`)
(α,[S :⊕(`,κ)])−−−−−−−−→c S(`) κ ≤ ` ≤ NS

((α, κ)	 S)(`)
(α,[S :	(`,κ)])−−−−−−−−→c S(`) 0 ≤ ` ≤ NS

((α, κ)� S)(`)
(α,[S :�(`,κ)])−−−−−−−−→c S(`) 0 ≤ ` ≤ NS

Vashti Galpin

Spatio-temporal Biological Process Modelling Joint MRC/INCF/SICSA Workshop on Atlas Informatics



Process algebras Bio-PEPA Protein trafficking Circadian clock Other examples Conclusion

Bio-PEPA semantics

I operational semantics for capability relation −→c

I Choice, Cooperation for α 6∈ L, Constant as expected

I Prefix rules

((α, κ) ↓ S)(`)
(α,[S :↓(`,κ)])−−−−−−−−→c S(`− κ) κ ≤ ` ≤ NS

((α, κ) ↑ S)(`)
(α,[S :↑(`,κ)])−−−−−−−−→c S(`+ κ) 0 ≤ ` ≤ NS − κ

((α, κ)⊕ S)(`)
(α,[S :⊕(`,κ)])−−−−−−−−→c S(`) κ ≤ ` ≤ NS

((α, κ)	 S)(`)
(α,[S :	(`,κ)])−−−−−−−−→c S(`) 0 ≤ ` ≤ NS

((α, κ)� S)(`)
(α,[S :�(`,κ)])−−−−−−−−→c S(`) 0 ≤ ` ≤ NS

Vashti Galpin

Spatio-temporal Biological Process Modelling Joint MRC/INCF/SICSA Workshop on Atlas Informatics



Process algebras Bio-PEPA Protein trafficking Circadian clock Other examples Conclusion

Bio-PEPA semantics (continued)

I Cooperation for α ∈ L

P
(α,v)−−−→c P ′ Q

(α,u)−−−→c Q ′

P BC
L

Q
(α,v ::u)−−−−→c P ′ BC

L
Q ′

α ∈ L

I operational semantics for stochastic relation −→s

P
(α,v)−−−→c P ′

〈V,N ,K,F ,Comp,P〉 (α,fα(v ,N ,K)/h)−−−−−−−−−−→s 〈V,N ,K,F ,Comp,P ′〉

I Bio-PEPA system: P = 〈T ,P〉
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