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Introduction

[J Stochastic pi-calculus used to model and simulate a range of biological systems

[Lecca and Priami, 2003, Priami et al., 2001, Regev et al., 2001]:

[] Able to model independent system components, which can be composed to
predict emergent system behaviour.

[1 Mathematical definition supports useful analysis techniques: type systems,
behavioural equivalences, model checking.
[J] Mathematical syntax and semantics can limit accessibility to a wider audience:

[] Useful to present an alternative graphical view
[1 Particularly welcomed by experimental systems biologists.
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Outline

[1 Stochastic pi-calculus

[1 Graphical stochastic pi-calculus:
[1 Graphical syntax
[] Graphical execution model
[1 Graphical biological examples:
[J Evolved gene network [Francois and Hakim, 2004]
[1 Mapk signalling cascade [Huang and Ferrel, 1996]
[J Automatic graph generation:

[1 Encoding pi-calculus to an open graph syntax
[J Front end to a graphical simulator/debugger (ongoing)
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The Stochastic Pi-Calculus (SPi)

Each channel z is associated with a stochastic rate given by rate(x)

o= Tx(m) [nput
| lx (1) Output
| Tr Delay
PQ:= mP+...+7n.Pn Choice
Pi|...| Py Parallel
v P Restriction
X (1) [nstance

[ = X(m) = Py,...,Xy(my) = Py Definitions, fn(P;) C
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The SPiM Programming Language (v0.04)

Dec

new x{0r}:t
typen =t

val m =v

run P

let D; and ...

X(mq, ...

O

(P1 |

X (v, ...
T P}
do m{; Pi}or ...
(Decy...Decy P)

| Pag)
LUN)

lx {(’Ul, ca ,’UN)}
7x {(my, ..., myn)}
delay@r

and Dy

,mpy) =P

or mpr{; Pyp}

Channel Declaration
Type Declaration
Value Declaration
Process Declaration

Definitions, NV > 1
Definition, N > 0

Null Process

Parallel, M > 2
Instantiation, N > 0
Action

Choice, M > 2
Declarations, N > 0

Output, N > 0
Input, N > 0
Delay
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The Graphical Stochastic Pi-Calculus (GSPi)

A normal form for SPi, with each summation or guarded process as a definition:

o= Tx(m) [nput
| lx (1) Output
| Ty Delay

PQ:= P |...| Py Parallel
| vr P Restriction
| X (1) [nstance
= X(m)2vr..vey (7. X(7) +... +7an.Xn(y))  Summation
| X(m) Zvey.vey (X1(7) | ... | Xn(An)) Composition
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Graphical Representation: Definitions

[J A collection of mutually recursive definitions:

A

X1(m1) = Ch,..., Xn(my) £ Cy

[J Displayed as a directed graph with nodes X ... Xy and with edges between
these nodes.

[0 Each definition X (m) = C displayed as a node X with zero or more edges to
subsequent nodes .
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Graphical Representation: Definitions

X(m) £ Vxi1...VX )\ (7’(’1.X1(ﬁ1) + ...+ WN.XN(ﬁN))
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Graphical Representation: Processes

X (1)
pmmmmmm e x1...xM
vey..vey (P ] ... | Pn) P P
Restriction as Complexation:
B RO
A complex of P and () modelled as a restriction vz (P | Q) ...~ ’
le PZ \P X2
VX1 VI (Pl | P2 | Pg) L1 g fH(Pg), i) ¢ fn(Pl) AT 3
pl___)f!'___pz___x_z___ps
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Graphical Reduction: Execution Model

Reduction in SPi:

(7). P+ X | 7x(m).Q + X'
TP+ X

PP = P|Q
PP = uzP

Q=P —P=Q = Q

Reduction in GSPi C SPi:

rate(x)

P | Qiymy
P

P Q

vy P’

Ql

Proposition 1. VP € GSPi.P — P’ = 3P" € GSPi.P' = P”
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Graphical Reduction: Communication

rate(x)

X(2) | Y(2) — X1(2) | Ya(2)qa/m}
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Graphical Reduction: Communication

TN !X(n) ?X(rT) LISV

n/”}

X(2) = 12(@).X1(2) + ... + 7y Xn(2), Y & 22(m).Y1(2) + ... + mar. Y (2)

rate(x)

X(2)|Y () — X1i(2) | Y1(D)a/m

—
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Graphical Reduction: Communication

rate(x)

X(2) | Y(2) — X1(2) | Ya(2)qa/m}
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Inline Graphical Reduction: Communication

rate(x)

X(2) | Y(2) — X1(2) | Ya(2)qa/m}
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Inline Graphical Reduction: Communication

rate(x)

X(2) | Y(2) — X1(2) | Ya(2)qa/m}
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Inline Graphical Reduction: Communication

TN I x(n) ?x(m T\

ol

X(2) = 12(@).X1(2) + ... + 7y Xn(2), Y & 22(m).Y1(2) + ... + mar. Y (2)

rate(x)

X(2)|Y () — X1i(2) | Y1(D)a/m

—
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Inline Graphical Reduction: Delay
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Inline Graphical Reduction: Delay
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Inline Graphical Reduction: Delay
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Graphical Representation: Benefits

[J Static graphical representation used to:

[ Clarify the connectivity between process definitions
[] Highlight cycles, which are key to many biological systems.

[J Dynamic graphical representation used to:

[ Visualise the execution trace of a model
[1 Clarify the overall system function
[1 Graphically debug pi-calculus code.
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Evolved Gene Network [Francois and Hakim, 2004]

[J Gene networks are evolved in silico to perform specific functions, e.g.:

® !
R\

Y o
af b-:-@ b |

[J Genes a and b can produce proteins A and B respectively:

[ A and B can bind irreversibly to produce AB, which eventually degrades.
[1 A can also bind reversibly to gene b, slowing the transcription of B.

[J What is the function of this system?
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Evolved Gene Network: Definitions

transcri beA

degr adeA ' bi nd(u)

Finhibit(u) ?u degr adeAB

/

a Z) = TtranscribeA'(A() | CL())
£ vu (TdegradeA
+1bind(u).AB(u)
+linhibit(u). Ab(u))
Y& ?u.A()
AB(U) = TdegradeAB

2i nhi bi t (u)

transcri beB transcribeB

b(2) £
bA(u) =

B(%) =

?bi nd(u) degradeB

B/ A

TtranscribeB-(B() | b())
+?inhibit(u).bA(u)
Ttranscm'beB/'(B<) | bA(’U,))
+1u.b()

TdegradeB

+?bind(u).BA(u)
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Evolved Gene Network: SPiM Code

let a() = delay@transcribeA; ( AQ) | a(Q) )
and A() = (
new u@0.42:chan
do delay@degradeA
or !bind; A_B()
or !inhibit(u); A_b(u))
and A_b(u:chan) = ?u; AQ
and A_B() = delay@degradeAB
let b() =
do delay@transcribeB; ( BO) | b() )
or ?7inhibit(u); b_A(u)
and b_A(u:chan) =
do 'u; b()
or delay@transcribeB’; B(); b_A(u)
and B() = do delay@degradeB or 7bind
run (a() | b())
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Evolved Gene Network

trans

degr adeA

linhibit(u) ?u

cribeA

2i nhi bi t (u)

transcri beB transcribeB

degr adeAB ?bi nd(u) degradeB

/

B/ A

@ ©

\

Initially there is one copy of each gene, a and b
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Evolved

Gene Network

trans

degr adeA

linhibit(u) ?u

cribeA

degr adeAB

/

2i nhi bi t (u)

transcri beB transcribeB

?bi nd(u) degradeB

B/ A

\

Represent the behaviour of each gene as a separate graph
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Evolved Gene Network

2i nhi bi t (u)

transcri beA

transcri beB transcribeB

degr adeA

Finhibit(u) ?u degr adeAB ?bi nd(u) degradeB
J \

Gene a can transcribe a new protein A at rate transcribe A
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Evolved Gene Network

2i nhi bi t (u)

transcri beA

degr adeA

Finhibit(u) ?u degr adeAB

/

transcri beB transcribeB

Finhibit(u) ?u degr adeAB ?bi nd(u) degradeB
J A
degr adeA I'bi nd(u)
)
1A] A B
QX U

A new protein A is transcribed
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Evolved Gene Network

?i nhi bi t (u)

transcri beA

degr adeA

linhibit(u) ?u degr adeAB

/

transcri beB transcribeB

Finhibit(u) ?u degr adeAB ?bi nd(u) degradeB
J A
degr adeA I'bi nd(u)
)
(A A B
QX U

Protein A can bind to gene b to inhibit production of protein B
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Evolved Gene Network

2i nhi bi t (u)

transcri beA

degr adeA

linhibit(u) ?u  degradeAB P

Finhibit(u) ?u degr adeAB ?bi nd(u) degradeB
J A
degr adeA I'bi nd(u)
)
JAT A B .
QX U M

transcri beB transcribeB

7
’

Protein A is bound to gene b by the private channel u
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Evolved Gene Network

2i nhi bi t (u)

transcri beA

degr adeA

Finhibit(u) ?u degr adeAB ?bi nd(u) degradeB
J \
degr adeA I'bi nd(u) ,
(AL A'B .
QX U .
linhibit(u) Rl degradeAB L

transcri beB transcribeB

7
’

Protein A can unbind from gene b using channel u
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Evolved Gene Network

2i nhi bi t (u)

transcri beA

degr adeA

Finhibit(u) ?u degr adeAB

/

transcri beB transcribeB

Finhibit(u) ?u degr adeAB ?bi nd(u) degradeB
J A
degr adeA I'bi nd(u)
)
1A] A B
QX U

Protein A is no longer bound to gene b
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Evolved Gene Network

2i nhi bi t (u)

transcri beA

degr adeA

Finhibit(u) ?u degr adeAB

/

t'Fanscri'beEB transcri beB

Finhibit(u) ?u degr adeAB ?bi nd(u) degradeB
J A
degr adeA I'bi nd(u)
)
(A A B
QX U

Gene b can transcribe a new protein B with rate transcribeB
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Evolved Gene Network

2i nhi bi t (u)

transcri beA

transcri beB transcribeB

degr adeA

Finhibit(u) ?u degr adeAB ?bi nd(u) degradeB
J \
degr adeA I'bi nd(u)
)
[A]] A B e
QX U
Finhibit(u) ?u degr adeAB ?bi nd(u) degradeB

J Y
B/ A

A new protein B is transcribed
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Evolved Gene Network

transcri beA

degr adeA

linhibit(u) ?u

degr adeA

/

)

inhibit(u) ?u

u

degr adeAB

' bi nd(u)

degr adeAB

/

2i nhi bi t (u)

transcri beB transcribeB

?bi nd(u) degradeB

B/ A

?bind(u) degradeB

B/ A

\

\

Protein A can bind with protein B
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Evolved Gene Network

2i nhi bi t (u)

transcri beA

degr adeA

Finhibit(u) ?u degr adeAB

degr adeA I'bi nd(u

Finhibit(u) ?u degr adeAB ?bi nd(u) degr

)
(B A

transcri beB transcribeB

?bi nd(u) degradeB

\

adeB

\

Protein A and B are irreversibly bound
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Evolved Gene Network

2i nhi bi t (u)

transcri beA

degr adeA

Finhibit(u) ?u degr adeAB

/

?bi nd(u) degr

transcri beB transcribeB

\

Finhibit(u) ?u degr adeAB ?bi nd(u) degradeB
/ B/ A
degr adeA N I'bi nd(u)

adeB

\

Complex AB can be degraded
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Evolved

Gene Network

transcri beA

degr adeA

Finhibit(u) ?u degr adeAB

’

2i nhi bi t (u)

transcri beB transcribeB

?bi nd(u) degradeB

B/ A

\

Complex AB has been degraded
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Evolved Gene Network: Simulation Results

Al B | | Al B |
&0 20
40 J‘r,.". 40) M
0 20
o . 0 -
0 500 1000 0 B00 1000
140
120 4
100 - HA—M‘M
50 {0 b ol e ]
B0 fﬂv‘ El)
40
20
0 ; . ; ;
0 2000 4000 6000 000 10000
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Mapk Cascade [Huang and Ferrel, 1996]

E1 (input)
& | o o | o o
KKK e—= KKK* KK e—2KK-P =— KK-PP K T~ K-P T K-PP(output)
? ? 7 ?
E2 KK-Pase K-Pase

[1 System originally described using a set of reaction equations
[1 Converted to ordinary differential equations, which were solved numerically
[J Response curves shown to be steeply sigmoidal (~Hill 5).

[] System functions as follows:

[J The enzyme E1 drives the transformation from KKK to KKK*
[1 KKK* drives the transformation from KK to KK-P to KK-PP
[1 KK-PP drives the transformation from K to K-P to K-PP
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Mapk Cascade: Equations

Reaction Equation:
E+K@~="FK -"E+P

Pi-calculus Processes:

E(a) = vdvkla(d,k).(?d.E(a) + ?k.E(a))
K(a) = ?a(d,k).(\d.K(a) + 'k.P())

1 a(d, k)
o O
d, k 2k
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Mapk Cascade: SPiM Code

let E1() = ( new d9@rd9:chan new k9@rk9:chan
new k1@rkl:chan new d1@rdl:chan do 7a6(k,d); KK_P_E(4d,k)
lal1(dl,k1); do ?d1;E1() or 7ki;E1Q) or 'a7(d7,k7); (do 7d7;KK_PP() or 7k7;KK_PP())
) or 'a9(d9,k9); (do ?d9;KK_PP() or ?k9;KK_PP())
let E20) = ( )
new k20rk2:chan new d20rd2:chan let K() = 7a7(d,k); K_E(4,k)
1a2(d2,k2); do 7d2;E2() or 7k2;E2() and K_E(d:chan,k:chan) = do !'d; K() or !'k; K_P(Q)
) and K. P() = do 7a8(k,d);K_E(d,k) or 7a9(d,k);K_P_E(d,k)
let KKK() = 7al(d,k); KKK_E(d,k) and K_P_E(d:chan,k:chan) = do !d;K_P() or 'k;K_PP()
and KKK_E(d:chan,k:chan) = and K_PP() = 7a10(k,d); K_P_E(d,k)
do !'d;KKK() or !k;KKKst()
and KKKst() = ( let KKPase() = (
new d30rd3:chan new k3Qrk3:chan new d40rd4:chan new k4Qrk4:chan
new d5@rd5:chan new k5Q@rk5:chan new d6@rd6:chan new k6Qrk6:chan
do 7a2(k,d); KKK_E(d,k) do 'a4(d4,k4); (do ?7d4;KKPase() or 7k4;KKPase())
or 'a3(d3,k3); (do ?7d3;KKKst() or 7k3;KKKst()) or 'a6(d6,k6); (do ?7d6;KKPase() or 7k6;KKPase())
or 'ab5(d5,k5); (do ?d5;KKKst() or 7k5;KKKst()) )
) let KPase() = (
let KK() = ?7a3(d,k); KK_E(d,k) new d8@rd8:chan new k8@rk8:chan
and KK_E(d:chan,k:chan) = do !'d;KK() or 'k;KK_P() new d100rd10:chan new k10@rk10:chan
and KK_P() = do 1'a8(d8,k8); (do 7d8;KPase() or 7k8;KPase())
do 7a4(k,d);KK_E(d,k) or 7a5(d,k);KK_P_E(d,k) or 'a10(d10,k10); (do ?d10;KPase() or 7k10;KPase())
and KK_P_E(d:chan,k:chan) = )
do 'd;KK_P() or !'k;KK_PPQ) run 100 of (KKK() | KKO) | KO)
and KK_PP() = ( run ( E2() | KKPase() | KPase() | E10))

new d7@rd7:chan new k7Q@rk7:chan
Andrew Phillips - Bioconcur 2005 40




Mapk Cascade

2d5
palld K » 25
tal(dl, ki) fal(d. k) ' | a5( d5, k5)
Cm(lﬂ Rkst Y d5, k5, d3, k3
2d1 )
di, 2k1 la3(ds, k3)
k1 2k3
2d3
2d9
2 | 2 | ?k9
' a2(d2. k2) >a3(d, k) !k >a5(d, k) 'k
(=]
2, ~7k2
k2
?
| a4( d4, k) | a6( d6, k6) ?ar(d, k) Hk a9(d, k) Ik ! a8( d8, k8) | a10(d10, k10)
K,
eMico@ie o‘.‘.‘.t. s @he
i i 2k8  d8,Kk8,  2k10
dé, k6 2a8(K, d) Id 2a10(K, d) d10. k10
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Mapk Cascade

2d5
— » 25
lal(d1, k1) 7al(d, ' | a5( d5, k5)
(EE: Y35, k5, d3, k3
2d1 & =
7 Ta3(d3, k3)
, 2a2(k, 2%3
2d3
2d9
) ) 29
1 a2(d2, k2) 7a3(d, k) !k rastd -

I a9( do, k9)

d2, ?k2 la7(d7, k7)
k2 ! 2a4(k, d) ! 2a6(Kk, d) K7
?d7
? I k ?
| a4( d4, k4) I a6( d6, k6) a7(d, k) ! ag(d, k) 1k
eMico@ie o‘.‘.‘.t.
°k4 d4 k4, °k6
d6, k6 2a8(k, d) Id 2a10(k, d)

Enzyme E7 can bind to substrate KKK using channel aq

(52: K pPYTd9, k9, d7, k7
2d2 - ——

I a8( d8, k8) 1 a10( d10, k10)

28 | 210k

2k8 d8 k8, 2k10
dio, k10
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Mapk Cascade

2d5
| al(d1, k1) 2a1(d, k) 'k kS
' ’ ! a5( d5, k5)
Cfb(a YYd5, k5, d3, k3
2d1 ——
E%, 2k1 Fa3(d3, k3)
td - ?a2(k, 2k3
e - 2d3
k1, d1 rds
2a3(d, k) Ik 2a5(d, k) Ik ?k9
ta2(d2, k2) 1 a9( d9, k9)
sz: G, k9, d7, k7
2d2 = ——
d2, ?k2 la7(d7, k7)
k2 ! 2a4(k, d) . 2a6(k, d)  \ok7
2d7
? I k ?
| a4( d4, k4) | a6(d6, k6) a7(d, k) ' a9(d, k) Lk 1 a8( d8, k8) 1 a10(d10, k10)
eMico@ie o‘.‘.‘.t. oMo he
'>|<4 d4 k4, ’?k6 ')kg d8 k8, ’>k10
d6, k6 2a8(k, d) rd 2a10(k, d) d10, k10

E1 is bound to KKK by private channels d; and k;
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Mapk Cascade

?d5

2a1(d, k Ik kS
lal(d1, k1) ?al(d, k) !

di, pKI
k1l

I a2(d2, k2)

d2, 7k2
k2

I a8( d8, k8) 1 a10( d10, k10)

2 1k ”
| a4(d4, k4) I a6( d6, k6) a7(d, k) ! ag(d, k) 1k
—
. 2d8 -KPase ’>d10
. N,

s sl oo fco
°k4 d4 k4, 7k6 ?k8 as, k8, ?k10

d6, k6 Id 2a8(k, d) Id 2a10(k, d) d10, k10

E1 can react with KKK using channel k4
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Mapk Cascade

2d5

2a1(d, k K kS
tal(dl, ki) fal(d. k) ' | a5( d5, k5)
Cmd Rist YT d5, k5, d3, k3

2d1 —
di, 7k1 'a3(d3, k3)
k1l Id ?a2(k, d) 2k3
2d3
2d9
2 | 2 | ?k9
' a2(d2. k2) a3(d, k) !k as(d, k) 'k
(=]
2, ~7k2
k2
? ?
| a4( d4, k) | a6( d6, k6) a7(d, k) Hk a9(d, k) Ik ! a8( d8, k8) | a10(d10, k10)
K,
eMico@ie o‘.‘.‘.t. s @he
i 2k8  d8,Kk8,  2k10
d6. k6 Id 2a8(K, d) Id 2a10(K, d) d10. k10

KKK is transformed to KKK*
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Mapk Cascade

2d5
lal(d1, k1) ?al(d, k) Lk 7o
' : ! a5( d5, k5)
(1 35, k5, d3, k3
2d1 —
aL. okl I'a3(d3, k3)
k1l Id ?a2(k, d) 2k3
2d3
2d9
?a3(d, k 1K ?a5(d, k Lk ?k9
Haz2(d2, k2) e Sl | a9( d9, k9)
(52: < ppY 49, k9, d7, k7
?d2 — —r—)
d2, ?k2 la7(d7, k7)
k2 ! 2a4(k, d) . 2a6(k, d)  \ok7
2d7
? I k ?
| a4( d4, k4) | a6(d6, k6) a7(d, k) ' a9(d, k) Lk 1 a8( d8, k8) 1 a10(d10, k10)
eMico@ie o‘.‘.‘.t. oMo he
'>|<4 d4 k4, ’?k6 ')kg d8 k8, ’>k10
d6, k6 2a8(k, d) rd 2a10(k, d) d10, k10

KKK* can bind with KK using channel a3
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Mapk Cascade

2d5
2al(d, k I k ?k5
lal(di, k1) 2al(d, k) ! A S
Cm(ﬂ it Y a5, k5, d3, k3
2d1 e
dl  ?ki I'a3(d3, k3)
' - ’ 2k3
2d3
k3,d3 __.o-----oT nas
? 7 2 | 2k9
I a2(d2, k2) ?a3(d, k) ; Ik 2a5(d, k) Ik

I a9( do, k9)

d2, ?k2 la7(d7, k7)
k2 ! 2a4(k, d) ! 2a6(Kk, d) K7
?d7
? I k ?
| a4( d4, k4) I a6( d6, k6) a7(d, k) ! ag(d, k) 1k
eMico@ie o‘.‘.‘.t.
°k4 d4 k4, °k6
d6, k6 2a8(k, d) Id 2a10(k, d)

KKK* is bound to KK by private channels d3 and k3

(52: K pPYTd9, k9, d7, k7
2d2 - ——

I a8( d8, k8) 1 a10( d10, k10)

28 | 210k

2k8 d8 k8, 2k10
dio, k10
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Mapk Cascade

2d5
palld k » 2K5
tal(dl, ki) fal(d. k) ' | a5( d5, k5)
Cmd ket Y5, k5, d3, k3
2d1 —_
di, 7k1 'a3(d3, k3)
k1 ! 2a2(k, 2k3
2d3
k3,d3 __.o----mm" 240
” S " | 2k9
' a2(d2, k2) ra3(d. k) I 2a5(d, k) Ik o)
Cm(a K pPYd9, k9, d7, k7
2d2 - ——
d2, ?k2 la7(d7, k7)
k2 ! 2a4(k, d) . 2a6(k, d)  \ok7
2d7
? I k ?
| a4( d4, k4) | a6(d6, k6) a7(d, k) ' a9(d, k) Lk 1 a8( d8, k8) 1 a10(d10, k10)
—'
eMico@he o‘.‘.‘.t. s coghe
2k4 4, k4, 2ke 2k8 d8 ks, '>k10
d6, k6 2a8(k, d) Id 2a10(k, d) d10. k10

KKK* can react with KK using channel k3
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Mapk Cascade

2d5
| al(d1, k1) 2a1(d, k) 'k kS
' : ! a5(d5, k5)
(1 35, k5, d3, k3
2d1 —
di, 7k1 'a3(d3, k3)
k1l Id ?a2(k, d) 2k3
2d3
2d9
?a3(d, k Ik 2a5(d, k Lk ?k9
ta2(d2, k2) Sy Sl 1 a9( d9, k9)
(52: K pPYTd9, k9, d7, k7
2d2 = ——
d2, ?k2 la7(d7, k7)
k2 ! 2a4(k, d) . 2a6(k, d)  \ok7
2d7
? I k ?
| a4( d4, k4) | a6(d6, k6) a7(d, k) ' a9(d, k) Lk 1 a8( d8, k8) 1 a10(d10, k10)
|
(g o] . 1O () () () (<) (L pge Aleese]] 0[]
?k4 d4 k4, '>|<6 ?k8 ds, k8,  ?k10
d6, k6 Id 2a8(k, d) rd 2a10(k, d) d10, k10

KK is transformed to KK-P
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Mapk Cascade

2d5
| al(d1, k1) 2a1(d, k) Ik kS
' ’ I a5(d5, k5)
(1 35, k5, d3, k3
2d1 —_
di, 7k1 'a3(d3, k3)
k1l Id ?a2(k, d) 2k3
2d3
2d9
?a3(d, k 1K ?a5(d, k Ik ?k9
ta2(d2, k2) Sy (g 1 a9( d9, k9)
(52: K pPYTd9, k9, d7, k7
2d2 = ——
d2, ?k2 la7(d7, k7)
k2 ! 2a4(k, d) . 2a6(k, d)  \ok7
2d7
? I k ?
| a4( d4, k4) | a6(d6, k6) a7(d, k) ' a9(d, k) Lk 1 a8( d8, k8) 1 a10(d10, k10)
eMico@ie o‘.‘.‘.t. oMo he
'>|<4 d4 k4, ’?k6 ')kg d8 k8, ’>k10
d6, k6 2a8(k, d) Id 2a10(k, d) d10. k10

KKK* can bind to KK-P using channel as
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Mapk Cascade

2d5
| al(d1, k1) 2a1(d, k) 'k kS .
' ’ 1a5(d5, k5) .
(51: Y45, k5, d3, k3",
Zd1 X 17a3(d3, k3)
di, 2k1 a ; -
k1 Id 2a2(k.d)  \og3 1 k5, d5
2d3
, 2d9
2 | 2 S ?k9
! a2(d2, k2) 2a3(d, k) Ik 2a5(d, k) Ik s
Cm(a K pPYd9, k9, d7, k7
2d2 = ——
d2, ?k2 la7(d7, k7)
k2 ! 2a4(K, d) . 2a6(k, d)  \ok7
2d7
? I k ?
| a4( d4, k4) | a6(d6, k6) a7(d, k) ' a9(d, k) Lk 1 a8( d8, k8) 1 a10(d10, k10)
K,
eMico@ie o‘.‘.‘.t. s @he
’?k4 d4 k4, '>|<6 ?k8 ds, k8,  ?k10
d6, k6 Id 2a8(k, d) Id 2a10(k, d) d10, k10

KKK* is bound to KK-P by channels d5 and k5
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Mapk Cascade

2d5 \
? S
2a1(d, k) K s .

|
lal(d1, k1) as(d2 k5)
d1, 2k1 X 'a3(d3, k3) | k5, d5
23 !
2d3 :
1 a2(d2, k2)
(=]
2, ~7k2
k2
?
| a4( d4, k) | a6( d6, k6) ?ar(d, k) Hk a9(d, k) Ik ! a8( d8, k8) | a10(d10, k10)
K,
eMico@ie o‘.‘.‘.t. s @he
’?k4 d4 k4 '>|<6 ?k8 ds, k8,  ?k10
2a8(K, d) Id 2a10(K, d) d10. k10

de,

KKK* can react with KK-P using channel ks
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Mapk Cascade

2d5
| al(d1, k1) 2a1(d, k) 'k kS
' : ! a5(d5, k5)
(1 35, k5, d3, k3
2d1 —
di, 7k1 'a3(d3, k3)
k1l Id ?a2(k, d) 2k3
2d3
2d9
2a3(d, k) Ik 2a5(d, k) Ik ?k9
|
ta2(d2, k2) 1 a9( d9, k9)
(52: Y49, k9, d7, k7
2d2 - —
d2, ?k2 la7(d7, k7)
k2 ! 2a4(k, d) . 2a6(k, d)  \ok7
2d7
? I k ?
| a4( d4, k4) | a6(d6, k6) a7(d, k) ' a9(d, k) Lk 1 a8( d8, k8) 1 a10(d10, k10)
|
(g o] . 1O () () () () (L pge MKP2se]] 0 ( 0
k4 d4, K4, oke 2k8  d8,k8,  ?7k10
d6, k6 I d 2a8(k, d) rd 2a10(k, d) d10, k10

KK-P is transformed to KK-PP
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Mapk Cascade

2d5
| al(d1, k1) 2a1(d, k) 'k kS
' ’ ! a5( d5, k5)
@ Y145, k5, d3, k3
2d1 —_
di, 2k1 'a3(d3, k3)
k1l Id ?a2(k, d) 2k3
2d3
2d9
?a3(d, k Ik 2a5(d, k Lk ?k9
ta2(d2, k2) Sy Sl 1 a9( d9, k9)
(52: K pPYTd9, k9, d7, k7
2d2 = —
d2, 7k2 la7(d7, k7)
k2 ! 2a4(k, d) . 2a6(k, d)  \o7
2d7
? I k ?
| a4( d4, k4) | a6(d6, k6) ar(d. k) ' a9(d, k) Lk 1 a8( d8, k8) 1 a10(d10, k10)
eMico@ie o‘.‘.‘.t. oMo he
'>|<4 d4 k4, ’?k6 ')kg d8 k8, ’>k10
d6, k6 2a8(k, d) Id 2a10(k, d) d10. k10

KK-PP can bind to K using channel ar
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Mapk Cascade

2d5
| al(d1, k1) 2a1(d, k) 'k kS
' ’ I a5( d5, k5)
(Ex Y145, k5, d3, k3
2d1 —
di, 7k1 'a3(d3, k3)
k1l Id ?a2(k, d) 2k3
2d3
2d9
2a3(d, k) Ik 2a5(d, k) Ik ?k9
|
ta2(d2, k2) 1 a9( d9, k9)
(52: Y49, k9, d7, k7
2d2 — —
d2, ?k2 la7(d7, k7)
k2 ! 2a4(k, d) ! 2a6(k, d) K7
2d7
K7,d7 ___oemmmmmmett T
2 ; ?

I a4( d4, k4) I a6( d6, k6) ar(d. ky ot a9(d, k) Lk I a8( d8, k8) 1 a10(d10, k10)
eMico@ie o‘.@.‘.t. oMo he
'>|<4 d4 k4, ’?k6 ')kg d8 k8, ’>k10
d6, k6 2a8(k, d) Id 2a10(k, d) d10, k10

KK-PP is bound to K by channels d7 and k7
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Mapk Cascade

2d5
| al(d1, k1) 2a1(d, k) 'k kS
' ’ I a5( d5, k5)
(Ex Y145, k5, d3, k3
2d1 —
di, 7k1 'a3(d3, k3)
k1l Id ?a2(k, d) 2k3
2d3
2d9
2a3(d, k) Ik 2a5(d, k) Ik ?k9
|
ta2(d2, k2) 1 a9( d9, k9)
(52: Y49, k9, d7, k7
2d2 — —
d2, ?k2 la7(d7, k7)
k2 ! 2a4(k, d) ! 2a6(k, d) K7
2d7
K7,d7 ___oemmmmmmett T
2 ; ?

I a4( d4, k4) I a6( d6, k6) ar(d. ky a9(d, k) Lk I a8( d8, k8) 1 a10(d10, k10)
eMico@ie o‘.@.‘.t. oMo he
'>|<4 d4 k4, ’?k6 ')kg d8 k8, ’>k10
d6, k6 2a8(k, d) Id 2a10(k, d) d10, k10

KK-PP can react with K using channel k7
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Mapk Cascade

2d5
lal(d1, k1) ?al(d, k) Lk 7o

: : | a5( d5, k5)
Cmd YYd5, k5, d3, k3

2d1 —
aL, ~2k1 2303, k3)
k1l Id ?a2(k, d) 2k3
2d3
2d9
2 | 2 | ?k9

' a2(d2, k2) >a3(d, k) !k >a5(d, k) 'k

©

2, ~7k2

k2

? ?
| a4( d4, k) | a6( d6, k6) a7(d, k) Hk a9(d, k) Ik ! a8( d8, k8) | a10(d10, k10)
K,
eMico@ie o‘.‘.‘.t. s @he
’?k4 d4 k4 '>|<6 ?k8 ds, k8,  ?k10
ds. 2a8(K, d) Id 2a10(k, d) d10. k10

K is transformed to KK-P
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Mapk Cascade

2d5
| al(d1, k1) 2a1(d, k) 'k kS
' ’ ! a5( d5, k5)
@ 35, k5, d3, k3
2d1 —_
di, 7k1 'a3(d3, k3)
k1l Id ?a2(k, d) 2k3
2d3
2d9
?a3(d, k Ik 2a5(d, k Lk ?k9
Haz2(d2, k2) Sy Sl ! a9( d9, k9)
(52: K pPYTd9, k9, d7, k7
2d2 - —
d2, ?k2 la7(d7, k7)
k2 ! 2a4(k, d) . 2a6(k, d)  \ok7
2d7
? Ik ?
| a4( d4, k4) | a6(d6, k6) a7(d, k) ' a9(d, k) Lk 1 a8( d8, k8) 1 a10(d10, k10)
eMico@ie o‘.‘.‘.t. oMo he
'>|<4 d4 k4, ’?k6 ')kg d8 k8, ’>k10
d6, k6 2a8(k, d) Id 2a10(k, d) d10. k10

KK-PP can bind to KK-P using channel ag
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Mapk Cascade

2d5
lal(d1, k1) ?al(d, k) Lk 7o

' : | a5( d5, k5)
Cmd YYd5, k5, d3, k3

2d1 —
dL, ~7k1 'a3(d3, k3)
k1l Id ?a2(k, d) 2k3
2d3
2d9 \
2 2 ?k9

' a2(d2, k2) 2a3(d, k) Ik 2a5(d, k) Lk .

E]

d2, 2k2

k2

? I k ? ’
| a4( d4, k4) | a6(d6, k6) a7(d, k) ' ad(d. k) 1 a8( d8, k8) 1 a10(d10, k10)
 P—
sMico@he o‘.‘.‘. al e
’?k4 d4 k4 '>|<6 ?k8 ds, k8,  ?k10
d6, 2a8(k, d) Id 2a10(k, d) d10, k10

KK-PP is bound to KK-P by channels dg and kg
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Mapk Cascade

2d5
lal(d1, k1) ?al(d, k) Lk 7o

' : ! a5( d5, k5)
Cmd YYd5, k5, d3, k3

2d1 —_
dL, ~7k1 'a3(d3, k3)
k1l Id ?a2(k, d) 2k3
2d3
2d9 \
s ) ?k9 R

' a2(d2, k2) 2a3(d, k) ! k 2a5(d, k) Ik .

©

d2, 7k2

k2

? I k ? ’
| a4( d4, k4) | a6(d6, k6) a7(d, k) ' ad(d. k) 1 a8( d8, k8) 1 a10(d10, k10)
K,
sMico@he o‘.‘.‘. al e
’?k4 d4 k4 '>|<6 ?k8 ds, k8,  ?k10
d6. 2a8(k, d) Id 2a10(k, d) d10, k10

KK-PP can react with K-P using channel kg
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Mapk Cascade

2d5
et » 2K5
lal(d1, k1) 7al(d, k) j | a5( d5, k5)
@m et Y5, k5, d3, k3
2d1 —
TR 1'a3(d3, k3)
K1 Id ?a2(k, d) ?2k3
2d3
2d9
, 5 2k9
1 a2(d2, k2) 7a3(d, k) X as(d -«

I a9( do, k9)

d2, ?k2 la7(d7, k7)
k2 ! 2a4(k, d) ! 2a6(Kk, d) K7
?d7
? I k ?
| a4( d4, k4) I a6( d6, k6) a7(d, k) ! ag(d, k) 1k
eMico@ie o‘.‘.‘.t.
°k4 d4 k4, °k6
d6, k6 2a8(k, d) Id 2a10(k, d)

K-P is transformed to K-PP, completing the cascade

(52: K pPYTd9, k9, d7, k7
2d2 - —

I a8( d8, k8) 1 a10( d10, k10)

28 | 210k

2k8 d8 k8, 2k10
dio, k10
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Mapk Cascade: Results

120
100

S0

KKKst[]

&0
40

EE_FP[)]

20

ffrﬁa_w =
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kE_PFI]

0 10

N S i

20 30 40

0
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Open Graph Syntax (DOT)

G = I[label] Labelled node with id I

i laﬂlabel J Labelled edge from node I to node J

| G; G’ Sequence of graph declarations
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Graph Generation

Proposition 2. VI'.I' € GSPir = (|I'|); € DOT

(10

(IX(m) £ C,T

(lvey ...vanyC

Xm=C = (|X(@)
X(m)2C = (X |1
(10

Xm=C = (n.XA)+X

> > > > >

I>

0
(1C) x5 (IT')) 1
I[zy,...,2oN]; (IC)1

I —mmy X5 (|H));
0
I i X (12D
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Generated Graphs: Evolved Network

delay@0.2 delay@0.37

delay@d0.027

delay(@0.53 delay@0.002
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Generated Graph: Mapk Cascade

lad (dd4,k4) ? ke a8 (ds8,k8)
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Related Work

[J Statecharts [Harel, 1987] highlighted the need for a scalable, self-contained
graphical representation of concurrent systems.

[1 Synchronous variant to Statecharts allows concurrent processes to synchronise
on shared labels [Andre, 1995].

[J Foundational graphical representations for pi-calculus use elaborate graph re-
writing rules [Milner, 1994].

[J More recently, HDA [Montanari and Pistore, 2005] describes an automata-
based representation for the pi-calculus.

[J Preliminary informal ideas on a graphical representation for the stochastic
pi-calculus in [Phillips and Cardelli, 2004].
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Conclusion

[J Presented a graphical representation for the stochastic pi-calculus.

[J Used to model a Mapk signalling cascade and an evolved gene network.

[J Highlights the existence of cycles, which are key to many biological systems.
[J Able to animate interactions between biological system components.

[J Able to clarify the overall system function and to debug changes in the system.
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Future Work

[J Observation: within a collection of mutually recursive definitions, applied
arguments often the same as the formal parameters.

[ Investigate additional design patterns to improve modelling and visualisation
techniques.

[1 Use graph generation tool to implement a graphical debugger for SPiM.

[1 Develop a tool for drawing graphical models, which automatically generates
SPiM code.

[J Make modelling and simulation of biological systems more accessible to non
computer scientists.
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