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no stochastic events, different semantics
set of variables {Xi,..., X,} for continuous values

well-defined subcomponents

—

S(Y)EY a1, (V). S(Y) + init:(e, r, 1(Y)).S(Y)
j=1

events a and influences (¢, r, I(Y))

influence names mapped to variables with iv

compose subcomponents to get uncontrolled system &
define controllers consisting only of events

obtain controlled system X D= init. Con
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> prefixes
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<E,a> 2, <E’,7‘> <F,a> 2, <F’,7”>

a € M, I defined
<E [}MQF,O'> 2, <E’ BIF, F(G,T,T’)> B

» generates labelled transition system over configurations
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Hybrid semantics

v

labelled transition system is basis of hybrid automaton

v

configurations are modes
» ODE for variable X; at mode obtained from o

_Z{rx[[l ‘IV = X; and U(L)Z(fal(?))}

> transitions are events that cause a change in mode
» events have activation condition act(a)

» events have reset res(a)

v

initial mode and first event init
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regulatory mechanism for organisms

generate biochemical rhythms

entrain to the day/night cycle

maintain cycles when day lengths change

typically built out of negative feedback loops

show oscillatory behaviour in concentrations of species

consider very simple example, Ostreococcus tauri

Modelling a circadian clock with HYPE PASTA 2010



Circadian clock

Circadian clock for Ostreococcus tauri

> tiny green alga

Vashti Galpin

Modelling a circadian clock with HYPE PASTA 2010



Circadian clock

Circadian clock for Ostreococcus tauri
> tiny green alga

» experimental data, parameters for ODE model

Vashti Galpin

Modelling a circadian clock with HYPE PASTA 2010



Circadian clock

Circadian clock for Ostreococcus tauri
> tiny green alga
» experimental data, parameters for ODE model

» diagram of behaviour

Vashti Galpin

Modelling a circadian clock with HYPE PASTA 2010



Circadian clock

Circadian clock for Ostreococcus tauri
> tiny green alga
» experimental data, parameters for ODE model
» diagram of behaviour

» original ODE model — smooth function for day/night cycle

Vashti Galpin

Modelling a circadian clock with HYPE PASTA 2010



Circadian clock

Circadian clock for Ostreococcus tauri
> tiny green alga

» experimental data, parameters for ODE model

» diagram of behaviour
» original ODE model — smooth function for day/night cycle
» Bio-PEPA model - discrete function for day/night cycle

Vashti Galpin

Modelling a circadian clock with HYPE PASTA 2010



Circadian clock

Circadian clock for Ostreococcus tauri
> tiny green alga

» experimental data, parameters for ODE model

» diagram of behaviour
» original ODE model — smooth function for day/night cycle
» Bio-PEPA model - discrete function for day/night cycle

» stochastic simulation

Vashti Galpin

Modelling a circadian clock with HYPE PASTA 2010



Circadian clock

Circadian clock for Ostreococcus tauri
> tiny green alga

» experimental data, parameters for ODE model

» diagram of behaviour
» original ODE model — smooth function for day/night cycle
» Bio-PEPA model - discrete function for day/night cycle

» stochastic simulation

» ODE model validated against original ODE model

Vashti Galpin

Modelling a circadian clock with HYPE PASTA 2010



Circadian clock

Circadian clock for Ostreococcus tauri
> tiny green alga

» experimental data, parameters for ODE model

v

diagram of behaviour

v

original ODE model — smooth function for day/night cycle

v

Bio-PEPA model - discrete function for day/night cycle
» stochastic simulation

» ODE model validated against original ODE model

> two genes and proteins from these genes

Vashti Galpin

Modelling a circadian clock with HYPE PASTA 2010



Circadian clock

Circadian clock for Ostreococcus tauri

>

>

>

Vashti Galpin

tiny green alga
experimental data, parameters for ODE model
diagram of behaviour

original ODE model — smooth function for day/night cycle

Bio-PEPA model - discrete function for day/night cycle
» stochastic simulation

» ODE model validated against original ODE model
two genes and proteins from these genes

involves modelling mRNA but abstracts from genes

Modelling a circadian clock with HYPE PASTA 2010



Circadian clock

Circadian clock for Ostreococcus tauri

>

>

>

Vashti Galpin

tiny green alga
experimental data, parameters for ODE model
diagram of behaviour

original ODE model — smooth function for day/night cycle

Bio-PEPA model - discrete function for day/night cycle
» stochastic simulation

» ODE model validated against original ODE model
two genes and proteins from these genes
involves modelling mRNA but abstracts from genes

hybrid — different behaviour depending on light conditions
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model
work from flows in diagram
plus knowledge of reaction types

identify influences on variables

what are the variables?
» T — time, to keep track of light and dark
» A - light accumulator acc
» T, T;, T, — mRNA and proteins for TOC1
» L., Le, L, — mRNA and proteins for LHY

what are the flows?

how do they differ from light to dark?
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three events:
ec(init) = (true, (T = to A (initial values))
ec(dark) = (T =12, true)
ec(light) = (T =24,T' =0)
controller: Con dz“Ligﬁ.M.Con
influence names: s g with iv(isg) =S

» captures the flow from reaction R that influences species S

one subcomponent for each influence

Modelling a circadian clock with HYPE PASTA 2010



Model construction

HYPE model

>

Vashti Galpin

three events:
ec(init) = (true, (T = to A (initial values))
ec(dark) = (T =12, true)
ec(light) = (T =24,T' =0)
controller: Con dz“Ligﬁ.M.Con

influence names: s g with iv(isg) =S
» captures the flow from reaction R that influences species S

one subcomponent for each influence

if not light-sensitive then only init event required
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» deg2: degradation of acc
> mass action

Iaa(A) Z init:(tag, —r2, linear(A)).1a2(A)

> deg7: degradation of TOC1 mRNA
> mass action

I, 72(Tm) £ init:(e7,,7, —r7, linear(Tm)).I7,, 7( Tm)

> deg9: degradation of LHY mRNA

» mass action

I, o(Lm) = init:(cr,, 0, —ro, linear(Lm)).I,, o(Lm)

Vashti Galpin

Modelling a circadian clock with HYPE PASTA 2010



Model construction

Degradation flows — light-sensitive

prod 11'

transc3
acc '

deg2l TOC1 mRNA——s|transl5

deg?l T0C1_i-°V6 1001 _a Sranscs
deg4l' LHY mRNA——s|trans|10
deggl LHY_cansell) gy n
deg12l' 'ldegﬂi

Vashti Galpin

Modelling a circadian clock with HYPE



Model construction

Degradation flows — light-sensitive

prod 11'

transc3
acc '

deg2l TOC1 mRNA——s|transl5

deg?l T0C1_i-°V6 1001 _a Sranscs
(degdl> LMY mRNA——s|transi10
deggl LHY_cansell) gy n
deg12l' 'ldegﬂi

Vashti Galpin

Modelling a circadian clock with HYPE



Model construction

Degradation flows — light-sensitive

prod 11'

transc3
acc '

deg2l TOC1 mRNA——s|transl5

L]
deg?l TOC1_i-°°™§.10C1_a Sranscs
(degdD  LHY mRNA——s|transi10

deggl LHY_cansell) gy n

'ldegﬂi

Vashti Galpin

Modelling a circadian clock with HYPE



Model construction

Degradation flows — light-sensitive

prod 11'

transc3
acc '

deg2l TOC1 mRNA——s|transl5

L]
deg?l TOC1_i-°°™§.10C1_a Sranscs
(degdD  LHY mRNA——s|transi10

deg9 LHY_cansell) gy n

Vashti Galpin

Modelling a circadian clock with HYPE



Model construction

Degradation flows — light-sensitive
> deg4d: degradation of activated TOC1

» mass action

I7,4(T2) = light:(¢7,4, —la, linear(T,)).I7,4(T5) +
dark:(¢T,.4, —da, linear(T5)).I7, 4(T2) +
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Model construction

Degradation flows — light-sensitive
> deg4d: degradation of activated TOC1
> mass action

def

Ira(To) 2 light:(u7, 0, — o, linear(T,)).I7, a(Ta) +
dark:(c7, .4, —da, linear(T,)).IT,4(T,5) +
init:(¢7,.4, —ra, linear(T5)) .17, 4(T5)

» degl2: degradation of cytosolic LHY

» mass action

I 12(Le) = light:(¢r, 12, —ho, linear(Lc)).Ip 12(Le) +
darkI(LLmlz, —d12, /inear(LC)).ILC’lz(LC) +
init:(¢r, 12, —r2, linear(Le)).Ip. 12(Le)
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Model construction

Degradation flows — light-sensitive (continued)
> degl3: degradation of nuclear LHY

» mass action

def

Ii,13(Ln) = light:(er, 13, —hs, linear(Ly)).11,13(Ln) +
dark:(c1,,13, —ni3, linear(Lp)). 11, 13(Ln) +

init:(¢y, 13, —di3, linear(Ly)). 11, 13(Ln)
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Production flows — not light sensitive
» transl5: translation of TOC1 mRNA to TOC1 protein

» mass action
def

I1.5(Tm) = init:(¢T,5, 15, linear(Tm)).I7.5(Tm)
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Model construction

Production flows — not light sensitive
» transl5: translation of TOC1 mRNA to TOC1 protein

» mass action
def

I1.5(Tm) = init:(¢T,5, 15, linear(Tm)).I7.5(Tm)

» transl10: translation of LHY mRNA to LHY protein

» mass action

Iio10(Lm) = init:(er, 10, ri0, linear(Lm))-Ir. 10(Lm)

» transc3: transcription of TOC1 mRNA from TOC1 gene
» not directly light sensitive, but enhanced by acc
> inhibited by nuclear LHY

» complex rate function
def

/Tm,3(A7 Ln) = mZ(Lng,, 1,g(A, Ln))-le,3(A7 Ln)
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Model construction

Production flows — light sensitive

» prodl: production of acc, entirely light-sensitive
def

/A,l = |ight:(LA71, h, constant).lAJ +
dark:(¢a1,0, constant).la 1 +

init:(¢a,1, 0, constant).la 1

> transc8: transcription of LHY mRNA
» enhanced by active TOC1 protein

def

IL,8(Ta) = light:(er,8,1,f(Ta))I,8(Ta) +
dark:(tr,, 8,1, F/(T2)) I, 8(T2) +
init:(¢r,, 8,1, F/(T2))-I,8(Ta)
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Model construction

Conversion flows - light sensitive

» conv6: conversion of TOC1 protein from inactive to active
» mass action
It.6(T;)) £ light:(c7.6, —ls, linear(T;)).I7.6(T;) +
dark:(c7,6, —de, linear(T;)).I7,6(T;) +
init:(¢v7,6, — 16, linear(T;)) .17, 6(T7)

/Ta,G(TI) = M:(LTQ,& /67 Iinear( T,'))./TQ,G(T,‘) -+

MS(LTaﬁ, de, Iinear( Ti))./Ta,6(7—,‘) +
init:(v7,6, r6, linear(T;)).I1, 6( Ti)
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Model construction

Transportation flows — not light sensitive
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transc3
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Model construction

Transportation flows — not light sensitive

prod 11'

transc3
acc '

deg2l TOC1 mRNA——s|transl5

L]
deg?l TOC1_i-°°™§.10C1_a Sranscs

deg4l' LHYmRNA—OltransHO
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Model construction

Transportation flows and time flow

» transpll: movement of LHY protein
» from cytoplasm to nucleus
» not light sensitive
def . . .
Ia1(Le) = init:(ero 11, —r1, linear(Le)) I 11(Le)

I,11(Le) = init:(er, 11, 1, linear(Le)) I, 11(Le)
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I.11(Le) = init:(¢er, 11, —na, linear(Le)).Ip. 11(Le)

I,11(Le) = init:(er, 11, 1, linear(Le)) I, 11(Le)

» flow for passing of time, iv(v7) =T

Time £ init:(u7,1, C). Time
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Model construction

Transportation flows and time flow

» transpll: movement of LHY protein
» from cytoplasm to nucleus
» not light sensitive
def . . .
Ia1(Le) = init:(ero 11, —r1, linear(Le)) I 11(Le)

I,11(Le) = init:(er, 11, 1, linear(Le)) I, 11(Le)

» flow for passing of time, iv(v7) =T

Time £ init:(u7,1, C). Time

» construct controlled system from subcomponents and controller

Vashti Galpin
PASTA 2010
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Results — constant light

500
LHY mRNA ——
TOC1 mRNA -
total LHY e
400 | total TOC1 ]
300 E

0 50 100 150 200 250
Time

» identical to Bio-PEPA ODE output
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Results — 12 hours light, 12 hours dark

500 —
LHY mRNA ——
TOC1 mRNA
total LHY -oeeveee
400 total TOC1 ]
300 4

0 50 100 150 200 250
Time

» identical to Bio-PEPA ODE output
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A different approach

A different approach

» given a ODE biological model with hybrid behaviour
» assumptions about model

> n species, S1,...,5,

» m reactions, Ry,...,Rpy

» stoichiometry matrix D, n X m integer matrix

» X = {X1,...,Xn}, Xi is concentration of S;

vector laws v = (vi,...,Vp), v; is a function over X

v
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» assumptions about model
> n species, S1,...,5,
» m reactions, Ry,...,Rpy
» stoichiometry matrix D, n X m integer matrix
» X = {X1,...,Xn}, Xi is concentration of S;

» vector laws v = (vq,..., Vi), Vi is a function over X

» ODEs for model: dX/dt =D x v
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A different approach

A different approach

» given a ODE biological model with hybrid behaviour

» assumptions about model
> n species, S1,...,5,
» m reactions, Ry,...,Rpy
» stoichiometry matrix D, n X m integer matrix

» X ={X1,...,X,}, X; is concentration of S;

» vector laws v = (vq,..., Vi), Vi is a function over X
» ODEs for model: dX/dt =D x v

» understand hybrid aspects, identify variables and ODEs

» choose a particular behaviour to start model construction
» circadian clock, choose light or dark conditions
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A different approach

A different approach (continued)

» form of each species ODE

B = > Dl = Y Dl JIF(X)
= o
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A different approach

A different approach (continued)

» form of each species ODE

B = > Dl = Y Dl JIF(X)
= o

» want an influence for each flow D[i,j]rj-()?), let [v[j]] = 6()?)
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A different approach

A different approach (continued)

» form of each species ODE

B = > Dl = Y Dl JIF(X)
= o

» want an influence for each flow D[i,j]rj-()?), let [v[j]] = 6()?)

> define subcomponents where iv(s; ;) = X;

15 (X) € init : (47,5, DL 1, v[j])-1i,,(X)
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A different approach

A different approach (continued)

» form of each species ODE

B = > Dl = Y Dl JIF(X)
= o

» want an influence for each flow D[i,j]rj-()?), let [v[j]] = 6()?)
> define subcomponents where iv(s; ;) = X;

15 (X) Finit = (s, DJi, 1, vITD)-1 5 (X)
> let ec(init) = (true, (X1 = u1) A ... A (Xn = up))
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A different approach

A different approach (continued)

» form of each species ODE

dX/ = P . = .. <

e > Dlijlvlil =Y Dli (X
j=1 j=1

» want an influence for each flow D[i,j]rj-()?), let [v[j]] = 6()?)
define subcomponents where iv(¢; ;) = X;
5. (X) = init : (1 j, DI, 1, vI)- 4.5 (X)
let ec(init) = (true, (X1 = u1) A ... A (Xn = up))
HYPE model, validate if possible
(B 7y (5 77 4 (X))) B init.0

v

v

v
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A different approach

A different approach (continued)

» form of each species ODE

dX/ = P . = .. <

e > Dlijlvlil =Y Dli (X
j=1 j=1

» want an influence for each flow D[i,j]rj-()?), let [v[j]] = 6()?)
define subcomponents where iv(¢; ;) = X;
5. (X) = init : (1 j, DI, 1, vI)- 4.5 (X)
let ec(init) = (true, (X1 = u1) A ... A (Xn = up))
HYPE model, validate if possible
(B 7y (5 77 4 (X))) B init.0

» defines redundant subcomponents whenever D[i, j] = 0, can
omit

v

v

v
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A different approach

A different approach (continued)

» determine switches for hybrid behaviour
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A different approach (continued)

» determine switches for hybrid behaviour
» add new variables that relate to the hybrid behaviour

» identify conditions for events to occur

> construct new subcomponents /] ; from /; ;
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A different approach

A different approach (continued)

» determine switches for hybrid behaviour
» add new variables that relate to the hybrid behaviour

» identify conditions for events to occur

> construct new subcomponents /] ; from /; ;
» add appropriate events
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A different approach

A different approach (continued)

» determine switches for hybrid behaviour
» add new variables that relate to the hybrid behaviour

» identify conditions for events to occur

> construct new subcomponents /] ; from /; ;
» add appropriate events
» determine flows for each event
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A different approach

A different approach (continued)

» determine switches for hybrid behaviour
» add new variables that relate to the hybrid behaviour

» identify conditions for events to occur

> construct new subcomponents /] ; from /; ;
» add appropriate events
» determine flows for each event

» define controllers where necessary to sequence events
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A different approach

A different approach (continued)

» determine switches for hybrid behaviour
» add new variables that relate to the hybrid behaviour

» identify conditions for events to occur

> construct new subcomponents /] ; from /; ;
» add appropriate events
» determine flows for each event

» define controllers where necessary to sequence events

» construct new HYPE model

(7 (=, I} (X)) B2 init.( b v

* =1 * *
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A different approach

A different approach (continued)

» determine switches for hybrid behaviour
» add new variables that relate to the hybrid behaviour

» identify conditions for events to occur

> construct new subcomponents /] ; from /; ;
» add appropriate events
» determine flows for each event

» define controllers where necessary to sequence events

» construct new HYPE model
(7, (< i Ii (X)) = init. (=1 7

* =1 * *

» circadian clock
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A different approach

A different approach (continued)

» determine switches for hybrid behaviour
» add new variables that relate to the hybrid behaviour

» identify conditions for events to occur

> construct new subcomponents /] ; from /; ;
» add appropriate events
» determine flows for each event

» define controllers where necessary to sequence events

» construct new HYPE model

(7 (=, I} (X)) B2 init.( b v

* =1 * *

» circadian clock
» essentially same HYPE model
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A different approach

A different approach (continued)

» determine switches for hybrid behaviour
» add new variables that relate to the hybrid behaviour

» identify conditions for events to occur

> construct new subcomponents /] ; from /; ;
» add appropriate events
» determine flows for each event

» define controllers where necessary to sequence events

» construct new HYPE model

(7 (=, I} (X)) B2 init.( b v

* =1 * *

» circadian clock
» essentially same HYPE model
» difference is variable parameters in subcomponents
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Conclusions

Conclusions

v

model of circadian clock of Ostreococcus tauri

v

first approach

» work from diagrammatic description of model
» need information about rates and rate functions

» successful model construction

v

second approach
» work from existing ODE model
» translate to HYPE model

» understand ODE model enough to identify hybrid behaviour

v

further research: more examples
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Conclusions

Thank you
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