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Are there useful macros to structure the “hairball”?

Population

We are looking for the
organizing principle:

the programming language,
only then for the program!

Molecule




Settling on less ambitious
goals (for now):

* Create useful models of certain biological
phenomena.

* Understand the principles that allow to create
certain types of models.
* Create models.

 Improve analysis for these kinds of models.
* Verify them.

« Improve tool support for these kinds of models.



Cell cycle regulation of NOTCH
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Assumptions

* Models are very abstract:
 Personal belief.
 Personal preference.

 We want to use a simple state machine to

represent a biological process (usually at a cell
level).

. Wle1 want to represent the process in several
cells.

 We want them to run concurrently.
 We want simulation and additional analysis.



Wik 1
o

Examples




Yul

H{ ev1 j&— evo |
v ¥
|seinS| Hevez le— ev2 |

[1e160|

Scheduler - . mpkl

HighulSignal 5 Gen(MuvInhibition); VulNotMutated
VulMutated

MedV ulSignal Vul gene shuts-off MedlInductiveSignal
No VulSignal MuyMutated Evaluate

Muv gene shuts-off
No MuvInhibition

lin-12(0)

Lateral Signal
HighlnductiveSignal On >

| Off l Action on entry:
Gen(HighVulSignal)

MedInductiveSignal

lindl 2 wt

HighVulSigrs

I

I

1

I

I

1

I

1 tm(10) PartialOn >
: dVulSignal BeforePartialOn Action on entry:

ighVulSignal Lateraldignat | Gen(MedVulSignal)

1

1

1

1

I

I

1

1

1

JUIS_IN(Primary) E
&&S_IN
On>

Action on entry:
Gen(LateralSignal)

HighVulSignal

LateralSignal
[IS_IN(High)| JUS_IN(Primary)&&!HS_IN(Tertiary)|




%
%&‘% %

A

Wnt

Disease
State

[ Hyperactive State
I Hypoactive State

siolneyagq (19D




Al N
e e
g GAPT N

17.5 Days

21 Days




What’s a cell?

e Each cell is a state machine.

 They take discrete transitions:

» Can depend on outside information
(location/neighbours/environment).

« Can be deterministic/nondeterministic/stochastic.

» The model consists of coordinating these
changes across many cells.



Predisposition



Parallel Composition

 Putting multiple cells together.

 When does each cell change its state compared
to other cells?

e Classical answers:

o All together: all cells read current values and change
to new values.

* One by one: choose a cell, it reads current values,
and changes to new values.



From Synchrony to
Timed
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Qualitative Networks

» Variables ranging over (small) finite domains.
e Algebraic update functions.

« Variables change by at most 1 either up or
down.

» All variables updated simultaneously.

* Result:

 Deterministic
» Synchronous

 Analysis:
 Simulations
 Global analysis: stabilization, temporal properties



Bounded LTL model checking
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Cell-cell Communication

main lin-12
afd » afl
v
af?
7 \
lor2_1} 2or3_1
¢ + Ist Yul
lor2_2 20r3_2 on | |'“f3  evl [« El“ e
o
¢ 4( LS |sem5| 4w22|(—| ey2 | K
lor2_3 20133 off “ o
¥ ¥ I [1e160 | A
1or?_4 2o0r3_4 '
e 'l ff
,L L on
1 2 3 A wild-type mid L2

Psp P7.p P6p P5p pgp L

wild-type late L2 £

Worm

AC

Organizer

Scheduler

egl-17::cfp

Pé.p P5p Pa.p

**0

P3.p

A” lip-1::yfp

- B
sl

P8p P7.p P6.p P5.p pi,pf

P3.p
¥
= .
T AN

ar® P4.p

'.‘:'n' .\




Synchronous Composition

* No way to break symmetry.

* Identical processes go through exactly the same
computation.

e In our case:
e All cells assume same fate.



Asynchronous Composition

 Conflicting requirements:
* Running in isolation.
* Chosen repeatedly by scheduler.

* No way to choose the right way to run.



Bounded Asynchrony

« Count the number of steps each cell does.

e Disallow schedules where one cell moves in
front of the others.

 Essentially, have a barrier in front of the cells.

* Once all cells reach the barrier, move the
barrier forward.



Advantages

» Asynchrony breaks symmetry.

* Bound breaks the isolation / scheduler
dilemma.

e Scheduler allows to concentrate on more
important aspects of model.



Simulation and Analysis

* Global scheduler allows cells to move
separately bounding individual progress.

* In each simulation step:
* Choose cells that haven’t reached barrier.
« Update these cells together.

* Result:
« Asynchronous
 Analysis:
 Simulations
« Temporal properties



QN+Physical Simulation
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Simulation Details

» Global clock ticks.

 In each simulation step:
« Update discrete state.
« Update physical state (or remove for efficiency).
« Data passes between physical and discrete.

 Result:
» Stochastic (physical parameters)
« Synchronous

 Analysis:
 Simulations

 Time invariants (physical model) enable global
analysis of discrete model
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Main features

 Each cell type has its own program.

 Transitions:
» Real time.
« Change discrete state.
 Set time for next transition.
 Possible to divide and initialize other programs.

* No physics (for now).
* Only simulation.



Summary



Timing is everything

« Strict control of individual and global time.
« Synchronous composition rules.

e Additional mechanisms for randomness or
breaking symmetry.

* When using, keep asynchrony in check.
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