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Theory is closer to practice 
in theory than in practice.
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Epidemics
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Epidemics
directive sample 1000.0 1000

directive plot Recovered(); Susceptible(); Infected()

val recover_rate = 0.01

val infect_rate = 0.0001

new infect @infect_rate:chan()

let Recovered() =

?infect; Recovered()

and Susceptible() = 

?infect; Infected()

and Infected() =

do !infect; Infected() 

or ?infect; Infected() 

or delay@recover_rate; Recovered()

run (500 of Susceptible() | 1 of Infected())?infect

Recovered

?infect

Infected

!infect

@recover

Susceptible
?infect

As opposed to the way it is normally done.
http://mathworld.wolfram.com/Kermack-McKendrickModel.html
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Exercise: Epidemic Simulations
http://mathworld.wolfram.com/Kermack-McKendrickModel.html Knowing that 

β = infect_rate

γ = recover_rate

try various values to see how the 
infection progresses.

In the previous example, R0 = 5 
(everybody gets infected).

You can get R0 = 1 (infection dies out) 
by reducing the S population to 100. 

But stochastic effects (initial 
infected population = 1!) play a major 
role between R0 = 1 and R0 = 5.
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MHC Class I Flytrap
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MHC Class I Antigen Presentation

● part of the cellular immune 
response

● MHC class I complexes present 
self and foreign peptide at the cell 
surface

● recognized by T lymphocytes and 
natural killer cells

● also required for development of 
self tolerant T cells in thymus

Source: Jonathan W. Yewdell, Eric Reits, and Jacques Neefjes. Making sense of mass destruction: quantitating MHC class I 

antigen presentation. Nature Reviews Immunology, 3(12):952–961, 2003.
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MHC Class I Peptide Binding

T.J.Elliott
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directive sample 4.0 10000

directive plot ?plotSlowEscaped; ?plotFastEscaped; 

!plotSlowCaptured; ?plotFastCaptured

new plotSlowEscaped@1.0:chan()

new plotFastEscaped@1.0:chan()

new plotSlowCaptured@1.0:chan()

new plotFastCaptured@1.0:chan()

new trigger@1000.0:chan(chan(),chan())

val closing = 3.0

val slowEscaping = 1.0

val fastEscaping = 5.0

let Fly(escaping:float, plotEscaped:chan(), plotCaptured:chan()) = 

(new captured@1000.0:chan()

new escaped@1000.0:chan()

!trigger(captured,escaped); 

do delay@escaping; !escaped; ?plotEscaped 

or ?captured; ?plotCaptured

)

let Trap() = 

?trigger(captured,escaped);

delay@closing;

do ?escaped or !captured

run (

100 of Fly(slowEscaping,plotSlowEscaped,plotSlowCaptured) | 

100 of Fly(fastEscaping,plotFastEscaped,plotFastCaptured) | 

200 of Trap())

?escaped

!captured

!escaped@escaping

@closing

Flytrap
We want to model the situation where the trap is shutting at a constant rate, but different 
kinds of flies are escaping at different “dissociation” rates. 

Hence we cannot model this simply as a channel of given rate where trap and flies synchronize.

We need to model a race between two delays in two independent processes But in the end, both 
the trap and the fly must agree on whether the fly was captured or not. (With no deadlock.)

?captured

Fly

Trap
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?plotSlowEscaped ?plotFastEscaped ?plotSlowCaptured ?plotFastCaptured

?trigger
(escaped,captured)

escaped,
captured

C.f.: L.Cardelli, T.J.Elliott, L.Goldstein,
A.Phillips. J.M.Werner.  

fresh channels for each 
fly-trap interaction

!trigger
(escaped,captured)
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Different Flytraps?

?escaped

!captured

!escaped@escaping

@closing

?captured

Fly

Trap !captured@closing

?escaped

?captured

!escaped

@escapingFly

Trap

Equivalent flytraps if             transitions have infinite rate?

The two definitions are alpha-convertible!
Fly ⇔ Trap

escaping ⇔ closing
escaped ⇔ captured

Who is the fly and who is the trap?

It’s a race, first, between @closing and @escaping.

If @closing wins the race, the fly is captured. 

If @escaping wins the race, there is a second race 
between @closing and ?!escaped

If @escaping wins the race, the fly has escaped. 

If @closing wins the race, there is a second race 
between @escaping and ?!captured

If @closing wins the race, the fly is captured. 

If @escaping wins the race, the fly has escaped. 
(Race between finite @closing and infinite ?!escaped)

If @escaping wins the race, the fly has escaped. 

If @closing wins the race, the fly is captured. 
(Race between finite @escaping and infinite ?!captured)

F
in
it
e

R
at
es

In
fi
ni
te

R
at
es
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Flytrap Product Automata

?!escaped

?!captured

@escaping
@closing

Fly|Trap

@closing

?!captured

?!escaped@escaping

?!captured

?!escaped

@closing
@escaping

Trap|Fly

@escaping

?!escaped

?!captured@closing
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Exercise (Open)

● Prove or disprove that the two flytraps are equivalent
– Not necessarily for all intermediate states or quantities but, e.g.,

●Do Escaped-Flies have the same distribution in both version?

– What about the infinite-rate version?
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Repressilator
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Gene Gates and Circuits

A genetic circuit (engineered in E.Coli)

neg neg

negc b

a

neg(a,b) |
neg(b,c) |
neg(c,a) 

a b

neg

A gene gate neg(a,b) @
?ar; τη; neg(a,b) + 
τε; (tr(b) | neg(a,b)) 

tr(p) @ (!pr; tr(p)) + τδ

r=1.0, ε=0.1, h=0.001, δ=0.001

a b c

A stochastic simulation (in SPiM)

val dk = 0.001    (* Decay rate *)val dk = 0.001    (* Decay rate *)val dk = 0.001    (* Decay rate *)val dk = 0.001    (* Decay rate *)

val inh = 0.001   (* Inhibition rate *)val inh = 0.001   (* Inhibition rate *)val inh = 0.001   (* Inhibition rate *)val inh = 0.001   (* Inhibition rate *)

val cst = 0.1     (* Constitutive rate *)val cst = 0.1     (* Constitutive rate *)val cst = 0.1     (* Constitutive rate *)val cst = 0.1     (* Constitutive rate *)

let tr(p:chan()) = let tr(p:chan()) = let tr(p:chan()) = let tr(p:chan()) = 

do !p; tr(p) or delay@dkdo !p; tr(p) or delay@dkdo !p; tr(p) or delay@dkdo !p; tr(p) or delay@dk

let neg(a:chan(), b:chan()) =let neg(a:chan(), b:chan()) =let neg(a:chan(), b:chan()) =let neg(a:chan(), b:chan()) =

do ?a; delay@inh; neg(a,b)do ?a; delay@inh; neg(a,b)do ?a; delay@inh; neg(a,b)do ?a; delay@inh; neg(a,b)

or delay@cst; (tr(b) | neg(a,b))or delay@cst; (tr(b) | neg(a,b))or delay@cst; (tr(b) | neg(a,b))or delay@cst; (tr(b) | neg(a,b))

(* The circuit *)(* The circuit *)(* The circuit *)(* The circuit *)

val bnd = 1.0val bnd = 1.0val bnd = 1.0val bnd = 1.0 (* Protein binding rate *)(* Protein binding rate *)(* Protein binding rate *)(* Protein binding rate *)

new a@bnd:chan() new b@bnd:chan() new c@bnd:chan()new a@bnd:chan() new b@bnd:chan() new c@bnd:chan()new a@bnd:chan() new b@bnd:chan() new c@bnd:chan()new a@bnd:chan() new b@bnd:chan() new c@bnd:chan()

run (neg(c,a) | neg(a,b) | neg(b,c))run (neg(c,a) | neg(a,b) | neg(b,c))run (neg(c,a) | neg(a,b) | neg(b,c))run (neg(c,a) | neg(a,b) | neg(b,c))

The stochastic-ππππ program

directive sample 50000.0 1000

directive plot !a; !b; !c

val dk = 0.001    (* Decay rate *)

val inh = 0.001   (* Inhibition rate *)

val cst = 0.1     (* Constitutive rate *)

let tr(p:chan()) = do !p; tr(p) or delay@dk

let neg(a:chan(), b:chan()) =

do ?a; delay@inh; neg(a,b)

or delay@cst; (tr(b) | neg(a,b))

val bnd = 1.0 (* Protein binding rate *)

new a@bnd:chan() new b@bnd:chan() new 
c@bnd:chan()

run (neg(c,a) | neg(a,b) | neg(b,c))
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Scaling Reactions
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Scaling Moles and Rates

● Say the original reaction specifies a quantity of 1mol for a given species A, 
with reaction rates expressed in mol/Ls (rate of change in concentration mol/L 
of reactants). (Or maybe it specifies a concentration of 1µM = one millionth of a mole 
per liter, with rates expressed in µM/s; it does not matter here.) How many processes 
should we use for the simulation? Well, we can’t use quantity 1; that’s too few!

● So, let’s multiply all mol quantities by say, 10, and use that many processes. 
What effect does that have on the reactions? Unary (decay) reactions now 
operate on an initial quantity 10*bigger. However those are exponential decays, 
which means that the half-life (and the general shape) of the reaction is 
independent of the initial quantity. So the time it takes for such reactions to 
operate does not change, and we do not have to scale the time axis (although 
our vertical axis is now off by a factor of 10). 

● Binary reactions, however, now operate on 10*bigger quantities and by the 
mass action law run 100 times faster (–k(10*[A] 10*[B])), which means they are 
10 times too fast with respect to the degradations. We can compensate by 
dividing the rates of those reactions by 10, the scaling factor.

● That way, in the end, our plots have the same curves as for any other scaling 
factor, and an accurate timeline, but the vertical axis numbers must be divided 
by 10 to compare with the original 1mol quantity.
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Scaling Quantities and Rates

directive sample 0.0025 1000

directive plot A1(); A2()

new c@1.0:chan

val deg = 1000.0

let A1() = ?c;()

and A2() = do !c;() or delay@deg;()

run 2000 of (A1() | A2())

Original reaction

2000 molecules each

c=1.0 deg=1000.0

A1 + A2 →c 0

A2 →deg 0
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To get the same curves (up to rescaling 
of the y axis) we need to scale up the 
rate of binary reactions (only) by the 
same factor.

For example:

does not match does not match does not match

Molecules halved

1000 molecules each

c=1.0 deg=1000.0

y*2 (plot rescaled)

Binary rate doubled

1000 molecules

c=2.0 deg=1000.0

y*2

Both rates doubled

1000 molecules

c@2.0 deg=2000.0

y*2

Degradation rate doubled

1000 molecules each

c=1.0 deg=1000.0

y*2

Degradation rate halved

1000 molecules each

c=1.0 deg=500.0

y*2,  x/2

Scaling down the 
degradation rates 
by the same factor 
works too, but then 
we have to rescale 
the x axis as well.

Scaling down the molecules by a factor of 2
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ERK Pathway
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ERK Pathway
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ERK Pathway in SPiM
let Raf1s() =

!k1; Raf1s_RKIP()   (* ![01] *)

and RKIP() =

?k1; ()                         (* ?[01] *)

and Raf1s_RKIP() =

do delay@k2; (Raf1s() | RKIP()) (*  [02] *)

or !k3; Raf1s_RKIP_ERKPP() (* ![03] *)

and ERKPP() =

?k3; () (* ?[03] *)

and Raf1s_RKIP_ERKPP() =

do delay@k4; (Raf1s_RKIP() | ERKPP()) (*  [04] *)

or delay@k5; (Raf1s() | RKIPP() | ERK()) (*  [05] *)

or ?b1

and MEKPP() =

!k6; MEKPP_ERK() (* ![06] *)  

and ERK() =

?k6; () (* ?[06] *)

and MEKPP_ERK() =

do delay@k7; (MEKPP() | ERK()) (*  [07] *)

or delay@k8; (MEKPP() | ERKPP()) (*  [08] *)

or ?b2

and RKIPP() =

!k9; RKIPP_RP() (* ![09] *)

and RP() =

?k9; ()  (* ?[09] *)

and RKIPP_RP() =

do delay@k10; (RKIPP() | RP()) (*  [10] *)

or delay@k11; (RKIP() | RP()) (*  [11] *)

or ?b3

let many(n:float, p:proc()) =  if n<=0.0 then () else p(); many(n-1.0, p)

run many(2.5*quantity*concentration, Raf1s)

run many(2.5*quantity*concentration, RKIP)

run many(2.5*quantity*concentration, ERKPP)

run many(2.5*quantity*concentration, MEKPP)

run many(3.0*quantity*concentration, RP)

(* ERK Signalling, Cho et al. *)

directive sample 50.0 1000

directive plot 

(* Plot all *)

!k1 as "Raf-1*"; ?k1 as "RKIP"; !k3 as "Raf1s_RKIP"; ?k3 as "ERK-PP"; ?b1 as "Raf1s_RKIP_ERKPP"; 

!k6 as "MEK-PP"; ?k6 as "ERK"; ?b2 as "MEKPP_ERK"; !k9 as "RKIPP"; ?k9 as "RP"; ?b3 as "RKIPP_RP"

(* Plot Fig 5 top left 

!k1 as "Raf-1*"; ?k1 as "RKIP"; !k3 as "Raf1s_RKIP" *)

(* Plot Fig 5 top right

?k6 as "ERK"; !k6 as "MEK-PP"; ?b2 as "MEKPP_ERK"; ?k3 as "ERK-PP" *)

(* Plot Fig 5 bottom left

!k3 as "Raf1s_RKIP" ; ?k3 as "ERK-PP"; ?b1 as "Raf1s_RKIP_ERKPP"  *)

(* Plot Fig 5 bottom right

!k9 as "RKIPP"; ?k9 as "RP"; ?b3 as "RKIPP_RP"; ?k1 as "RKIP" *)

(* Plot MEK-PP

!k6 as "MEK-PP" *)

new b1@1.0:chan()  (* dummy barbs for plotting *)

new b2@1.0:chan()

new b3@1.0:chan()

(* ----------------------------------- *)

val quantity = 100.0

val concentration = 1.0

(* Binary reactions *)

new k1  @ 0.53/quantity :chan()

new k3  @ 0.625/quantity :chan()

new k6  @ 0.8/quantity :chan()

new k9  @ 0.92/quantity :chan()

(* Decay reactions *)

val k2  = 0.0072

val k4  = 0.00245 

val k5  = 0.0315

val k7  = 0.0075

val k8  = 0.071

val k10 = 0.00122

val k11 = 0.87

(* -------------------

Initial concentrations

m1=2.5, m2=2.5, m3=0, m4=0, m5=0, m6=0, m7=2.5, m8=0, 
m9=2.5, m10=3, m11=0

Raf1s=2.5, RKIP=2.5, Raf1s_RKIP=0, 
Raf1s_RKIP_ERKPP=0, 

ERK=0, RKIPP=0, MEKPP=2.5, MEKPP_ERK=0, ERKPP=2.5, 
RP=3, RKIPP_RP=0

Reactions

[01] Raf-1* + RKIP -->k1  Raf-1*_RKIP

[02] Raf-1*_RKIP -->k2 Raf-1* + RKIP

[03] Raf-1*_RKIP + ERK-PP -->k3 Raf-1*_RKIP_ERK-PP

[04] Raf-1*_RKIP_ERK-PP -->k4 Raf-1*_RKIP + ERK-PP

[05] Raf-1*_RKIP_ERK-PP -->k5 Raf-1* + RKIP-P + ERK

[06] MEK-PP + ERK -->k6 MEK-PP_ERK

[07] MEK-PP_ERK -->k7 MEK-PP + ERK

[08] MEK-PP_ERK -->k8 MEK-PP + ERK-PP

[09] RKIP-P + RP -->k9 RKIP-P_RP

[10] RKIP-P_RP -->k10 RKIP-P + RP

[11] RKIP-P_RP -->k11 RKIP + RP

*)
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SPiM Simulation
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Original Simulation
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Epidemics ODE
Kermack, W. O. and McKendrick, A. G. "A Contribution to the 
Mathematical Theory of Epidemics." Proc. Roy. Soc. Lond. A
115, 700-721, 1927. 

http://mathworld.wolfram.com/Kermack-McKendrickModel.html
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Epidemics
directive sample 500.0 1000

directive plot Recovered(); Susceptible(); Infected()

new infect @0.001:chan()

val recover = 0.03

let Recovered() =

?infect; Recovered()

and Susceptible() = 

?infect; Infected()

and Infected() =

do !infect; Infected() 

or ?infect; Infected() 

or delay@recover; Recovered()

run (200 of Susceptible() | 2 of Infected())
?infect

Recovered

?infect

Infected

!infect

@recover

Susceptible
?infect
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ODE

S = ?i(t);I

I = !i(t);I ⊕ ?i(t);I ⊕ τr;R 

R = ?i(t);R

S + I →t I + I
I + I →t I + I
I →r R
R + I →t R + I

[S]• = -t[S][I]
[I]• = t[S][I]-r[I]
[R]• = r[I] 

<?xml version="1.0" encoding="UTF-8"?>

<!-- Created by SBML API 2.0(a17.0) -->

<sbml level="2" version="1" xmlns="http://www.sbml.org/sbml/level2" xmlns:celldesigner="http://www.sbml.org/2001/ns/celldesigner">

<model id="test">

<annotation>

<celldesigner:modelVersion>2.5</celldesigner:modelVersion>

<celldesigner:modelDisplay sizeX="600" sizeY="400"/>

<celldesigner:listOfCompartmentAliases/>

<celldesigner:listOfComplexSpeciesAliases/>

<celldesigner:listOfSpeciesAliases>

<celldesigner:speciesAlias id="sa18" species="s9">

<celldesigner:activity>inactive</celldesigner:activity>

<celldesigner:bounds h="25.0" w="70.0" x="36.0" y="152.5"/>

<celldesigner:view state="usual"/>

<celldesigner:usualView>

<celldesigner:innerPosition x="0.0" y="0.0"/>

<celldesigner:boxSize height="25.0" width="70.0"/>

<celldesigner:singleLine width="1.0"/>

<celldesigner:paint color="ffccff66" scheme="Color"/>

</celldesigner:usualView>

<celldesigner:briefView>

<celldesigner:innerPosition x="0.0" y="0.0"/>

<celldesigner:boxSize height="60.0" width="80.0"/>

<celldesigner:singleLine width="0.0"/>

<celldesigner:paint color="3fff0000" scheme="Color"/>

</celldesigner:briefView>

</celldesigner:speciesAlias>

<celldesigner:speciesAlias id="sa19" species="s10">

<celldesigner:activity>inactive</celldesigner:activity>

<celldesigner:bounds h="25.0" w="70.0" x="36.0" y="58.5"/>

<celldesigner:view state="usual"/>

<celldesigner:usualView>

<celldesigner:innerPosition x="0.0" y="0.0"/>

<celldesigner:boxSize height="25.0" width="70.0"/>

<celldesigner:singleLine width="1.0"/>

<celldesigner:paint color="ffccff66" scheme="Color"/>

</celldesigner:usualView>

<celldesigner:briefView>

<celldesigner:innerPosition x="0.0" y="0.0"/>

<celldesigner:boxSize height="60.0" width="80.0"/>

<celldesigner:singleLine width="0.0"/>

<celldesigner:paint color="3fff0000" scheme="Color"/>

</celldesigner:briefView>

</celldesigner:speciesAlias>

<celldesigner:speciesAlias id="sa20" species="s11">

<celldesigner:activity>inactive</celldesigner:activity>

<celldesigner:bounds h="25.0" w="70.0" x="273.0" y="40.5"/>

<celldesigner:view state="usual"/>

<celldesigner:usualView>

<celldesigner:innerPosition x="0.0" y="0.0"/>

<celldesigner:boxSize height="25.0" width="70.0"/>

<celldesigner:singleLine width="1.0"/>

<celldesigner:paint color="ffccff66" scheme="Color"/>

</celldesigner:usualView>

<celldesigner:briefView>

<celldesigner:innerPosition x="0.0" y="0.0"/>

<celldesigner:boxSize height="60.0" width="80.0"/>

<celldesigner:singleLine width="0.0"/>

<celldesigner:paint color="3fff0000" scheme="Color"/>

</celldesigner:briefView>

</celldesigner:speciesAlias>

</celldesigner:listOfSpeciesAliases>

<celldesigner:listOfGroups/>

<celldesigner:listOfProteins/>

<celldesigner:listOfGenes/>

<celldesigner:listOfRNAs/>

<celldesigner:listOfAntisenseRNAs/>

<celldesigner:listOfBlockDiagrams/>

</annotation>

<listOfCompartments>

<compartment id="default"/>

</listOfCompartments>

<listOfSpecies>

<species compartment="default" id="s9" initialAmount="200.0" name="S">

<annotation>

<celldesigner:positionToCompartment>inside</celldesigner:positionToCompartment>

<celldesigner:speciesIdentity>

<celldesigner:class>SIMPLE_MOLECULE</celldesigner:class>

<celldesigner:name>S</celldesigner:name>

</celldesigner:speciesIdentity>

</annotation>

</species>

<species compartment="default" id="s10" initialAmount="2.0" name="I">

<annotation>

<celldesigner:positionToCompartment>inside</celldesigner:positionToCompartment>

<celldesigner:speciesIdentity>

<celldesigner:class>SIMPLE_MOLECULE</celldesigner:class>

<celldesigner:name>I</celldesigner:name>

</celldesigner:speciesIdentity>

<celldesigner:listOfCatalyzedReactions>

<celldesigner:catalyzed reaction="re26"/>

</celldesigner:listOfCatalyzedReactions>

</annotation>

</species>

<species compartment="default" id="s11" initialAmount="0.0" name="R">

<annotation>

<celldesigner:positionToCompartment>inside</celldesigner:positionToCompartment>

<celldesigner:speciesIdentity>

<celldesigner:class>SIMPLE_MOLECULE</celldesigner:class>

<celldesigner:name>R</celldesigner:name>

</celldesigner:speciesIdentity>

</annotation>

</species>

</listOfSpecies>

<listOfReactions>

<reaction id="re25" reversible="false">

<annotation>

<celldesigner:reactionType>STATE_TRANSITION</celldesigner:reactionType>

<celldesigner:baseReactants>

<celldesigner:baseReactant alias="sa19" species="s10">

<celldesigner:linkAnchor position="N"/>

</celldesigner:baseReactant>

</celldesigner:baseReactants>

<celldesigner:baseProducts>

<celldesigner:baseProduct alias="sa20" species="s11">

<celldesigner:linkAnchor position="S"/>

</celldesigner:baseProduct>

</celldesigner:baseProducts>

<celldesigner:connectScheme connectPolicy="direct">

<celldesigner:listOfLineDirection>

<celldesigner:lineDirection index="0" value="unknown"/>

</celldesigner:listOfLineDirection>

</celldesigner:connectScheme>

<celldesigner:line color="ff000000" width="1.0"/>

</annotation>

<listOfReactants>

<speciesReference species="s10">

<annotation>

<celldesigner:alias>sa19</celldesigner:alias>

</annotation>

</speciesReference>

</listOfReactants>

<listOfProducts>

<speciesReference species="s11">

<annotation>

<celldesigner:alias>sa20</celldesigner:alias>

</annotation>

</speciesReference>

</listOfProducts>

<kineticLaw>

<math xmlns="http://www.w3.org/1998/Math/MathML">

<apply>

<times/>

<cn>0.03</cn>

<ci>s10</ci>

</apply>

</math>

</kineticLaw>

</reaction>

<reaction id="re26" reversible="false">

<annotation>

<celldesigner:reactionType>STATE_TRANSITION</celldesigner:reactionType>

<celldesigner:baseReactants>

<celldesigner:baseReactant alias="sa18" species="s9">

<celldesigner:linkAnchor position="N"/>

</celldesigner:baseReactant>

</celldesigner:baseReactants>

<celldesigner:baseProducts>

<celldesigner:baseProduct alias="sa19" species="s10">

<celldesigner:linkAnchor position="S"/>

</celldesigner:baseProduct>

</celldesigner:baseProducts>

<celldesigner:connectScheme connectPolicy="direct">

<celldesigner:listOfLineDirection>

<celldesigner:lineDirection index="0" value="unknown"/>

</celldesigner:listOfLineDirection>

</celldesigner:connectScheme>

<celldesigner:line color="ff000000" width="1.0"/>

<celldesigner:listOfModification>

<celldesigner:modification aliases="sa19" modifiers="s10" targetLineIndex="-1,0" type="STATE_TRANSITION">

<celldesigner:connectScheme connectPolicy="direct">

<celldesigner:listOfLineDirection>

<celldesigner:lineDirection index="0" value="unknown"/>

</celldesigner:listOfLineDirection>

</celldesigner:connectScheme>

<celldesigner:linkTarget alias="sa19" species="s10">

<celldesigner:linkAnchor position="SW"/>

</celldesigner:linkTarget>

<celldesigner:line color="ff000000" width="1.0"/>

</celldesigner:modification>

</celldesigner:listOfModification>

</annotation>

<listOfReactants>

<speciesReference species="s9">

<annotation>

<celldesigner:alias>sa18</celldesigner:alias>

</annotation>

</speciesReference>

</listOfReactants>

<listOfProducts>

<speciesReference species="s10">

<annotation>

<celldesigner:alias>sa19</celldesigner:alias>

</annotation>

</speciesReference>

</listOfProducts>

<listOfModifiers>

<modifierSpeciesReference species="s10">

<annotation>

<celldesigner:alias>sa19</celldesigner:alias>

</annotation>

</modifierSpeciesReference>

</listOfModifiers>

<kineticLaw>

<math xmlns="http://www.w3.org/1998/Math/MathML">

<apply>

<times/>

<cn>0.001</cn>

<ci>s9</ci>

<ci>s10</ci>

</apply>

</math>

</kineticLaw>

</reaction>

</listOfReactions>

</model>

</sbml>

Cell Designer
ODE Solver output for reactions:

S + I →t I + I
I →r R

with t = 0.001 r = 0.03 [S]=200 [I]=2

Automata match 
the standard 
ODE model!

“useless”“useless”
reactions

Matlab
continuous_sys_generator

ODE Solver output for
S• = -tSI
I• = tSI-rI
R• = rI

with t = 0.001 r = 0.03 S0=200 I0=2
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?infect

Recovered

?infect

Infected

!infect

@recover

Susceptible
?infect

Simplified Model

S = ?i(t);I

I = !i(t);I ⊕ τr;R 

R = 0

S + I →t I + I
I →r R

[S]• = -t[S][I]
[I]• = t[S][I]-r[I]
[R]• = r[I] 

Same ODE, hence 
equivalent 
automata models.

directive sample 500.0 1000

directive plot Recovered(); Susceptible(); Infected()

new infect @0.001:chan()

val recover = 0.03

let Recovered() =

()

and Susceptible() = 

?infect; Infected()

and Infected() =

do !infect; Infected() 

or delay@recover; Recovered()

run (200 of Susceptible() | 2 of Infected())

0

50

100

150

200

250

0 50 100 150 200

Recovered() Susceptible() Infected()

uselessuseless

not useless!

Not totally obvious 
that one could have 
simplified the 
automata model.
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Groupies ODEs
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A

B

!a

?a ?b

!b

Groupies ODE

A+B →r A+A

B+A →r B+B

A = !a(r);A ⊕ ?b(r);B

B = !b(r);B ⊕ ?a(r);A

[A]• = r[A][B]-r[B][A]
[B]• = r[B][A]-r[A][B]

[A]• = 0
[B]• = 0

ODE predicts stability [A]•=0
for any value of [A], while the 
stochastic system is stable only 
when [A] is either 0 or Max.

Wrong Answer?

0

20

40

60

80

100

120

140

160

180

200

0 0.5 1 1.5 2

A() B()
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A

B

!a

?a ?b

!b

Doped Groupies ODE

A+B →r A+A

B+A →r B+B

A = !a(r);A ⊕ ?b(r);B

B = !b(r);B ⊕ ?a(r);A

[A]• = r[A][B]-r[B][A]-r[A][Bd]+r[B][Ad]
[B]• = r[B][A]-r[A][B]-r[B][Ad]+r[A][Bd]

Ad = !a(r);Ad

Bd = !b(r);Bd

Ad Bd

!a !b

Doping

A+Bd →r B+Bd
B+Ad →r A+Ad

[Ad]• = 0
[Bd]• = 0

[A]• = -rk([A]-[B])
[B]• = rk([A]-[B])

ODE predicts converging stable equilibrium at 
[A]=[B] instead of the total chaos observed in 
the stochastic system!

At [B]=0: [A]•=-rk[A], 
[B]•=rk[A]

At [A]≈[B]:[A]•=[B]•≈0 

At [A]=[B]: [A]•=[B]•=0 

For k=0 (no dope), predicts deadlock [A]•=[B]•=0 
but at any value of [A], which is definitely not true 
in the stochastic system.

Wrong Answer?

0

20

40

60

80

100

120

140

160

180

200

0 1 2 3 4 5 6 7 8 9 10

Ga() Gb() Da() Db()

[Ad],[Bd] are constant; 
assume them both = k

dx1/dt = -1.0*(x1-x2), 1.0

dx2/dt = 1.0*(x1-x2), 0.0

Matlab
continuous_sys_generator
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[A]• = r[A][B’]-r[B][A]-r[A][Bd]+r[B’][Ad]
[A’]• = r[B][A]-r[B][A’]+r[A][Bd]-r[A’][Bd]
[B]• = r[B][A’]-r[A][B]-r[B][Ad]+r[A’][Bd]
[B’]• = r[A][B]-r[A][B’]+r[B][Ad]-r[B’][Ad]

Hysteric Groupies ODE

A+B →r A+B’ A+B’ →r A+A

B+A →r B+A’ B+A’ →r B+B

A = !a(r);A ⊕ ?b;A’ A’ = ?b;B

B = !b(r);B ⊕ ?a;B’ B’ = ?a;A
A

B
?a
?a

?b
?b

!a

!b

Ad = !a(r);Ad

Bd = !b(r);Bd

A+Bd →r A’+Bd A’+Bd →r B+Bd
B+Ad →r B’+Ad B’+Ad →r A+Bd

A’

B’

Ad Bd

!a !b

Doping

[Ad]
• = 0

[Bd]
• = 0

[A]• = r[A][B’]-r[B][A]-rk[A]+rk[B’]
[A’]• = r[B][A]-r[B][A’]+rk[A]-rk[A’]
[B]• = r[B][A’]-r[A][B]-rk[B]+rk[A’]
[B’]• = r[A][B]-r[A][B’]+rk[B]-rk[B’]

[Ad],[Bd] are constant; 
assume them both = k

Matlab
continuous_sys_generator

Wrong 
Answer?

dx1/dt=x1*x4-x3*x1-0.01*x1+0.01*x4, 1.0

dx2/dt=x3*x1-x3*x2+0.01*x1-0.01*x2, 0.0

dx3/dt=x3*x2-x1*x3-0.01*x3+0.01*x2, 0.0

dx4/dt=x1*x3-x1*x4+0.01*x3-0.01*x4, 0.0

r=1.0
k=0.01

ODE predicts dampened 
oscillation, while the 
stochasic system keeps 
oscillating at max level. 

0
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200

0 1 2 3 4 5 6 7 8 9 10
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Tyson Cell Cycle
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Tyson Cell Cycle
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The Tyson Cell Cycle in SPiM
directive sample 10.0 1000

directive plot Cyclin(); Cdc2P1(); Cdc2(); 

Cdc2P1_CyclinP1(); Cdc2_CyclinP1(); CyclinP1()

val factor = 200.0  (* Scaling Factor *)

val k1 = 5.0 (* 0.015 cyclin production cranked up *)

val k2 = 0.0   

val k3 = 200.0/factor

val k4p = 0.018   

val k4 = 200.0/factor

val k5 = 0.0   

val k6 = 1.0

val k7 = 0.6   

val k8 = 1000.0

val k9 = 10.0

(* THE REACTIONS

k1 0 -> Cyclin

k2 Cyclin -> 0

k3 Cyclin + Cdc2P1 -> Cdc2P1_CyclinP1

k4p Cdc2P1_CyclinP1 -> Cdc2_CyclinP1

k4 Cdc2P1_CyclinP1 + Cdc2_CyclinP1 -> 2* Cdc2_CyclinP1

k5 Cdc2_CyclinP1 -> Cdc2P1_CyclinP1

k6 Cdc2_CyclinP1 -> CyclinP1 + Cdc2

k7 CyclinP1 -> 0

k8 Cdc2 -> Cdc2P1

k9 Cdc2P1 -> Cdc2

*)

new c3@k3:chan   

new c4@k4:chan

let genCyclin() = delay@k1; (Cyclin() | genCyclin())

and Cyclin() = 

do delay@k2; ()

or ?c3; Cdc2P1_CyclinP1()

and Cdc2P1() =

do !c3; ()

or delay@k9; Cdc2()

and Cdc2() =

delay@k8; Cdc2P1()

and Cdc2P1_CyclinP1() =

do delay@k4p; Cdc2_CyclinP1()

or ?c4; Cdc2_CyclinP1()

and Cdc2_CyclinP1() =

do !c4; Cdc2_CyclinP1()

or delay@k5; Cdc2P1_CyclinP1()

or delay@k6; (CyclinP1() | Cdc2())

and CyclinP1() =

delay@k7; ()

run genCyclin()

run 200 of Cdc2P1()
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SPiM Simulation

Cell Divisions

Very high relative level of Cdc2P1, 
in fast reaction (bad for simulation)

k8 Cdc2 -> Cdc2P1

k9 Cdc2P1 -> Cdc2

val k8 = 1000.0

val k9 = 10.0
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The Tyson Cell Cycle in BIOCHAM
%Description

%A model of the cell cycle based on the interactions between cdc2 and cyclin.

%present(Cdc2,0.39).

%present(Cdc2~{p1},0.0001).

%present(Cyclin,0.0001).

%present(Cdc2~{p1}-Cyclin~{p1},0.0001).

%present(Cdc2-Cyclin~{p1},0.0001).

%present(Cyclin~{p1},0.0001).

present(Cdc2,1).

absent(Cdc2~{p1}).

absent(Cyclin).

absent(Cdc2-Cyclin~{p1}).

absent(Cdc2~{p1}-Cyclin~{p1}).

absent(Cyclin~{p1}).

k1 for _=>Cyclin.

k2*[Cyclin] for Cyclin=>_.

k3*[Cyclin]*[Cdc2~{p1}] for Cyclin+Cdc2~{p1} => Cdc2~{p1}-Cyclin~{p1}.

k4p*[Cdc2~{p1}-Cyclin~{p1}] for Cdc2~{p1}-Cyclin~{p1} => Cdc2-Cyclin~{p1}.

k4*([Cdc2-Cyclin~{p1}])^2*[Cdc2~{p1}-Cyclin~{p1}]

for Cdc2~{p1}-Cyclin~{p1} =[Cdc2-Cyclin~{p1}]=> Cdc2-Cyclin~{p1}.

k5*[Cdc2-Cyclin~{p1}] for Cdc2-Cyclin~{p1} => Cdc2~{p1}-Cyclin~{p1}.

k6*[Cdc2-Cyclin~{p1}] for Cdc2-Cyclin~{p1} => Cyclin~{p1}+Cdc2.

k7*[Cyclin~{p1}] for Cyclin~{p1} =>_.

k8*[Cdc2] for Cdc2 => Cdc2~{p1}.

k9*[Cdc2~{p1}] for Cdc2~{p1} => Cdc2.

%Cdc2-Cyclin~{p1}=>Cdc2~{p1}.

macro(YT,[Cyclin]+[Cyclin~{p1}]+[Cdc2~{p1}-Cyclin~{p1}]+[Cdc2-Cyclin~{p1}]).  

macro(CT,[Cdc2]+[Cdc2~{p1}]+[Cdc2~{p1}-Cyclin~{p1}]+[Cdc2-Cyclin~{p1}]).

macro(ratio,YT/CT).

parameter(k1,0.015).

parameter(k2,0.015).

parameter(k3,200).

parameter(k4p,0.018).

parameter(k4,180).

parameter(k5,0).

parameter(k6,1).

parameter(k7,0.6).

parameter(k8,100).

parameter(k9,100).
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The Tyson Cell Cycle in Cellerator
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MAPK Cascade
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MAPK Cascade

Ultrasensitivity in the mitogen-activated protein cascade, Chi-Ying F. Huang and 
James E. Ferrell, Jr., 1996, Proc. Natl. Acad. Sci. USA, 93, 10078-10083.

10 chemical 
reactions

ReservoirsReservoirsReservoirs

Back EnzymesBack Enzymes
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As 18 Ordinary Differential Equations
Plus 7 conservation equations

Each molecule

in exactly one state

One equation for each 
species (8) and complex 
(10), but not for constant 
concentration enzymes (4)
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The Circuit

K-PKKK KKK*

E1 

E2

KK KK-P

KK-P’ase

KK-PP K

K-P’ase

K-PP

(output)

(input)
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Enzymatic Reactions

S P

E

E+S ES P+E
c

d

e

S() @ new u@d  new k@e 
!ac(u,k); (!ud; S() + !ke; P())

E() @ ?ac(u,k); (?ud; E() + ?ke; E())

E

Pac ud ke

S

Reaction View

≡

Interaction View
bind

unbind

react
bind unbind react

P() @ …

private bindings between
one S and one E molecule

(c,d,e)

intermediate
complex
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As 12 processes (in SPiM)
let KKK() =

(new u1@d1:Release new k1@r1:React

!a1(u1,k1); (do !u1;KKK() or !k1;KKKst()))

and KKKst() =

(new u2@d2:Release new k2@r2:React

do !a2(u2,k2); (do !u2;KKKst() or !k2;KKK())

or ?a3(u3,k3); (do ?u3;KKKst() or ?k3;KKKst())

or ?a5(u5,k5); (do ?u5;KKKst() or ?k5;KKKst()))

let E1() = 

?a1(u1,k1); (do ?u1;E1() or ?k1;E1())

let E2() =

?a2(u2,k2); (do ?u2;E2() or ?k2;E2())

let KK() =

(new u3@d3:Release new k3@r3:React 

!a3(u3,k3); (do !u3;KK() or !k3;KK_P()))

and KK_P() =

(new u4@d4:Release new k4@r4:React 

new u5@d5:Release new k5@r5:React

do !a4(u4,k4); (do !u4;KK_P() or !k4;KK())

or !a5(u5,k5); (do !u5;KK_P() or !k5;KK_PP()))

and KK_PP() =

(new u6@d6:Release new k6@r6:React 

do !a6(u6,k6); (do !u6;KK_PP() or !k6;KK_P())

or ?a7(u7,k7); (do ?u7;KK_PP() or ?k7;KK_PP())

or ?a9(u9,k9); (do ?u9;KK_PP() or ?k9;KK_PP()))

and KKPse() = 

do ?a4(u4,k4); (do ?u4;KKPse() or ?k4;KKPse())

or ?a6(u6,k6); (do ?u6;KKPse() or ?k6;KKPse())

let K() = 

(new u7@d7:Release new k7@r7:React 

!a7(u7,k7); (do !u7;K() or !k7;K_P()))

and K_P() = 

(new u8@d8:Release new k8@r8:React 

new u9@d9:Release new k9@r9:React 

do !a8(u8,k8); (do !u8;K_P() or !k8;K())

or !a9(u9,k9); (do !u9;K_P() or !k9;K_PP()))

and K_PP() = 

(new u10@d10:Release new k10@r10:React 

!a10(u10,k10); (do !u10;K_PP() or !k10;K_P()))

and KPse() = 

do ?a8(u8,k8); (do ?u8;KPse() or ?k8;KPse())

or ?a10(u10,k10); (do ?u10;KPse() or ?k10;KPse())

[1]substrate

[2]substrate

[3]kinase

[5]kinase

[1]enzyme

[2]enzyme

[3]substrate

[4]substrate

[5]substrate

[6]substrate

[7]kinase

[9]kinase

[4]phtase

[6]phtase

[7]substrate

[8]substrate

[9]substrate

[10]substrate

[8]phtase

[10]phtase

KKK:E1 complex

E1:KKK complex

One process for each 
component (12) including 
enzymes, but not for 
complexes. 

No need for conservation 
equations: implicit in “choice”
operator in the calculus.
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… and 30 Interaction Channels

type Release = chan() 

type React = chan()

type Bond = chan(Release,React) 

new a1@1.0:Bond val d1=1.0 val r1=1.0

new a2@1.0:Bond val d2=1.0 val r2=1.0

new a3@1.0:Bond val d3=1.0 val r3=1.0

new a4@1.0:Bond val d4=1.0 val r4=1.0

new a5@1.0:Bond val d5=1.0 val r5=1.0

new a6@1.0:Bond val d6=1.0 val r6=1.0

new a7@1.0:Bond val d7=1.0 val r7=1.0

new a8@1.0:Bond val d8=1.0 val r8=1.0

new a9@1.0:Bond val d9=1.0 val r9=1.0

new a10@1.0:Bond val d10=1.0 val r10=1.0

…

run 100 of KKK()  run 100 of KK()   run 100 of K()

run 1 of E2()  run 1 of KKPse()  run 1 of KPse()

run 1 of E1()

ai(ui,ki): release (ui@di) and react (ki@ri) 
channels passed over bond (ai) channel.
(No behavior attached to channels 
except interaction rate.)
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MAPK Cascade Simulation in SPiM

Rates and concentrations from paper:

1xE2 (0.3 nM)

1xKKPase (0.3 nM)

120xKPase (120 nM)

3xKKK (3 nM)

1200xKK (1.2 uM)

1200xK (1.2 uM)

dx = rx = 150,  ax = 1  

(Kmx = (dx + rx) / ax, Km = 300 nM)

1xE1

K-PKKK KKK*

E1 

E2

KK KK-P

KK-P’ase

KK-PP K

K-P’ase

K-PP

(output)

(input)

KKK

KK

K

KK-P

K-P

1xE1   injected

KKK*

KK-PP

K-PP

1st stage: 
KKK* barely rises

2nd stage: 

KK-PP rises, but is not stable

3rd stage: 

K-PP flips up to max

even anticipating 2nd stage 
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MAPK Cascade Simulation in SPiM

K-PKKK KKK*

E1 

E2

KK KK-P

KK-P’ase

KK-PP K

K-P’ase

K-PP

(output)

(input)

All coefficients 1.0 !!!

100xKKK, 100xKK, 100xK,   

13xE2, 13xKKPse, 13xKPse.

nxE1 as indicated

(1xE1 is not sufficient to produce an output)

(* Huang&Ferrell, MAPK cascade *)

directive sample 20.0 (* 1000 *)

directive plot !a1 as "KKK"; !a2 as "KKK*"; 

!a3 as "KK"; !a4 as "KK_P"; !a6 as "KK_PP";

!a7 as "K"; !a8 as "K_P"; !a10 as "K_PP"

type Release = chan() 

type React = chan()

type Bond = chan(Release,React) 

new a1@1.0:Bond val d1=150.0 val r1=150.0

new a2@1.0:Bond val d2=150.0 val r2=150.0

new a3@1.0:Bond val d3=150.0 val r3=150.0

new a4@1.0:Bond val d4=150.0 val r4=150.0

new a5@1.0:Bond val d5=150.0 val r5=150.0

new a6@1.0:Bond val d6=150.0 val r6=150.0

new a7@1.0:Bond val d7=150.0 val r7=150.0

new a8@1.0:Bond val d8=150.0 val r8=150.0

new a9@1.0:Bond val d9=150.0 val r9=150.0

new a10@1.0:Bond val d10=150.0 val r10=150.0

let KKK() =

(new u1@d1:Release new k1@r1:React

!a1(u1,k1); (do !u1;KKK() or !k1;KKKst()))

and KKKst() =

(new u2@d2:Release new k2@r2:React

do !a2(u2,k2); (do !u2;KKKst() or !k2;KKK())

or ?a3(u3,k3); (do ?u3;KKKst() or ?k3;KKKst())

or ?a5(u5,k5); (do ?u5;KKKst() or ?k5;KKKst()))

let E1() = 

?a1(u1,k1); (do ?u1;E1() or ?k1;E1())

let E2() =

?a2(u2,k2); (do ?u2;E2() or ?k2;E2())

let KK() =

(new u3@d3:Release new k3@r3:React 

!a3(u3,k3); (do !u3;KK() or !k3;KK_P()))

and KK_P() =

(new u4@d4:Release new k4@r4:React new u5@d5:Release new k5@r5:React

do !a4(u4,k4); (do !u4;KK_P() or !k4;KK())

or !a5(u5,k5); (do !u5;KK_P() or !k5;KK_PP()))

and KK_PP() =

(new u6@d6:Release new k6@r6:React 

do !a6(u6,k6); (do !u6;KK_PP() or !k6;KK_P())

or ?a7(u7,k7); (do ?u7;KK_PP() or ?k7;KK_PP())

or ?a9(u9,k9); (do ?u9;KK_PP() or ?k9;KK_PP()))

and KKPse() = 

do ?a4(u4,k4); (do ?u4;KKPse() or ?k4;KKPse())

or ?a6(u6,k6); (do ?u6;KKPse() or ?k6;KKPse())

let K() = 

(new u7@d7:Release new k7@r7:React 

!a7(u7,k7); (do !u7;K() or !k7;K_P()))

and K_P() = 

(new u8@d8:Release new k8@r8:React new u9@d9:Release new k9@r9:React 

do !a8(u8,k8); (do !u8;K_P() or !k8;K())

or !a9(u9,k9); (do !u9;K_P() or !k9;K_PP()))

and K_PP() = 

(new u10@d10:Release new k10@r10:React 

!a10(u10,k10); (do !u10;K_PP() or !k10;K_P()))

and KPse() = 

do ?a8(u8,k8); (do ?u8;KPse() or ?k8;KPse())

or ?a10(u10,k10); (do ?u10;KPse() or ?k10;KPse())

run 3 of KKK()  run 1200 of KK()   run 1200 of K()

run 1 of E2()  run 1 of KKPse()  run 120 of KPse()

run 1 of E1()
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MAPK Cascade Simulation in SPiM

K-PKKK KKK*

E1 

E2

KK KK-P

KK-P’ase

KK-PP K

K-P’ase

K-PP

(output)

(input)

All coefficients 1.0 !!!

100xKKK, 100xKK, 100xK,   

5xE2, 5xKKPse, 5xKPse.  

Input is 1xE1. 
Output is 90xK-PP (ultrasensitivity).

KKK*

KK-PP

K-PP

KKK

KK

K

KK-P

K-P

1xE1   injected

1st stage: 
KKK* barely rises

2nd stage: 

KK-PP rises, but is not stable

3rd stage: 

K-PP flips up to max

even anticipating 2nd stage 
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0

200

400

600

800

1000

1200

0 10 20 30 40 50 60 70 80 90 100

KKK KKK* KK KK_P KK_PP K K_P K_PP

Parameters from paper 
(wide rate range: 1-150, wide concentration range: 3nm – 1200nm)

Artificial parameters 
(all rates 1.0, all concentrations 1000)

MAPK Cascade Simulation in SPiM
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Inverter ODE
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0

20

40

60

80

100

120

0 0.05 0.1 0.15 0.2

Not_hi() Not_lo() A()

Inverter ODE

a

b

Nothi(a,b) = !b;Nothi(a,b) ⊕ ?a;Notlo(a,b)

Notlo(a,b) = τdel;Nothi(a,b)

A(a) = !a;(A(a)|A(a))

A(x(r)) | n of Nothi(x(r),y(s))

Nothi/x,y + A/x →r Notlo/x,y + A/x + A/x
Notlo/x,y →del Nothi/x,y
A/x + n of Nothi/x,y

directive sample 0.2 1000

directive plot Not_hi(); Not_lo(); A()

new a@1.0:chan new b@1.0:chan

val del = 1.0

let Not_hi(a:chan, b:chan) = 

do !b; Not_hi(a,b) or ?a; 
Not_lo(a,b)

and Not_lo(a:chan, b:chan) = 

delay@del;Not_hi(a,b)

let A(a:chan) = !a;(A(a)|A(a))

run (A(a) | 100 of Not_hi(a,b))

[A/x]• = r[Nothi/x,y][A/x] 
[Nothi/x,y]• = -r[Nothi/x,y][A/x]+del[Notlo/x,y]
[Notlo/x,y]• = r[Nothi/x,y][A/x]-del[Notlo/x,y]

linearly increasing input

interval/step [0:0.001:0.2] n=100, r=1, del=1

(A) dx1/dt = x2*x1 1

(Nothi) dx2/dt = -x2*x1+x3 100

(Notlo) dx3/dt = x2*x1-x3  0

Matlab
continuous_sys_generator

Nothi Notlo

A

SPiM
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François and Hakim
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François & Hakim Fig3A

Fig 3A

Fig 14A

PNAS (101)2, 580-585, 2004

Free evolution

Design of genetic networks with specified functions by evolution in 
silico
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François & Hakim Fig3A, SPiM simulation

Spontaneous switch at ~500
(as discussed in Supporting Text)
30xB injected at ~3000
30xA injected at ~4000

Free evolution

120xA injected at ~4000
120xB injected at ~8000

Parameters as in paper

Modified for stability: dkA = 0.02, dkB = 0.02

Free evolution

Spontaneous switch at ~1100
100xB injected at ~3000
30xA injected at ~4000

3 copies of each gene.

SPiM simulation
SPiM simulationSPiM simulation

SPiM simulation SPiM simulation SPiM simulation
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François & Hakim Fig3Ast8

200xA injected at ~2500
500xB injected at ~5000
200xA injected at ~7500

Fig 13A

Circuit of Fig 3A with parameters from SupportingText Fig 8, plotted in Fig 13A

Fig 8

200xB injected at 0
600xA injected at ~2500
600xB injected at ~7500

Free evolution

SPiM simulation
SPiM simulation SPiM simulation SPiM simulation
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François & Hakim 3A in SPiM

(* Francois and Hakim circuit 3A *)(* Francois and Hakim circuit 3A *)(* Francois and Hakim circuit 3A *)(* Francois and Hakim circuit 3A *)

val pntAunb = 0.42val pntAunb = 0.42val pntAunb = 0.42val pntAunb = 0.42

val geneACst = 0.20val geneACst = 0.20val geneACst = 0.20val geneACst = 0.20

val geneBCst = 0.37val geneBCst = 0.37val geneBCst = 0.37val geneBCst = 0.37

val geneBInh = 0.027 val geneBInh = 0.027 val geneBInh = 0.027 val geneBInh = 0.027 

val bA = 0.19val bA = 0.19val bA = 0.19val bA = 0.19

val AB = 0.72val AB = 0.72val AB = 0.72val AB = 0.72

val dkA = 0.0085val dkA = 0.0085val dkA = 0.0085val dkA = 0.0085

val dkB = 0.034val dkB = 0.034val dkB = 0.034val dkB = 0.034

val dkAB = 0.53val dkAB = 0.53val dkAB = 0.53val dkAB = 0.53

let ptnA() =let ptnA() =let ptnA() =let ptnA() =

(new unb@pntAunb(new unb@pntAunb(new unb@pntAunb(new unb@pntAunb

do delay@dkA or !AB or !bA(unb);(?unb; ptnA()))do delay@dkA or !AB or !bA(unb);(?unb; ptnA()))do delay@dkA or !AB or !bA(unb);(?unb; ptnA()))do delay@dkA or !AB or !bA(unb);(?unb; ptnA()))

let ptnB() =let ptnB() =let ptnB() =let ptnB() =

do delay@dkB or ?AB;cpxAB()do delay@dkB or ?AB;cpxAB()do delay@dkB or ?AB;cpxAB()do delay@dkB or ?AB;cpxAB()

let cpxAB() = delay@dkABlet cpxAB() = delay@dkABlet cpxAB() = delay@dkABlet cpxAB() = delay@dkAB

let geneA() =let geneA() =let geneA() =let geneA() =

delay@geneACst; (ptnA() | geneA())delay@geneACst; (ptnA() | geneA())delay@geneACst; (ptnA() | geneA())delay@geneACst; (ptnA() | geneA())

let geneBfree() =let geneBfree() =let geneBfree() =let geneBfree() =

do delay@geneBCst; (ptnB() | geneBfree())do delay@geneBCst; (ptnB() | geneBfree())do delay@geneBCst; (ptnB() | geneBfree())do delay@geneBCst; (ptnB() | geneBfree())

or ?bA(unb); geneBbound(unb)or ?bA(unb); geneBbound(unb)or ?bA(unb); geneBbound(unb)or ?bA(unb); geneBbound(unb)

and geneBbound(unb:ch()) =and geneBbound(unb:ch()) =and geneBbound(unb:ch()) =and geneBbound(unb:ch()) =

do delay@geneBInh; (ptnB() | geneBbound(unb))do delay@geneBInh; (ptnB() | geneBbound(unb))do delay@geneBInh; (ptnB() | geneBbound(unb))do delay@geneBInh; (ptnB() | geneBbound(unb))

or !unb; geneBfree()or !unb; geneBfree()or !unb; geneBfree()or !unb; geneBfree()

run (geneA() | geneBfree())run (geneA() | geneBfree())run (geneA() | geneBfree())run (geneA() | geneBfree())
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