The Cell Cycle Switch Computes Approximate Majority -
Supplement

Luca Cardelfi, Attila Csikasz-Nag¥/

Microsoft Research Cambridge, 7 J J Thomson AvelCage CB3 OFB, UK
>The Microsoft Research-University of Trento CerfitneComputational and Systems Biology,
Piazza Manufattura , Rovereto-38068, Italy

Correspondenceto:

- Attila Csikasz-Nagy, The Microsoft Research-Umsity of Trento Centre for Computational and
Systems Biology, Piazza Manufattura , Rovereto-83Qély, email: csikasz@cosbi.eu.

- Luca Cardelli, Microsoft Research Cambridge J/Thomson Ave Cambridge CB3 OFB, UK, email:
luca@microsoft.com.

Table of Contents:

Supplementary 1: Comparison of the CC model witliezacell cycle switch and cell cycle oscillator

70 L] 3P RPPPUUSURUSPRP 2
Supplementary 2: Comparing convergence times fardift system Sizes. ........cccvvvvvviviiiceeeeeennn. 4
Supplementary 3: Circuits with a single feedbadplo..............ccccoeiiiiii e 6
Supplementary 4: Mechanical OSCIIALOrS .....ccceeeiiiiiiiiiiii e 8
Supplementary 5: Greatwall VariatioNS...... o cceeeieeeieee e 10
Supplementary 6: MOUEIS ............uuiiiiii ettt e e e a e e e e e e 11
SupplemMeNtary REFEIENCES. ........c.vvviiiiceemmeee ettt s aaseeaebeeeseesearennseannnsnnssnnes 37



Supplementary 1: Comparison of the CC model with earlier cell cycle

switch and cell cycle oscillator models

The diagram on the left of Figure S1-1 is a repobidn of Fig 1B, M-phase control system, from [1]
The blue letters in the left and right diagramasiltate the one-to-one correspondence with the CC
network studied in this paper (Fig. 1d.1). The etk loops are indicated in color. In these diagram
we use a hollow-ball, informally, to indicate catad activity that may be achieved by various
mechanisms.
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Figure S1-1: The cell cycle switch of the Novak - Tyson model and the CC model

The diagram in Figure S1-2 is a summary of the rofithe cell cycle oscillator from [1], where
cyclin (c) influx and degradation are integrateéimore complex way into the main swit@f.(Fig.
3c), and where the second switch has a differemttsire while still providing a similarly connected
negative feedback to the main switch.
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Figure S1-2: The cell cycle oscillator of the Novak-Tyson model and the CC-AM oscillator. The
left panel is a representation of the original madéovak and Tyson [1], the right panel is the-CC
AM inner model from Fig 3c. Biological interpretati ofs, w, z, X, y, p, I, t are given on figure S1-1,
c represents free cyclih, f, k, i, v, | are representing the different forms and regutaddtE andUbE

variables of the original model.




Supplementary 2: Comparing convergence times at different system

S1zes.

In the original AM algorithm [2] it is shown that & system AM with N =x + b +y molecules,
convergence is obtained with high probability within asymptotic bound @(N log N) reactions,
when counting also unproductigellision reactions of the form + x - x + x (which are included for
technical reasons). In the execution model, orotder ofN such reactions can happen in parallel
within a time interval, so that the convergencerbisO(log N) in parallel time, which is simply the
number of reactions divided by the number of mdiexuSeen as a chemical system, increasing the
sizeN and still assuming th&tt reactions happen in parallel is equivalent to lat&sg a constant
concentration, and hence assuming that the volahabitated by the molecules increases With
The volume increase is in turn equivalent to redgithe stochastic rates (which have dimension
seconds) so that the overall propensity of the reactighe tochastic rate times the number of
possible reactions) remains the same. In biologérats, this means that, e.g., if a cell grows but
manages to keep the concentration of the componéats AM-like algorithm constant, it
experiences a slowdown in decision time of dd{iog N).

The unproductive collisions mentioned above havkinetic effect in the chemical interpretation
(both in the deterministic interpretation becaus®BDE mass-action kinetics where they cancel out,
and in the stochastic interpretation because oiikov memory-less assumption) and can be
ignored. The algorithm thus reduces to the fouribal reactions we have discussed. When
considering also the collisions, it is still theseahat in the chemical interpretation on the oo
reactions happen in parallel, and the authors dethat the same bound 6{log N) convergence
time holds (at constant concentration). .

Simulations of AM show that the expected (mean) Inemof reactions is lower than the asymptotic
bound, but follows the same law. For example,haworst case of =y initial conditions, almost all
AM runs complete in ~& log N reactions, indicating where the true bound liag. tBe expectation
is seen to be ~® log N reactions [2]. We can therefore talk equivaleathput the bound or the
expectation, up to a constant, both having the fohiog N.

In this paper we have taken an equivalent but @iffepoint of view about system scaling. We keep
the stochastic rates fixed (at 1.0) when varfihghe result is that increasimigjincreases the reaction
propensities and hence speeds up the convergetioe algorithm. Effectively, by increasimfgand
keeping the rates fixed, we keep our interactidame fixed and hence increase the concentration. In
particular, since all reactions are bimoleculacréasing\ without changing the rates causes the
propensity of all reactions to increaseéNdsBecause of the speedup in propensities, our cganee

time is notO(log N) as in the previous case, N ™ log N) in the fixed volume. Nothing deep is
changing by adopting this point of view: just th®ice of the quantities to keep fixed.

Therefore, according to o@(N* log N) time bounds, for a factérdepending on the initial
conditions, the expected or high-probability comegrce time in &ixed volume for a system of size

15 is E(AMys) = k 15" log 15, and similarly for E(ANkso9. The ratio between those numbers is
E(AM 15009 / E(AM15) = 0.00355, independently kfwhich cancels out. We use this ratio to calibrate
the time scales on the horizontal axis of Fig. 1blaining good agreement between stochastic
simulations at size 15000 and probability distrids at size 15. For Fig. 1c and Fig. 1d it iseask
our hypothesis that SC and CC behave similarly to AM, and thatéfore should have a bound of
O(N " log N). We use the same ratio there too, which is inddeet of thek for those systems (note
that convergence is not so clearly-cut for thesgesys, s& would be more difficult to measure). The
fact that plots at different system sizes still chatip supports our hypothesis. For Fig. 1(a) weeats
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have an algorithmic bound G(N? reactions to convergence, since the system mpesfan unbiased
random walk in state space. Again, under our assany the reaction propensities growN#sso

that the ratio of convergence times at differestem sizes is 1.0: no rescaling in performed hare f
different system sizes. Note therefore that thealayy of the different systems is based on the
algorithmic properties of the systems.



Supplementary 3: Circuits with a single feedback loop

All the systems under consideration in the mainybaicthe paper contain two positive feedback
loops. In nature there are several systems wheirggée positive feedback can lead to proper
bistability. The necessity of the presence of ettbacks in the cell cycle switch has been
investigated [3,4] and it has been shown that teegnce of two feedbacks makes the switch more
robust. It is then interesting to see how AM and&@@pare in absence of one of the feedback loops.

We see that bistability remains if we remove eithesitive feedback loops from the AM or the CC
models (Fig. S3-1). Still, we have to fine-tune pla@ameters to find these bistable solutions, aed e
so the width of the bistable region is greatly il We further observe that the behaviors of AM
and CC are similar even when one of their feedlbaas are removed. When the double negative
feedback loop is removed from the CC model we segvan larger decrease in the maximal value
can reach as a result of a constantly activethis system (Fig. S3-1d). The main problem whté
system with only double negative feedback (Fig18Bis thatx andz act on each other, thus when
they interact there could be two different outcomithe reaction. Eithet convertsz tow or z
convertx toy. Such type of direct antagonism leads to reduceyen to total absence of bistability

[5].
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Figure S3-1. Circuitswith a single feedback loop. The plot axes are similar to those of Fig. 2, but
we have obtained a higher resolution in the hegistbacause of the smaller system sizes.

Regions of bigtability for AM, AMup, AMdn models

The reduced bistability in the models with singtedback loop can be nicely visualized in a two
parameter bifurcation diagram. On Fig. S3-2 we sttmvparameter regimes where each of the three
models (AM, AMup and AMdn) shows bistability. AM @lvs bistability inside the blue curve (what
labels the positions of saddle-node bifurcatiomsaning that any combination ®f andsy inside

this area would lead to a bistable system. Thedtlier models work as a bistable switch only inra fa
smaller parameter regime as any parameter combmatit of the colored regions lead to monostable
systems. Plots created by Oscill8 (http://sourggfaret/projects/oscill8/).
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Figure S3-2. Regions of bistability for AM, AMup, AMdn This bifurcation diagram describes the
regions of bistability, on the inside of the cuspisAM (blue), AMup (red) and AMdn (green).



Supplementary 4: Mechanical Oscillators
We describe two mechanical oscillators that casdes as analogous to the chemical oscillators
discussed in the main text.

The Trammel of Archimedes (Fig S4-1) is a deviaedusince antiquity to draw ellipses [6]. As the
handle is moved in circular motion, the two ‘swigshplaced inside the grooves obey the following
state transitions, where each switch extremal $tage. x in (1)) remains relatively fixed while
inducing a trasition in the other switch (e.g., X ¥.in (1)). This is the same pattern of connections
and state transitions as in Fig. 3a, where thechedt are AM switches.

X2 + X1 - X1 + Y2 D
X1 +Y2 - Y2+ Y1
Y2 + Y1 - Y1 + X2
Vi + X2 - X2 + X1

Fig $4-1: The Tramme of Archimedes
http://commons.wikimedia.org/wiki/File: Trammel _of Archimedes Small_White.gif
Thisfileislicensed under the Creative Commons Attribution-Share Alike 3.0 Unported license.

The Shishi-Odoshi (Fig S4-2) is a Japanese deed to scare animals by sudden noise and motion.
Its recurring pattern is similar to the Trammelt two connections are replaced by unregulated
inputs: a continuous flow of water to fill the pipden it is empty and pointing up, and the force of
gravity on an off-center pivot to cause the pippdot up when it is empty and pointing down. The
other two transitiosn are as above. This is theepabf connections and state transitions form Big.
The Shishi-Odoshi has been used as a paradigmhdartl-cycle osciallator [7,8].

X1 = pipe-full, y1 = pipe-empty, X2 = mouth-up, y, = mouth-down,

sx = water-flow, sy = counterbalance.

X2 + X1 - X1 + Y2 (xi=pipe-full causes mouth-up - mouth-down)

X1 + Y2 - Y2 + y1 (y=mouth-down causes pipe-full - pipe-empty)

Y2 + Sy - Sy + Xz (sy=counterbalance causes mouth-down - mouth-up)
Y1 + SX — sSX + X1 (sx=water-flow causes pipe-empty - pipe-full)
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Figure $4-2: The Shishi-Odoshi
http: //upl oad.wi ki media.or g/wi ki pedia/commons/1/1c/Shisendo_Souzu.jpg
Thisfileislicensed under the Creative Commons Attribution-Share Alike 3.0 Unported license.



Supplementary 5: Greatwall variations

Fig. S5-1b shows a switching speed comparison legtv@V (Fig. 5a) and GW-Indirect (Fig. S5-1a).
A sample of three stochastic upper trajectoriesaredlower trajectory is given for each system. In
both systems, all species start at the same 1860680] but with v=0, and all rates set at 1.0. G\W-In
shows the same speedup as GW with respect to CC.
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Figure S5-1. Oscillator with indirect Greatwall feedback
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sx : [0..sxMax] init sxInit;
sy: [0..syMax] init syInit;

. J/ X+Y >Y+Y
Supplementary 6: Models Y 58 & o (rtixiy) ¢ (X exeD) &

(y'=min(y+1, yMax));
. // Y + X > X+ X
DC (Flg la) [rt] y>0 & x>0 -> (rt*y*x) : (y'=y-1) &
(x'=min(x+1, xMax));

" ) // X + SY => SY + Y
X — [rt] x>0 & sy>0 -> (rt*x*sy) : (x'=x-1) &
€ y (y'=min(y+1, yMax));

// Y + SX -> SX + X
[rt] y>0 & sx>0 -> (rt*y*sx) : (y'=y-1) &
(x'=min(x+1, xMax));

endmodule
Chemical Reaction Model

X + + rewards "x" true : x; endrewards
y - y+y rewards "y" true : y; endrewards
y +X - X+ X rewards "sx" true : sx; endrewards
rewards "sy" true : sy; endrewards

Deterministic Model

dx/dt = (x#sx)*y - (y+sy)*x rewards "time" true : 1; endrewards

y = xby-x
Query file (.csl)
xby=1500, sy=0, sx=0 const double T;
const 1nt 1;
XPPAUT / Oscill8 Source (.ode) P=7? [FLT,Tlx=1]
p xby=1500
p sy=0, sx=0 Initial Parameters
y = xby-x xInit = 7
dx/dt = (x+sx)*y - (y+sy)*x yInit = 8
aux y=y rt = 1.0
i=0..15by 1
SPiM Source (.spi) T=0..1by0.05

directive sample 1.0 1000 (sxInit = syInit = 0)

directive plot x(Q)
val r = 1.0

new xcat@r:chan
new ycat@r:chan

Tet X0 = AM (Fig 1b)
do !xcat; xQO
or ?ycat; yQ
and yQ =
do !ycat; yO
or ?xcat; x(O X —
run 7000 of xQ)  — y

run 8000 of y() | I
PRISM Source

Model file (.sm) Chemical Reaction Model
ctmc X+y >y+bhb

. . . y+X > X+Db
const int xMax = xInit+yInit; b+ X o X + X
const int yMax = XInit+yInit;
const int sxMax = XInit+yInit; b+y - y+y
const int syMax = xInit+yInit;

) ] Deterministic Model
const int xInit; dx/dt = (x+sx)*b - (y+sy)*x
const 1_nt yIm‘_c; db/dt = (x+sx)*y + (y+sy)*x - (y+sy)*b -
const int sxInit; (x+5X)*b
const int syInit; y = xby-b-x
const double rt; xby=1500, sy=0, sx=0
module DC

XPPAUT / Oscill8 Source (.ode)

x 1 [0..xMax] init xInit; p xby=1500
y : [0..yMax] init yInit; p sy=0, sx=0

11



y = Xby-b-x

dx/dt = (x+sx)*b - (y+sy)*x

db/dt = (x+sx)*y + (y+sy)*x - (y+sy)*b -
(x+sx)*b

aux y=y

SPiM Source (.spi)

directive sample 0.00355 1000
directive plot x(Q)
val r = 1.0
new xcat@r:chan
new ycat@r:chan
let x(O) =

do !xcat; xQO

or ?ycat; b(Q
and yO =

do !ycat; yO

or ?xcat; bQ
and b =

do ?xcat; xQO

or ?ycat; yQ
run 5000 of x()
run 5000 of b(Q)
run 5000 of y(Q)

PRISM Source

Model file (.sm)

ctmc

const int xMax = xInit+yInit+bInit;
const int yMax = xInit+yInit+bInit;
const int bMax = xInit+yInit+bInit;
const int sxMax = xInit+yInit+bInit;
const int syMax = XInit+yInit+bInit;

const int xInit;
const int yInit;
const int bInit;
const int sxInit;
const int syInit;

const double rt;
module AM

x : [0..xMax] init xInit;
y : [0..yMax] init yInit;
b : [0..bMax] init bInit;
sx : [0..sxMax] init sxInit;
sy : [0..syMax] init syInit;

// X+Y ->Y+B

[rt] x>0 & y>0 -> (rt*x*y) : (x'=x-1) &
(b'=min(b+1, bMax));

// Y+ X ->X+B

[rt] y>0 & x>0 -> (rt*y*x) : (y'=sy-1) &
(b'=min(b+1, bMax));

// B+ X -> X + X

[rt] b>0 & x>0 -> (rt*b*x) : (b'=b-1) &
(x'=min(x+1, xMax));

// B+Y ->Y+Y

[rt] b>0 & y>0 -> (rt*b*y) : (b'=b-1) &
(y'=min(y+1, yMax));

// X + SY -> SY + B
[rt] x>0 & sy>0 -> (rt*x*sy) : (x'=x-1) &
(b'=min(b+1, bMax));
// B+ SY ->SY +Y
[rt] b>0 & sy>0 -> (rt*b*sy) : (b'=b-1) &
(y'=min(y+1, ymax));
// Y + SX -> SX + B

[rt] y>0 & sx>0 -> (rt*y*sx) : (y'=y-1) &

(b'=min(b+1, bMax));
// B + SX -> SX + X

[rt] b>0 & sx>0 -> (rt*b*sx) : (b'=b-1) &

(x"'=min(x+1, xMax));

endmodule

rewards "x" true : x; endrewards
rewards "y" true : y; endrewards
rewards "b" true : b; endrewards
rewards "sx" true : sx; endrewards

rewards "sy" true : sy; endrewards

rewards "time" true : 1; endrewards

Query file (.csl)
const double T;
const int 1i;

P=? [ F[T,T] x=1 ]

Initial Parameters
xInit = yInit = bInit =5
rt = 1.0

i=0..15by1
T=0..1by 0.05
(sxInit = syInit = 0)
SC (Fig 1c)
S
w2 Z

Xeb> y—T

Peg2r
T

(w and z are swapped w.r.t. figure 1c)

Chemical Reaction Model
X +W > w+Db

b+w - w+y
y+r -r+b
b+r - r+x
W+S > S +uU
U+s - s+ z
Z+Yy >y +u
Uu+y ->y+w
p+X > X+
g+X - X+r
r+t - t+aq
g+t > t+p

Deterministic Model
(t is time: we use tt for species t)

12



(p is parameter: we use pp for species p)

p
dz/dt = s*u - z*y
du/dt = s*w + z*y - s*u - y*u
dr/dt = x*q - tt*r
dg/dt = tt*r + x*pp - x*q - tt*q
dx/dt = (r+sx)*b - (w+sy)*x
db/dt = (r+sx)*y + (w+sy)*x - (w+sy)*b -
(r+sx)*b
W = wuz-z-u
pp = pqr-q-r
y = xby-b-x

wuz=1500, pqr=1500, xby=1500, s=500,
tt=500, sy=0, sx=0

XPPAUT / Oscill8 Source (.ode)

# t is time: we use tt for species t

# p is parameter: we use pp for species p
p wuz=1500, pqr=1500, xby=1500

p s=500, tt=500, sy=0, sx=0

W = wuz-z-u

pp = pgr-q-r

y = Xby-b-x

dz/dt = s*u - z*y

du/dt = s*w + z*y - s*u - y*u
dr/dt = x*q - tt*r

dg/dt = tt*r + x*pp - x*q - tt*q
dx/dt = (r+sx)*b - (w+sy)*x
db/dt = (r+sx)*y + (w+sy)*x - (w+sy)*b -
(r+sx)*b

aux w=w

aux pp=pp

aux y=y

SPiM Source (.spi)
directive sample 0.00710 1000
directive plot x(Q
val rt = 1.0
new xcat@rt:chan
new ycat@rt:chan
new wcat@rt:chan
new rcat@rt:chan
new scat@rt:chan
new tcat@rt:chan
let xO) =
do !xcat; xQO
or ?wcat; bQ
and yO =
do !ycat; yQO
or ?rcat; bQ
and b =
do ?rcat; xQ
or ?wcat; yQ
and z() =
?ycat; uQ
and rQ) =
do !rcat; rQ
or ?tcat; qQ
and w(Q) =
do !wcat; w()
or ?scat; uQ
and uQ) =
do ?scat; z(Q)
or ?ycat; wQ
and s =
Iscat(); sO
and t() =
ltcat; t(Q)
and pQ =
?xcat; qQ
and qQ =
do ?xcat; rQ
or ?tcat; pQ
run 5000 of x()

run 5000 of b()
run 5000 of y(Q)
run 5000 of z()
run 5000 of uQ)
run 5000 of w()
run 5000 of p(Q)
run 5000 of qQ
run 5000 of r()
run 5000 of s()
run 5000 of t()

PRISM Source

Model file (.sm)

ctmc

const int xMax = xInit+yInit+bInit;
const int yMax = xInit+yInit+bInit;
const int bMax = xInit+yInit+bInit;

const int wMax
const int zMax
const int uMax

wInit+zInit+uInit;
wInit+zInit+uInit;
wInit+zInit+uInit;

const int pMax = pInit+rInit+qInit;
const int rMax = pInit+rInit+qInit;
const int gMax = pInit+rInit+qInit;

const int sMax wInit+zInit+ulnit;

const int tMax = pInit+rInit+qInit;
const int sxMax = xInit+yInit+bInit;
const int syMax = XInit+yInit+bInit;

const int xInit;
const int yInit;
const int bInit;

const int wInit;
const int zInit;
const int uInit;

const int pInit;
const int rInit;
const int qInit;

const int sInit;
const int tInit;
const int sxInit;
const int syInit;

const double rt;
module SC

x : [0..xMax] init xInit;
y : [0..yMax] init yInit;
b : [0..bMax] init bInit;

w : [0..wMax] init wInit;
z : [0..zMax] init zInit;
u : [0..uMax] init uInit;

p : [0..pMax] init pInit;
r : [0..rMax] init rInit;
g : [0..gmax] init gqInit;

s : [0..sMax] init sInit;
t : [0..tMax] init tInit;
sx: [0..sxMax] init sxInit;
sy: [0..syMax] init syInit;

// X+ W->W+ B
[rt] x>0 & w>0 -> (rt*x*w) : (x'=x-1) &
(b'=min(b+1, bMax));



// B+ W ->W+Y s

[rt] b>0 & w0 -> (rt*b*w) : (b'=b-1) & Initial Parameters . .
(y'=min(y+1, yMax)); xInit = yInit = bInjt = wInit = zInit =
// Y+R->R + B uIn'!t = pInit = rInit = qInit = sInit =
[rt] y>0 & r>0 -> (rt*y*r) : (y'=y-1) & tInit =5

(b'=min(b+1, bMax)); re = 1.0

// B +R ->R + X i=0..15by 1

[rt] b>0 & r>0 -> (rt*b*r) : (b'=b-1) & T=0.. 2by0.1

(xX'=min(x+1, xMax)); (sxInit = syInit = 0)

// W+S ->S+U

[rt] w>0 & s>0 -> (rt*w*s) : (w'=w-1) &

(u'=minCu+l, uMax)); .
//U+S ->S+2 CC (Fig 1d)
[rt] u>0 & s>0 -> (rt*u*s) : (u'=u-1) &

(z'=min(z+1, zMax));

// Z+Y —>Y+U S
[rt] z>0 & y>0 -> (rt*z*y) : (z'=z-1) &

(u'=minCu+l, uMax)); l
// U+Y ->Y +W

[rt] u>0 & y>0 -> (rt*u*y) : (u'=u-1) &

—— a
(w'=min(w+1, wMax)); W(...LI..__ Z
// P+ X ->X+Q

[rt] p>0 & x>0 -> (rt*p*x) : (p'=p-1) & —
(q'=min(g+1, gMax)); X (_..IZ).__ y
// Q+ X -> X + R

[rt] g0 & x>0 -> (rt*g*x) : (q'=q-1) &

(r'=min(r+1, rMax));

//R+T ->T+Q p—"'q"")r
[rt] r>0 & t>0 -> (rt*r*t) : (r'=r-1) & —
(q'=min(g+1, gMax)); T

// Q+T ->T+ P

[rt] g0 & t>0 -> (rt*g*t) : (q'=q-1) & 't

(p'=min(p+1l, pMax));

// X + SY -> SY + B
[rt] x>0 & sy>0 -> (rt*x*sy) : (x'=x-1) &
(b'=min(b+1, bMax));

// B + SY -> SY + Y Chemical Reaction Model

[rt] b>0 & sy>0 -> (rt*b*sy) : (b'=b-1) & X+2z >2z+b
(y'=min(y+1, yMax)); b+z - z+y
// Y + SX -> SX + B y+r o r+b
[rt] y>0 & sx>0 -> (rt*y*sx) : (y'=y-1) &
(b'=min(b+1, bMax)); b+r - r+x
// B + SX -> SX + X
[rt] b>0 & sx>0 -> (rt*b*sx) : (b'=b-1) & W+sSs - s +u
(x'=min(x+1, xMax)); U+S - S+ 2
endmodule ZH X=X+
U+ X - X +w
rewards "x" true : Xx; endrewards
rewards "y" true : y; endrewards p+X - X+q
rewards "b" true : b; endrewards g+ X > X+r
r+t-t+gq
rewards "w" true : w; endrewards it t o+
rewards "z" true : z; endrewards q - P
rewards "u" true : u; endrewards
Deterministic Model
rewards "p" true : p; endrewards (t is time: we use tt for species t)
rewards "r" true : r; endrewards (p is parameter: we use pp for species p)
rewards "q" true : q; endrewards dw/dt = -s*w + x*u
du/dt = s*w + z*X - s*u - Xx*u
rewards "s" true : s; endrewards dr/dt = x*q - tt*r
rewards "t" true : t; endrewards dg/dt = tt*r + x*pp - x*q - tt¥*q
rewards "sx" true : sx; endrewards dx/dt = (r+sx)*b - (z+sy)*x
rewards "sy" true : sy; endrewards db/dt = (r+sx)*y + (z+sy)*x - (z+sy)*b -
(r+sx)*
rewards "time" true : 1; endrewards Z = Wuz-w-u
pp = pgr-q-r
Query file (.csl) y = xby-b-x
const double T; wuz=1500, pqr=1500, xby=1500, s=500,

const int 1i;

P=? [F[T,T]x=1] tt=500, sy=0, sx=0



XPPAUT / Oscill8 Source (.ode)

# t is time: we use tt for species t

# p is parameter: we use pp for species p
p wuz=1500, pqr=1500, xby=1500

p s=500, tt=500, sy=0, sx=0

Z = wuz-w-u
pp = pqr-q-r
y = Xby-b-x
dw/dt
du/dt
dr/dt
dg/dt
dx/dt
db/dt
(r+sx)*b

aux z=z

aux pp=pp
aux y=y

SPiM Source (.spi)

directive sample 0.00710 1000
directive plot x(Q

val rt = 1.0
new xcat@rt:chan
new zcat@rt:chan
new scat@rt:chan
new tcat@rt:chan
new rcat@rt:chan
Tet x() =

do !xcat; xQO

or ?zcat; b(Q
and yQ =

?rcat; bQ
and b =

do ?rcat; xQO

or ?zcat; yQ
and z() =

do !zcat; zQ

or ?xcat; u(Q)
and r() =

do !rcat; rQ

or ?tcat; qQ
and w() =

?scat; uQ
and u() =

do ?xcat; w(Q)

or ?scat; z(Q
and sQ) =

Iscat; sQO
and t() =

ltcat; tQ)
and pQ =

?xcat; qO
and qQ =

do ?xcat; rQ

or ?tcat; pQ
run 5000 of x()
run 5000 of b()
run 5000 of y(Q)
run 5000 of z()
run 5000 of u(Q)
run 5000 of w()
run 5000 of p(Q
run 5000 of qQ
run 5000 of r()
run 5000 of s()
run 5000 of t()

PRISM Source

Model file (.sm)

ctmc

-S*w + X*u

S*w + z*X - s*u - x*u

x*q - tt*r

tt*r + x*pp - x*q - tt*q
(r+sx)*b - (z+sy)*x

(r+sx)*y + (z+sy)*x - (z+sy)*b -

const int xMax
const int yMax
const int bMax

const int wMax
const int zMax
const int uMax

const int pMax
const int rMax
const int gMax

const int sMax
const int tMax
const int sxMax
const int syMax

const int xInit;
const int yInit;
const int bInit;

const int wInit;
const int zInit;
const int uInit;

const int pInit;
const int rInit;
const int qInit;

const int sInit;
const int tInit;
const int sxInit;
const int syInit;

const double rt;
module CC

x : [0..xMax] ini
y : [0..ymMax] ini
b : [0..bMax] ini

w : [0..wMax] ini
z : [0..zMax] ini
u : [0..uMax] ini

p : [0..pMax] ini
r : [0..rMax] ini
g : [0..gmMax] ini

s : [0..sMax] ini
t : [0..tMax] ini

sx: [0..sxMax] init sxInit;
sy: [0..syMax] init syInit;

// X +Z->Z+ B
[rt] x>0 & z>0 ->
(b'=min(b+1, bMax

// B+2Z->Z+Y

[rt] b>0 & z>0 ->
(y'=min(y+1l, yMax
// Y+ R ->R + B
[rt] y>0 & r>0 ->
(b'=min(b+1, bMax

// B+ R ->R + X

[rt] b>0 & r>0 ->
(x'=min(x+1, xMax

// W+S ->S+U
[rt] w>0 & s>0 ->
(u'=minCu+1, uMax
// U+S ->S +Z
[rt] u>0 & s>0 ->
(z'=min(z+1, zMax
// Z+ X ->X+U

xInit+yInit+bInit;
xInit+yInit+bInit;
xInit+yInit+bInit;

wInit+zInit+uInit;
wInit+zInit+uInit;
wInit+zInit+uInit;

pInit+rInit+qInit;
pInit+rInit+qInit;
pInit+rInit+qInit;

wInit+zInit+uInit;

pInit+rInit+qInit;
xInit+yInit+bInit;
xInit+yInit+bInit;

t XInit;
t yInit;
t bInit;

t wInit;
t zInit;
t uInit;

t pInit;
t rinit;
t qInit;

t sInit;
t tInit;

(rt*x*z)
));

(rt*b*z)
));

(rt:‘:yz‘.— r)
)

(rt*b*r)
)

(rt*w#*s)
)

(rt*u*s)
)

(x'=x-1)
(b'=b-1)
(y'=y-1)
(b'=b-1)
w'=w-1)
(u'=u-1)
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[rt] z>0 & x>0 -> (rt*z*

(u'=minCu+1, uMax));
// U+ X ->X+ W

[rt] u>0 & x>0 -> (rt*u*

(w'=min(w+1, wMax));

// P+ X —>X+Q

[rt] p>0 & x>0 -> (rt*p*

(q'=min(g+1l, gmax));
// Q+ X -> X + R

[rt] g>0 & x>0 -> (rt*g*

(r'=min(r+1, rMax));
// R+T ->T+Q

[rt] r>0 & t>0 -> (rt*r*

(q'=min(g+1l, gmax));
// Q+T ->T+ P

[rt] g0 & t>0 -> (rt*

(p'=min(p+1l, pMax));

// X + SY -> SY + B

z*X) (z'=z-1) &
u*x) (u'=u-1) &
p*x) : (p'=p-1) &
a*x) : (q'=9-1) &
r*t) (r'=r-1) &

g*t) : (q'=g-1) &

[rt] x>0 & sy>0 -> (rt*x*sy) : (

(b'=min(b+1, bMax));
// B+ SY ->SY +Y

[rt] b>0 & sy>0 -> (rt*b*sy) : (

(y'=min(y+1, ymax));
// Y + SX -=> SX + B

[rt] y>0 & sx>0 -> (rt*y*sx) : (

(b'=min(b+1, bMax));
// B + SX -> SX + X

[rt] b>0 & sx>0 -> (rt*b*sx) : (

(x"=min(x+1, xMax));

endmodule

rewards "x" true : Xx;
rewards "y" true : y;
rewards "b" true : b;
rewards "w" true : w;
rewards "z" true : z;
rewards "u" true : u;
rewards "p" true : p;
rewards "r" true : r;
rewards "q" true : q;
rewards "s" true : s;

rewards "t" true : t;

endrewards
endrewards
endrewards

endrewards
endrewards
endrewards

endrewards
endrewards
endrewards

endrewards
endrewards

rewards "sx" true : sx; endrewar
rewards "sy" true : sy; endrewar

rewards "time" true :

Query file (.csl)
const double T;
const int 1i;

P=? [F[T,T]lx=1]

Initial Parameters
xInit = yInit = bInit

uInit = pInit rinit
tInit = 5

rt = 1.0
i=0..15by 1
T=0..2byo0.1

(sxInit = syInit = 0)

x'=x-1) &

b'=b-1) &

y'=y-1) &

b'=b-1) &

ds
ds

1; endrewards

= wInit
= qInit

zInit
sInit

DC with inputs (Fig 2a)

: |

XY

T

Chemical Reaction Model

X+y - y+y
Yy + X - X + X

X+ Sy - sy +y
Y + SX - SX + X

Deterministic Model

Same as 1in Fig la.
xby=1500, sy=300, sx=0..1500

XPPAUT / Oscill8 Source (.ode)
p xby=1500

p sy=300, sx=0.1

Rest, same as in Fig 1la.

SPiM Source (.spi)

directive sample 300.0 2000
directive plot x(Q)
val rt = 1.0
new xcat@rt:chan
new ycat@rt:chan
new sxcat@rt:chan new sxkill:chan
new sycat@rt:chan new sykill:chan
let x(O) =

do !xcat; xQO

or ?ycat; yQ

or ?sycat; yQ
and yO =

do !ycat; yQO

or ?xcat; xQO

or ?sxcat; xQ
and sy() = do !sycat; sy() or ?sykill;
and sx() = do !sxcat; sx() or ?sxkill;
run 70 of xQ
run 80 of y(Q
run 30 of sy(Q
Tet clock(p:proc(int), t:float) =
(* Produce one p(m) every t sec with
precision dt,

with m incremented from 0 *)

O
O

(val dt= 100.0 run step(p, 0, t, dt, dt))

and step(p:proc(int), m:int, t:float,
n:float, dt:float) =

if n<=0.0 then (p(m)|step(p,m+l,t,dt,dt))

else delay@dt/t; step(p,m,t,n-1.0,dt)
let schedule(n:int) =
if n < 150 then sx(Q)



else if n < 300 then !sxkill;()
else O

run clock(schedule,1.0)

PRISM Source

Model file (.sm)

Same as 1in Fig la.

Query file (.csl)

const int 1;

S=

? [ x=i ]

Initial Parameters
xInit = 7
yInit = 8

sxInit
syInit
rt = 1.

.i

0..15by 1
3

ol n

=0 ..15by 1

AM with inputs (Fig 2b)

X b2y

T

Chemical Reaction Model

T T X<
+ + +
< X X
!
x
+

o< T X

+y >y+b

b
X
y

+ + + +
+ o+ + o+
X o< T

Deterministic Model

Same as 1in Fig 1lb.
xby=1500, sy=300, sx=0..1500

XPPAUT / Oscill8 Source (.ode)

p
p

xby=1500
sy=300, sx=0.1

Rest, same as in Fig 1b.

SPiM Source (.spi)

directive sample 300.0 2000
directive plot x(Q

val
new
new
new
new
let

rt = 1.0

xcat@rt:chan

ycat@rt:chan

sxcat@rt:chan new sxkill:chan
sycat@rt:chan new sykill:chan
x() =

do !xcat; xQO
or ?ycat; bQ
or ?sycat; bQ

and

yO =

do !ycat; yQO
or ?xcat; bQ
or ?sxcat; bQ

and

bO =

do ?xcat; xQO
or ?sxcat; xQ
or ?ycat; yQ
or ?sycat; yQ

and
and
run
run
run
run
let
(1’:

sy() = do !sycat; sy() or ?sykill; QO
sx() = do !sxcat; sx() or ?sxkill; O
50 of xO

50 of b

50 of yO

30 of syQ

clock(p:proc(int), t:float) =

Produce one p(m) every t sec with

precision dt,

with m incremented from 0 *)

(val dt= 100.0 run step(p, 0, t, dt, dt))

and

step(p:proc(int), m:int, t:float,

n:float, dt:float) =
if n<=0.0 then (p(m)|step(p,m+1l,t,dt,dt))
else delay@dt/t; step(p,m,t,n-1.0,dt)

let

schedule(n:int) =

if n < 150 then sx(Q
else if n < 300 then !sxkill; ()
else O

run

clock(schedule,1.0)

PRISM Source

Model file (.sm)

Same as in Fig 1b.

Query file (.csl)

const int 1;

S=?

[ x=11]

Initial Parameters
xInit = yInit = bInit =5

sxInit
syInit
rt = 1.

i=

0..15by 1
3

ol

0 ..15by1



do !xcat; xQ
or ?wcat; bQ
or ?sycat; bQ
SC with inputs (Fig 2¢) M Qmats vo
or ?rcat; bQ

S or ?sxcat; bQ
and b =
do ?rcat; xQO
—_— or ?sxcat; xQ
W("‘”-_)' Z or ?wcat; yQ
| I or ?sycat; yQ
) and z() =
-'-b ?ycat; uQ
X("" —_— y and rQ =
do !rcat; rQ
?tcat; qQO
—~>r ando;() =
p (—-q-— Iscat(); sO
and w(Q) =
t do !wcat; w(Q)
or ?scat; u(Q)
and u(Q) =

do ?scat; zQ)

(w and z are swapped w.r.t. figure 2c) or 7ycat: w0

and t() =
Chemical Reaction Model ltcat; tQ
X+W > w+b and7p() = 0
?xcat; q
b+w - w+y and qO) =
y+r -r+b do ?xcat; rQ
b+r - r+x or ?tcat; pQ
and sy() = do !sycat; sy() or ?sykill; QO
W+S - S +uU and sx() = do !sxcat; sx() or ?sxkill; O
run 50 of x(Q)
U+rs - s+z run 50 of b(Q)
z+Yy - y+u run 50 of y(Q
u+y - y+w run 50 of z(Q)
run 50 of u(Q)
p+X > X+( run 50 of wQ)
N run 50 of pQ
4+ x x*r run 50 of qQ
r+t-1t+gq run 50 of rQ
g+t ->1t+p run 50 of sQ
run 50 of t(Q)
X+ Sy - sy +b run 30 of sy(Q
b+sy - sy+y Tet clock(ps:proc(int), tm:float) =
y + SX - sx + b (* Pro@uce one ps(m) every tm sec with
precision dt,
b + sx - sx + x

with m incremented from 0 *)
(val dt= 100.0 run step(ps, 0, tm, dt, dt))

Deterministic Model and step(ps:proc(int), m:int, tm:float,
same as in Fig 1lc. n:float, dt:float) =

=1500, pqr=1500, xby=1500, s=500, if n<=0.0 then
12500, $y-300, sx.0..1500 (ps(m)|step(ps,m+1, tm,dt, dt))
’ ’ else delay@dt/tm; step(ps,m,tm,n-1.0,dt)
let schedule(n:int) =

XPPAUT / Oscill8 Source (.ode) if n < 150 then sxQ)

p wuz=1500, pqr=1500, xby=1500 else if n < 300 then !sxkill; ()
p s=500, tt=500, sy=300, sx=0.1 else

Rest, same as in Fig lc. run clock(schedule,1.0)

SPiM Source (.spi) PRISM Source

djrectjve sample 300.0 2000

directive plot x(O MOdeIﬁIe (.S’n)

val rt = 1.0
new xcat@rt:chan
new ycat@rt:chan

Same as 1in Fig lc.

new wcat@rt:chan Query file (.csl)
new rcat@rt:chan const int i;
new scat@rt:chan s=?[x=1]

new tcat@rt:chan

new sxcat@rt:chan new sxkill:chan
new sycat@rt:chan new sykill:chan
let x(O) =
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Initial Parameters SPiM Source (.spi)

xInit = yInit = bInit = wInit = zInit = directive sample 300.0 2000

uinit = pInit = rInit = qInit = sInit = directive plot x(Q

tInit = 5 val rt = 1.0

sxInit =0 .. 15 by 1 new xcat@rt:chan

syInit = 3 new zcat@rt:chan

rt = 1.0 new scat@rt:chan

i=0..15by 1 new tcat@rt:chan
new rcat@rt:chan
new sxcat@rt:chan new sxkill:chan
new sycat@rt:chan new sykill:chan
let x(O) =

CC with inputs (Fig 2d) do !xcat; x()

or ?zcat; b(Q
or ?sycat; b(Q
and yQ =
S; do ?rcat; bQ
or ?sxcat; bQ
and b =
do ?rcat; xQO
or ?sxcat; xQ
or ?7zcat; yQ
or ?sycat; yQ
and z() =

y
v
o

X ——> y do l!zcat; zQ)
— or ?xcat; u()
and r() =

do !rcat; rQ

p —_—— r or ?tcat; qQ
(—L and wQ) =

?scat; uQ
and u(Q) =
do ?xcat; w(Q)
t or ?scat; z(Q
and sQ) =
Iscat; sQO
and t() =
ltcat; tQ)
Chemical Reaction Model and pQ) =
?xcat; qQO
X+2zZ ->2z+b and qO =
b+z - z+y do ?xcat; rQ
y+r -r+b or ?tcat; pQ
b+r - r+x and sy() = do !sycat; sy() or ?sykill; O
and sx() = do !sxcat; sx() or ?sxkill; O
W+sS - S +u run 58 0; ygg
run 50 of x
u+s - s+z run 50 of bQ
Z+X - X+U run 50 of z()
U+ X - X+ Ww run 50 of wQ)
run 50 of uQ)
P+X - X +( run 58 0; PE%
run 50 of r
9+ X = X+r run 50 of qQ
r+t-1t+q run 50 of sQ
q+t - t+p run 50 of tQ)
run 30 of sy(Q
X + Sy - sy +b Tet clock(ps:proc(int), tm:float) =
b+sy - sy+y (* Produce one ps(m) every tm sec with
b precision dt,
y o+ SX = SX # with m incremented from 0 *)
b + sx - sx + x

(val dt= 100.0 run step(ps, 0, tm, dt, dt))
and step(ps:proc(int), m:int, tm:float,

Deterministic Model n:float, dt:float) =

' - if n<=0.0 then
Same as in Fig lc. }
e g ~ ~ ps(m) | step(ps,m+1,tm,dt,dt))
nggégoo; 8255152210Xb{53800’ s=500, else delay@dt/tm; step(ps,m,tm,n-1.0,dt)
=500, sy=300, sx=0.. Tet schedule(n:int) =
if n < 150 then sx()

XPPAUT / Oscill8 Source (.ode) else if n < 300 then !sxkill; ()
p wuz=1500, pqr=1500, xby=1500 else O
p s=500, tt=500, sy=300, sx=0.1 run clock(schedule,1.0)

Rest, same as in Fig 1d.
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PRISM Source

Model file (.sm)

Same as in Fig 1d.

Query file (.csl)

const int 1i;
S=7[x=1]

Initial Parameters
bInit

xInit
uInit
tInit
sxInit = 0 ..

yInit
pInit

5

syInit = 3

rt = 1.0
=0 ..

.i

15 by 1

rinit

15 by 1

2AM Full (Fig 3a)

X255 Y2

r

wInit
gInit

e

Chemical Reaction Model

x1
yl
bl
bl

x2
y2
b2
b2

x1
bl
yl
bl

x2
b2
y2
b2

Deterministic Model
(k=ri/re)

+

+
+
+

+ o+ + + o+ o+ o+ o+

+ + + o+

yl -ri yl

x1
x1

yl

y2
x2
x2

y2

y2
y2
x2
x2

x1
x1
yl
yl

dx1/dt
dbl/dt
- (yl+k*y2+sy)*bl - (x1+k*x2+sx)*bl

dx2/dt

db2/dt = (x2+k*y1)*y2 + (y2+k*x1)*x2 -

-
-
-

-1
-1
-1
-1

- e
- e
- e

- e

- e
- e
- e

—le

(x1+k*x2+sx)*bl - (yl+k*y2+sy)*x1
(x1+k*x2+sx)*yl + (yl+k*y2+sy)*x1

x1
x1

yl

y2
x2
x2

y2

y2
y2
x2
x2

x1
x1
yl
yl

+

+
+
+

+ o+ + + o+ o+ o+ o+

+ o+ o+ o+

bl
bl
x1

yl

b2
b2
x2

y2

bl
yl
bl
x1

b2
y2
b2
x2

zInit
sInit

r.

(x2+k*y1)*b2 - (y2+k*x1)*x2

(y2+k*x1)*b2 - (x2+k*yl)*b2
xbyl-bl-x1

yl

. |

X e<b2

T

Y

y2 = xby2-b2-

XPPAUT / Oscill8 Source (.ode)

x2

1

p xbyl=1500, xby2=1500

p sy=0, sx=0, k=1
yl = xbyl-bl-x1

dx1/dt = (x1+k*x2+sx)*bl - (yl+k*y2+sy)*x1
dbl/dt = (x1+k*x2+sx)*yl + (yl+k*y2+sy)*x1

- (yl+k*y2+sy)*bl - (x1+k*x2+sx)*bl

aux yl=yl
y2 = xby2-b2-x2

dx2/dt = (x2+k*yl)*b2 - (y2+k*x1)*x2
db2/dt = (x2+k*y1)*y2 + (y2+k*x1)*x2 -
(y2+k*x1)*b2 - (x2+k*yl)*b2

aux y2=y2

SPiM Source (.spi)

(r=ri, s=re)

directive sample 0.005 10000
directive plot x1Q); y10Q; b1lQ; x20;

y20; b20

val r = 1.0

new xlcat@r:chan
new ylcat@r:chan
new x2cat@r:chan
new y2cat@r:chan

val s = 0.5

new xlcat2@s:chan
new ylcat2@s:chan
new x2catl@s:chan
new y2catl@s:chan

let x1(0) =
do !xlcat; x10
or !xlcat2; x1(0)
or ?ylcat; blQ
or ?y2catl; blQ
and y1(Q =
do !ylcat; y1Q
or l!ylcat2; y1Q
or ?xlcat; bl(Q)
or ?x2catl; bl()
and b1l =
do ?xlcat; x1(Q)
or ?x2catl; x1(0)
or ?ylcat; y1Q
or ?y2catl; ylQ

let x20) =
do !x2cat; x20)
or !x2catl; x20)
or ?y2cat; b2Q
or ?xlcat2; b2(Q)
and y2(Q) =
do !y2cat; y20
or ly2catl; y2Q
or ?x2cat; b2(Q)
or ?ylcat2; b2Q
and b2(Q) =
do ?x2cat; x20)
or ?ylcat2; x2Q
or ?y2cat; y2Q
or ?xlcat2; y2Q

run 10000 of x1Q)
run 10000 of y1Q)
run 10000 of bl1()

run 10000 of x2Q)
run 10000 of y2Q)
run 10000 of b2Q)
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PRISM Source

Model file (.sm)

(rtl=ri, rt2=re)

ctmc

const int xIMax = x1Init+ylInit+blInit;
const int ylMax = x1Init+ylInit+blInit;
const int blMax = x1Init+ylInit+blInit;
const int x2Max = x2Init+y2Init+b2Init;
const int y2Max = x2Init+y2Init+b2Init;
const int b2Max = x2Init+y2Init+b2Init;

const int x1Init;
const int ylInit;
const int blInit;
const int x2Init;
const int y2Init;
const int b2Init;

const double rtl;
const double rt2;

module TwoAM

x1 : [0..xIMax] init x1Init;
yl : [0..ylMax] init ylInit;
bl : [0..blMax] init blInit;
x2 : [0..x2Max] init x2Init;
y2 : [0..y2™Max] init y2Init;
b2 : [0..b2Max] init b2Init;

// X1 + Y1l -> Y1l + B1

[rtl] x1>0 & y1>0 -> (rtl*x1*yl)
1) & (b1l'=min(b1l+1l, blMax));

// Y1l + X1 -> X1 + B1

[rtl] y1>0 & x1>0 -> (rtl*yl*x1)
1) & (b1l'=min(b1l+1l, blMax));

// Bl + X1 -> X1 + X1

[rtl] b1>0 & x1>0 -> (rtl*bl*x1)
1) & (x1'=min(x1+1, x1IMax));

// Bl + Y1l -> Y1l + Y1

[rt1] b1>0 & y1>0 -> (rtl*bl*yl)
1) & (yl'=min(yl+l, ylmax));

// X2 + Y2 -> Y2 + B2

[rtl] x2>0 & y2>0 -> (rtl*x2%*y2)
1) & (b2'=min(b2+1, b2Max));

// Y2 + X2 -> X2 + B2

[rtl] y2>0 & x2>0 -> (rtl*y2*x2)
1) & (b2'=min(b2+1, b2Max));

// B2 + X2 -> X2 + X2

[rtl] b2>0 & x2>0 -> (rtl*b2*x2)
1) & (x2'=min(x2+1, x2Max));

// B2 + Y2 -> Y2 + Y2

[rtl] b2>0 & y2>0 -> (rtl*b2*y2)
1) & (y2'=min(y2+1, y2Max));

// X1 + Y2 -> Y2 + Bl

[rt2] x1>0 & y2>0 -> (rt2*x1l*y2)
1) & (b1'=min(bl+1l, blMax));

// Bl + Y2 -> Y2 + Y1l

[rt2] b1>0 & y2>0 -> (rt2*bl*y2)
1) & (yl'=min(yl+l, ylMax));

// Y1 + X2 -> X2 + Bl

[rt2] y1>0 & x2>0 -> (rt2*yl*x2)
1) & (b1'=min(b1l+1l, blMax));

// Bl + X2 -> X2 + X1

[rt2] b1>0 & x2>0 -> (rt2*bl*x2)
1) & (x1'=min(x1+1, x1Max));

// X2 + X1 -> X1 + B2
[rt2] x2>0 & x1>0 -> (rt2*x2*x1)
1) & (b2'=min(b2+1, b2Max));

(x1'=x1-

(yl'=yl-

(b1'=b1-

(b1'=b1-

(x2'"'=x2-

(y2'=y2-

(b2'=b2-

(b2'=b2-

(x1'=x1-

(b1'=b1-

(yl'=yl-

(b1'=b1-

(x2'=x2-

// B2 + X1 -> X1 + Y2

[rt2] b2>0 & x1>0 -> (rt2*b2*x1) (b2'=b2-
1) & (y2'=min(y2+1, y2Max));
// Y2 + Y1 -> Y1 + B2
[rt2] y2>0 & y1>0 -> (rt2*y2*yl) (y2'=y2-
1) & (b2'=min(b2+1, b2Max));
// B2 + Y1 -> Y1 + X2
[rt2] b2>0 & y1>0 -> (rt2*b2*yl) (b2'=b2-
1) & (x2'=min(x2+1, x2Max));
endmodule
rewards "x1" true : x1; endrewards
rewards "yl" true : yl; endrewards
rewards "bl" true : bl; endrewards
rewards "x2" true : x2; endrewards
rewards "y2" true : y2; endrewards
rewards "b2" true : b2; endrewards
rewards "time" true : 1; endrewards
Query file (.csl)
const int 1i;
const int j;
S=? [ x1=1&x2=j ]
Initial Parameters
x1Init = ylInit = blInit = x2Init = y2Init
= b2Init = 10
rtl = 1.0
rt2 = 0.5
i=0..30by1
j=0..30by1
2AM Inner (Fig 3b)

X>5hsY e r

— I—-)
X1ebi2 Yy

Chemical Reaction Model

x1 + yl
yl + x1
bl + x1
bl + yl
X2 + y2
y2 + x2
b2 + x2
b2 + y2

x1 + y2
bl + y2

-1
-1
-1
-1

or
or
or
or

—le

—le

yl +
x1 +
x1 +
yl +
y2
x2
x2
y2

+ o+ o+ o+

y2 +
y2 +

bl
bl
x1

yl

b2
b2
x2

y2

bl
yl
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yl + sX —re sx + bl
bl + sx —re sx + x1

X2 + X1 -re x1 + b2
b2 + x1 —re x1 + y2
y2 + Sy —re Sy + b2
b2 + sy —re sy + x2

Deterministic Model

(ri = 1.0)

dx1/dt = (x1+re*sx)*bl - (yl+re*y2)*x1l
dbl/dt = (x1+re*sx)*yl + (yl+re*y2)*x1l -
(yl+re*y2)*bl - (x1l+re*sx)*bl

dx2/dt = (x2+re*sy)*b2 - (y2+re*x1)*x2
db2/dt = (x2+re*sy)*y2 + (y2+re*x1)*x2 -
(y2+re*x1)*b2 - (x2+re*sy)*b2

yl = xbyl-bl-x1

y2 = xby2-b2-x2

XPPAUT / Oscill8 Source (.ode)

p xbyl=30, xby2=30

p sy=10, sx=10, re=0.5

yl = xbyl-bl-x1

dx1/dt = (x1+re*sx)*bl - (yl+re*y2)*x1l
dbl/dt = (x1+re*sx)*yl + (yl+re*y2)*x1 -
(yl+re*y2)*bl - (x1l+re*sx)*bl

aux yl=yl

y2 = xby2-b2-x2

dx2/dt = (x2+re*sy)*b2 - (y2+re*x1)*x2
db2/dt = (x2+re*sy)*y2 + (y2+re*x1)*x2 -
(y2+re*x1)*b2 - (x2+re*sy)*b2

aux y2=y2

SPiM Source (.spi)

directive sample 0.01 10000

directive plot x1Q; y10Q; b1lQ; x20;
y20; b20O

val r = 1.0

new xlcat@r:chan
new ylcat@r:chan
new x2cat@r:chan
new y2cat@r:chan

val s = 0.5

new xlcat2@s:chan
new y2catl@s:chan
new sxcat@s:chan
new sycat@s:chan

let sx() =
Isxcat; sx()
and sy(Q) =
Isycat; syQ
Tet x1Q =

do !xlcat; x10
or !xlcat2; x1(0)
or ?ylcat; bl(Q
or ?y2catl; blQ
and y1(Q) =
do !ylcat; y1Q
or ?xlcat; bl(Q)
or ?sxcat; bl(Q)
and bl(Q) =
do ?xlcat; x1(0)
or ?sxcat; x10
or ?ylcat; yl1Q
or ?y2catl; yl1Q

Tet x2Q) =
do !x2cat; x20)

or ?y2cat; b2Q
or ?xlcat2; b2(Q)
and y2Q) =
do !y2cat; y20
or ly2catl; y2Q
or ?x2cat; b2(Q)
or ?sycat; b2Q
and b2(Q) =
do ?x2cat; x20)
or ?sycat; x2Q
or ?y2cat; y2Q
or ?xlcat2; y2Q

run 10000 of x1Q)
run 10000 of y1Q)
run 10000 of b1()

run 10000 of x2Q)
run 10000 of y2Q)
run 10000 of b2Q)

run 10000 of sx()
run 10000 of sy(Q)

PRISM Source

Model file (.sm)

ctmc

const int xIMax = X1Init+ylInit+blInit;
const int ylMax = x1Init+ylInit+blInit;
const int blMax = x1Init+ylInit+blInit;
const int x2Max = X2Init+y2Init+b2Init;
const int y2Max = x2Init+y2Init+b2Init;
const int b2Max = x2Init+y2Init+b2Init;
const int sxMax = x1Init+ylInit+blInit;
const int syMax = X2Init+y2Init+b2Init;

const int x1Init;
const int ylInit;
const int blInit;
const int x2Init;
const int y2Init;
const int b2Init;

const int sxInit;
const int syInit;

const double rtl;
const double rt2;

module TwoAMInner

x1 : [0..xIMax] init x1Init;
yl : [0..ylMax] init ylInit;
bl : [0..blMax] init blInit;
x2 : [0..x2Max] init x2Init;
y2 : [0..y2™Max] init y2Init;
b2 : [0..b2Max] init b2Init;

sx : [0..sxMax] init sxInit;
sy : [0..syMax] init syInit;

// X1 + Y1l -> Y1l + B1

[rtl] x1>0 & y1>0 -> (rtl*x1*yl) : (x1'=x1-
1) & (b1l'=min(b1l+1l, blMax));

// Y1 + X1 -> X1 + B1

[rtl] y1>0 & x1>0 -> (rtl*yl*x1) : (yl'=yl-
1) & (b1l'=min(b1l+1l, blMax));

// Bl + X1 -> X1 + X1

[rtl] b1>0 & x1>0 -> (rtl*bl*x1) : (bl'=bl-
1) & (x1'=min(x1+1, x1IMax));

// Bl + Y1l -> Y1l + Y1
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[rtl] b1>0 & y1>0 -> (rtl*bl*yl) : (bl'=bl-
1) & (yl'=min(yl+l, ylmax));

// X2 + Y2 -> Y2 + B2

[rtl] x2>0 & y2>0 -> (rtl*x2*y2) : (x2'=x2-
1) & (b2'=min(b2+1, b2Max));

// Y2 + X2 -> X2 + B2

[rtl] y2>0 & x2>0 -> (rtl*y2*x2) : (y2'=sy2-
1) & (b2'=min(b2+1, b2Max));

// B2 + X2 -> X2 + X2

[rtl] b2>0 & x2>0 -> (rtl*b2*x2) : (b2'=b2-
1) & (x2'=min(x2+1, x2Max));

// B2 + Y2 -> Y2 + Y2

[rtl] b2>0 & y2>0 -> (rtl*b2*y2) : (b2'=b2-
1) & (y2'=min(y2+1, y2Max));

// XL + Y2 -> Y2 + BL

[rt2] x1>0 & y2>0 -> (rt2*x1*y2) : (x1'=x1-
1) & (bl'=min(b1l+1l, blMax));

// BL + Y2 -> Y2 + Y1

[rt2] b1>0 & y2>0 -> (rt2*bl*y2) : (bl'=bl-
1) & (yl'=min(yl+l, ylmax));

// YL + SX -> SX + Bl

[rt2] y1>0 & sx>0 -> (rt2*yl*sx) : (yl'=syl-
1) & (b1'=min(bl+1l, blMax));

// BL + SX -> SX + X1

[rt2] b1>0 & sx>0 -> (rt2*bl*sx) : (bl'=bl-
1) & (x1'=min(x1+1, x1Max));

// X2 + X1 -> X1 + B2

[rt2] x2>0 & x1>0 -> (rt2*x2*x1) : (x2'=x2-
1) & (b2'=min(b2+1, b2Max));

// B2 + X1 -> X1 + Y2

[rt2] b2>0 & x1>0 -> (rt2*b2*x1) : (b2'=b2-
1) & (y2'=min(y2+1, y2Max));

// Y2 + SY -> SY + B2

[rt2] y2>0 & sy>0 -> (rt2*y2*sy) : (y2'=y2-
1) & (b2'=min(b2+1, b2Max));

// B2 + SY -> SY + X2

[rt2] b2>0 & sy>0 -> (rt2*b2*sy) : (b2'=b2-
1) & (x2'=min(x2+1, x2Max));

endmodule

rewards "x1" true : x1; endrewards
rewards "yl" true : yl; endrewards
rewards "bl" true : bl; endrewards
rewards "x2" true : x2; endrewards
rewards "y2" true : y2; endrewards
rewards "b2" true : b2; endrewards
rewards "sx" true : sx; endrewards
rewards "sy" true : sy; endrewards

rewards "time" true : 1; endrewards

Query file (.csl)
const int 1i;
const int j;

S=? [ x1=1&x2=j ]

Initial Parameters
x1Init = ylInit = blInit = x2Init = y2Init
= b2Init = sxInit = syInit = 10

rtl = 1.0
rt2 = 0.5
i=0..30by1
i=0 30 by 1

CC-AM Inner (Fig 3c)

re
X25b5 Y2 -
n wau2z
X b2y
pea r

Chemical Reaction Model

X+ 2z >riz+b
b+z-sriz+y
y+r -rir+b
b+r -rir+x
W+ S -ri s +u
Uu+s -ris+z

Z+ X -ri X+uU

U+ X >ri X +w
p+X -ri X +q

g+ X -ri X +r
r+t -rit+4q
q+t-rit+p
X2 + y2 -ri y2 + b2
y2 + X2 -ri x2 + b2
b2 + x2 -ri x2 + x2
b2 + y2 ->ri y2 + y2
X +Yy2 srey2 +b

b +y2 orey2 +y

Yy + SX —re sX + b

b + sx -re sx + x

X2 + X -5re X + b2
b2 + X -re x + y2
y2 + Sy —re Sy + b2
b2 + sy -re sy + x2

Deterministic Model

(ri = 1.0)

(t is time: we use tt for species t)

(p is parameter: we use pp for species p)

dw/dt = -s*w + x*u

du/dt = s*w + z*X - s*u - Xx*u

dr/dt = x*q - tt*r

dg/dt = tt*r + x*pp - x*q - tt*q
dx/dt = (r+re*sx)*b - (z+re*y2)*x
db/dt = (r+re*sx)*y + (z+re*y2)*x -

(z+re*y2)*b - (r+re*sx)*b
dx2/dt = (x2+re*sy)*b2 - (y2+re¥*x)*x2
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db2/dt = (x2+re*sy)*y2 + (y2+re*x)*x2 -
(y2+re*x)*b2 - (x2+re*sy)*b2

Z = wuz-w-u

pp = pqr-q-r

y = xby-b-x

y2 = xby2-b2-x2

XPPAUT / Oscill8 Source (.ode)

# t is time: we use tt for species t

# p is parameter: we use pp for species p
p wuz=30, pqr=30, xby=30

p s=10, tt=10, sy=10, sx=10

p re=0.675, xby2=30

Z = wuz-w-u

pp = pgr-q-r

y = Xby-b-x

dw/dt = -s*w + Xx*u

du/dt = s*w + z*X - s*u - x*u
dr/dt = x*q - tt*r

dg/dt = tt*r + x*pp - x*q - tt¥*q
dx/dt = (r+re*sx)*b - (z+re*y2)*x
db/dt = (r+re*sx)*y + (z+re*y2)*x -
(z+re*y2)*b - (r+re*sx)*b

aux z=z

aux pp=pp

aux y=y

y2 = xby2-b2-x2

dx2/dt = (x2+re*sy)*b2 - (y2+re*x)*x2
db2/dt = (x2+re*sy)*y2 + (y2+re*x)*x2 -
(y2+re*x)*b2 - (x2+re*sy)*b2

aux y2=y2

SPiM Source (.spi)
directive sample 0.02 10000
directive plot x(O; yO; bQ; x20; y20;
b20); zO; rO

val ri = 1.0

val re = 0.75

new xcat@ri:chan

new zcat@ri:chan

new rcat@ri:chan

new scat@ri:chan

new tcat@ri:chan

new x2cat@ri:chan

new y2cat@ri:chan

new xcatl@re:chan

new y2catl@re:chan

new sxcat@re:chan

new sycat@re:chan

let sx() =
Isxcat; sx()
and sy(Q) =
Isycat; syQ
let x(O) =

do !xcat; xQO

or !xcatl; xQO

or ?zcat; b(Q

or ?y2catl; bQ
and yO =

do ?rcat; b(Q

or ?sxcat; bQ
and b() =

do ?rcat; xQO

or ?sxcat; xQ

or ?zcat; yQ

or ?y2catl; yQ
and z() =

do !zcat; z(Q)

or ?xcat; u(Q)
and rQ) =

do !rcat; rQ

or ?tcat; qQ
and s =

Iscat(); sO

and w() =
?scat; uQ)
and u(Q) =
do ?scat; z(Q)
or ?xcat; wQ)
and t() =
ltcat; tQ
and pQ =
?xcat; qO
and qQ =
do ?xcat; rQ
or ?tcat; pQ
Tet x2Q) =
do !x2cat; x20)
or ?y2cat; b2Q
or ?xcatl; b2(Q)
and y2Q) =
do !y2cat; y20

or l!y2catl; y20

or ?x2cat; b2(Q)

or ?sycat; b2Q
and b2(Q) =

do ?x2cat; x20)

or ?sycat; x2Q

or ?y2cat; y2Q

or

?xcatl; y20

run 10000 of sQ
run 10000 of t(Q)
run 10000 of pQ
run 10000 of qQ
run 10000 of rQ)
run 10000 of z()
run 10000 of uQ)
run 10000 of wQ)
run 10000 of x()
run 10000 of b(Q)
run 10000 of yQ
run 10000 of x2Q)
run 10000 of y2Q)
run 10000 of b2Q)
run 10000 of sx()
run 10000 of sy(Q)

PRISM Source

Model file (.sm)

ctmc

const int xMax = xInit+yInit+bInit;
const int yMax = xInit+yInit+bInit;
const int bMax = xInit+yInit+bInit;

const int wMax
const int zMax
const int uMax

wInit+zInit+uInit;
wInit+zInit+uInit;
wInit+zInit+uInit;

const int pMax = pInit+rInit+qInit;
const int rMax = pInit+rInit+qInit;
const int gMax = pInit+rInit+qInit;

const int sMax

wInit+zInit+uInit;

const int tMax pInit+rInit+qInit;
const int x2Max = X2Init+y2Init+b2Init;
const int y2Max = x2Init+y2Init+b2Init;
const int b2Max = x2Init+y2Init+b2Init;
const int sxMax = xInit+yInit+bInit;
const int syMax = XInit+yInit+bInit;

const int xInit;
const int yInit;
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const int bInit;

const int wInit;
const int zInit;
const int uInit;

const int pInit;
const int rInit;
const int qInit;

const int sInit;
const int tInit;

const int x2Init;
const int y2Init;
const int b2Init;

const int sxInit;
const int syInit;

const double rt;
const double rt2;

module CCAMInner

x : [0..xMax] init xInit;
y : [0..yMax] init yInit;
b : [0..bMax] init bInit;

w : [0..wMax] init wInit;
z : [0..zMax] init zInit;
u : [0..uMax] init uInit;

p : [0..pMax] init pInit;
r : [0..rMax] init rInit;
g : [0..gMax] init qInit;

s : [0..sMax] init sInit;
t : [0..tMax] init tInit;

x2 : [0..x2Max] init x2Init;
y2 : [0..y2Max] init y2Init;
b2 : [0..b2Max] init b2Init;

sx : [0..sxMax] init sxInit;
sy : [0..syMax] init syInit;

// X+ Z->Z+ B

[rt] x>0 & z>0 -> (rt*x*z)
(b'=min(b+1, bMax));

// B+2Z->Z+Y

[rt] b>0 & z>0 -> (rt*b*z)
(y'=min(y+1, ymax));

// Y+ R ->R + B

[rt] y>0 & r>0 -> (rt*y*r)
(b'=min(b+1, bMax));

// B+ R ->R + X

[rt] b>0 & r>0 -> (rt*b*r)
(x"'=min(x+1, xMax));

// W+S ->S+ U

[rt] w>0 & s>0 -> (rt*w*s)
(u'=minCu+l, uMax));

// U+S ->S +Z

[rt] u>0 & s>0 -> (rt*u*s)
(z'=min(z+1, zMax));

// Z+ X ->X+U

[rt] z>0 & x>0 -> (rt*z*x)
(u'=minCu+l, uMax));

// U+ X ->X+W

[rt] u>0 & x>0 -> (rt*u*x)
(w'=min(w+1, wMax));

// P+ X ->X+Q

(x'=x-1)

(b'=b-1)

(y'=y-D

(b'=b-1)

(w'=w-1)

(u'=u-1)

(z'=z-1)

(u'=u-1)

[rt] p>0 & x>0 -> (rt*p*x)
(g'=min(g+1l, gMax));

// Q+ X -> X + R

[rt] g>0 & x>0 -> (rt*g*x)
(r'=min(r+1, rMax));

// R+T->T+Q

[rt] r>0 & t>0 -> (rt*r*t)
(g'=min(g+1l, gMax));

// Q+T ->T+P

[rt] g>0 & t>0 -> (rt*g*t)
(p'=min(p+1l, pMax));

// X2 + Y2 -> Y2 + B2

[rt] x2>0 & y2>0 -> (rt*x2%*y2)

& (b2'=min(b2+1, b2Max));
// Y2 + X2 -> X2 + B2

[rt] y2>0 & x2>0 -> (rt*y2*x2)

& (b2'=min(b2+1, b2Max));
// B2 + X2 -> X2 + X2

[rt] b2>0 & x2>0 -> (rt*b2*x2)

& (x2'=min(x2+1, x2Max));
// B2 + Y2 -> Y2 + Y2

[rt] b2>0 & y2>0 -> (rt*b2¥*y2)

& (y2'=min(y2+1, y2max));

// X+ Y2 ->Y2 + B

[rt2] x>0 & y2>0 -> (rt2*x*y2)

(b'=min(b+1, bMax));
// B+ Y2 ->Y2+Y

[rt2] b>0 & y2>0 -> (rt2*b¥y2)

(y'=min(y+1, ymax));
// Y + SX -=> SX + B

[rt2] y>0 & sx>0 -> (rt2*y*sx)

(b'=min(b+1, bMax));
// B + SX -> SX + X

[rt2] b>0 & sx>0 -> (rt2*b*sx)

(x"=min(x+1, xMax));

// X2 + X -> X + B2

[rt2] x2>0 & x>0 -> (rt2*x2*x)

& (b2'=min(b2+1, b2Max));
// B2 + X -> X + Y2

[rt2] b2>0 & x>0 -> (rt2*b2*x)

& (y2'=min(y2+1, y2max));
// Y2 + SY -> SY + B2

[rt2] y2>0 & sy>0 -> (rt2¥*y2+*sy)

1) & (b2'=min(b2+1, b2Max));
// B2 + SY -> SY + X2

[rt2] b2>0 & sy>0 -> (rt2*b2*sy)

1) & (x2'=min(x2+1, x2Max));

endmodule

(p'=p-1) &

(@'=g-1) &

(r'=r-1) &

@'=9-1) &

(x2'=x2-1)

(y2'=y2-1)

(b2'=b2-1)

(b2'=b2-1)

(x'=x-1) &

(b'=b-1) &

(y'=y-1) &

(b'=b-1) &

(x2'=x2-1)

(b2'=b2-1)

(y2'=y2-

(b2'=b2-

rewards "x" true : x; endrewards

rewards

true : y; endrewards

rewards "b" true : b; endrewards

"w"

rewards
rewards

non

true : w; endrewards
true : z; endrewards

rewards "u" true : u; endrewards

rewards

true : p; endrewards

rewards "r" true : r; endrewards
rewards "q" true : q; endrewards

rewards

true : s; endrewards

’
rewards "t" true : t; endrewards

rewards "x2" true : x2; endrewards
rewards "y2" true : y2; endrewards
rewards "b2" true : b2; endrewards

rewards "sx" true : sx; endrewards
rewards "sy" true : sy; endrewards
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rewards "time" true : 1; endrewards val rt = 1.0
new xcat@rt:chan
new ycat@rt:chan

. new sxcat@rt:chan new sxkill:chan
Query.ﬁle .('CSI] new sycat@rt:chan new sykill:chan
const int 1i; Tet x() =
const int j; do ?ycat; bQ
s=7 [ x=i&x2=j ] or ?sycat; b()

and yQ =

Initial Parameters do !ycat; yQ
xInit = yInit = winit = zInit = pInit = or ?sxcat; bQ)
rinit = sInit = tInit = x2Init = y2Init = and b(g =
sxInit = syInit =3 do %sxcaF, x0)
bInit = uInit = qInit = b2Init = 2 or ?7ycat; y(O
rtl = 1.0 or ?sycat; yQ _
rt2 = 0.75 and sy() = do !sycat; sy() or ?sykill; O
i=0..8by1 and sx() = do !sxcat; sx() or ?sxkill; O
j=0..8by1 run 60 of yQ

run 60 of b(Q
run 60 of x(Q)
run 2 of sy(Q)
Tet clock(p:proc(int), t:float) =
(* Produce one p(m) every t sec with
AMup (Fig S3-1a) precision dt,
with m incremented from 0 *)

(val dt= 100.0 run step(p, 0, t, dt, dt))
and step(p:proc(int), m:int, t:float,
n:float, dt:float) =
if n<=0.0 then (p(m)|step(p,m+1l,t,dt,dt))
else delay@dt/t; step(p,m,t,n-1.0,dt)
let schedule(n:int) =

if n < 120 then sx(Q

L
— else if n < 240 then !sxkill;Q
)(.‘e_.ll___ \/ else O

run clock(schedule,10.0)

PRISM Source

Model file (.sm)

ctmc

const int xMax = xInit+yInit+bInit;
Chemical Reaction Model const int yMax = xInit+yInit+bInit;

const int bMax = xInit+yInit+bInit;
X+y -y+b const int sxMax = XInit+yInit+bInit;
b+y > y+y const int syMax = xInit+yInit+bInit;
X +sSy - sy+b const int xInit;

const int yInit;
b+ sy - sy +y const int bInit;
Yy +SXx - sx +b const int sxInit;
b + sx - sx + X const int syInit;
Deterministic Model const double rt;

dx/dt = (sx)*b - (y+sy)*x

db/dt = (sx)*y + (y+sy)*x - (y+sy)*b -
(sx)*b

y = xby-b-x

module AMUpperHalf

x : [0..xMax] init xInit;
y : [0..yMax] init yInit;
b : [0..bMax] init bInit;
sx : [0..sxMax] init sxInit;
sy : [0..syMax] init syInit;

xby=90,sy=1, sx=0..60

XPPAUT / Oscill8 Source (.ode)

xby=90
gsyil, sx=0.1 // X+Y ->Y + B
y = xby-b-x [rt] ¥>O & y>0 -> (rt*x*y) : (x'=x-1) &
dx/dt = (sx)*b - (y+sy)*x ;3‘:m1n$b+l,YbMa¢));

= * % - *h - + -> +

Ot~ (07 (s = (yrsy)™h [rt] b>0 & y>0 -> (rt*b*y) : (b'=b-1) &
aux y=y (Y'=m1'n()’+1, yMaX));

. . // X + SY -> SY + B
SPiM Source (.spi) [rt] x>0 & sy>0 -> (rt*x*sy) : (x'=x-1) &
directive sample 2400.0 2000 (b'=min(b+1, bmax));
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// B+ SY -> SY +Y
[rt] b>0 & sy>0 -> (rt*b*sy)
(y'=min(y+1, ymax));
// Y + SX -> SX + B
[rt] y>0 & sx>0 -> (rt*y*sx)
(b'=min(b+1, bMax));
// B + SX -> SX + X
[rt] b>0 & sx>0 -> (rt*b*sx)
(x'=min(x+1, xMax));

endmodule

rewards "x" true : Xx; endrewards
rewards "y" true : y; endrewards
rewards "b" true : b; endrewards
rewards "sx" true : sx; endrewards

rewards "sy" true : sy; endrewards

// rewards "x_sq" true : x*x; endrewards
y*y; endrewards
b*b; endrewards
// rewards "sx_sq" true : sx*sx; endrewards
sy*sy; endrewards

// rewards "y_sq" true :
// rewards "b_sq" true :

// rewards "sy_sq" true :
rewards "time" true : 1; endrewards
Query file (.csl)

const double T;
const int 1i;

S=? [ x=1 ]

Initial Parameters

xInit = yInit = bInit = 30
sxInit = 0 .. 60 by 2
syInit = 1

rt = 1.0

i=0..90by3

AMdn (Fig S3-1b)

X2y

T

Chemical Reaction Model

Yy +X > X+Db
b +x - x + x

X + Sy - sy +b

+ Sy - sy +y
+SX - SX + b

< T

b + sx - sx + X

(b'=b-1) &

(y'=y-1 &

(b'=b-1) &

Deterministic Model

dx/dt = (x+sx)*b - (sy)*x

db/dt = (x+sx)*y + (sy)*x - (sy)*b -
(x+sx)*b

y = Xby-b-x

xby=90, sy=33, sx=0..30

XPPAUT / Oscill8 Source (.ode)

p xby=90

p sy=33, sx=0.1

y = Xby-b-x

dx/dt = (x+sx)*b - (sy)*x

db/dt = (x+sx)*y + (sy)*x - (sy)*b -
(x+sx)*b

aux y=y

SPiM Source (.spi)
directive sample 1200.0 2000
val rt = 1.0
new xcat@rt:chan
new ycat@rt:chan
new sxcat@rt:chan new sxkill:chan
new sycat@rt:chan new sykill:chan
let x(O) =
do !xcat; xQO
or ?sycat; bQ
and yO =
do ?xcat; bQ)
or ?sxcat; bQ
and b =
do ?xcat; xQO
or ?sxcat; xQ
or ?sycat; yQ
and sy() = do !sycat; sy() or ?sykill;
and sx() = do !sxcat; sx() or ?sxkill;
run 60 of x(O
run 60 of b(Q)
run 60 of y(Q
run 66 of sy(Q
Tet clock(p:proc(int), t:float) =
(* Produce one p(m) every t sec with
precision dt,
with m incremented from 0 *)

O
O

(val dt= 100.0 run step(p, 0, t, dt, dt))

and step(p:proc(int), m:int, t:float,
n:float, dt:float) =

if n<=0.0 then (p(m)|step(p,m+1l,t,dt,dt))

else delay@dt/t; step(p,m,t,n-1.0,dt)
let schedule(n:int) =
if n < 60 then sx()
else if n < 120 then !sxkill; ()
else O
run clock(schedule,10.0)

PRISM Source

Model file (.sm)

ctmc

const int xMax = xInit+yInit+bInit;
const int yMax = xInit+yInit+bInit;
const int bMax = xInit+yInit+bInit;
const int sxMax = xInit+yInit+bInit;
const int syMax = XInit+yInit+bInit;

const int xInit;
const int yInit;
const int bInit;
const int sxInit;
const int syInit;
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const double rt;
module AMLowerHalf

x : [0..xMax] init xInit;
y : [0..yMax] init yInit;
b : [0..bMax] init bInit;
sx : [0..sxMax] init sxInit;
sy : [0..syMax] init syInit;

// Y+ X ->X+B

[rt] y>0 & x>0 -> (rt*y*x) : (y'=sy-1) &
(b'=min(b+1, bMax));

// B+ X -> X+ X

[rt] b>0 & x>0 -> (rt*b*x) : (b'=b-1) &
(x"'=min(x+1, xMax));

// X + SY -> SY + B
[rt] x>0 & sy>0 -> (rt*x*sy) : (x'=x-1) &
(b'=min(b+1, bMax));
// B+ SY -> SY +Y
[rt] b>0 & sy>0 -> (rt*b*sy) : (b'=b-1) &
(y'=min(y+1, ymax));
// Y + SX -> SX + B
[rt] y>0 & sx>0 -> (rt*y*sx) : (y'=y-1) &
(b'=min(b+1, bMax));
// B + SX -> SX + X
[rt] b>0 & sx>0 -> (rt*b*sx) : (b'=b-1) &
(x"'=min(x+1, xMax));

endmodule

rewards "x" true : Xx; endrewards
rewards "y" true : y; endrewards
rewards "b" true : b; endrewards
rewards "sx" true : sx; endrewards

rewards "sy" true : sy; endrewards

// rewards "x_sq" true : x*x; endrewards
// rewards "y_sq" true : y*y; endrewards
// rewards "b_sq" true : b*b; endrewards
// rewards "sx_sq" true : sx*sx; endrewards
// rewards "sy_sq" true : sy*sy; endrewards

rewards "time" true : 1; endrewards
Query file (.csl)

const double T;
const int 1i;

S=? [ x=1 ]

Initial Parameters

xInit = yInit = bInit = 30
sxInit =0 .. 30 by 1
syInit = 33

rt = 1.0

i=0..90by3

CCnn (Fig S3-1¢)

Chemical Reaction Model
X+2z2 - 2z+6b

b+z-z+y
y+r - r+b
b+r - + X

=

c N © =

+ + + +

X X n wn
!

X X un wn

+ + + +

=S © N C

Sy - sy
Sy - sy
SX - SX
SX - SX

O T X
+ + + o+
+ + + o+
X T T

Deterministic Model

dw/dt = -s*w + Xx*u

du/dt = s*w + z*X - s*u - Xx*u

dx/dt = (r+sx)*b - (z+sy)*x

db/dt = (r+sx)*y + (z+sy)*x - (z+sy)*b -
(r+sx)*b

Z = wuz-w-u

y = Xby-b-x

wuz=30, xby=30, s=2, sy=2, sx=0..10, r= 2

XPPAUT / Oscill8 Source (.ode)
p wuz=30, xby=30

p s=2, sy=2, sx=0.1, r= 2

Z = wuz-w-u

y = xby-b-x

dw/dt = -s*w + x*u

du/dt = s*w + z*X - s*u - Xx*u

dx/dt = (r+sx)*b - (z+sy)*x

db/dt = (r+sx)*y + (z+sy)*x - (z+sy)*b -
(r+sx)*b

aux z=z

aux y=y

SPiM Source (.spi)

directive sample 1000.0 2000
directive plot x(Q
val rt = 1.0
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new xcat@rt:chan
new zcat@rt:chan
new scat@rt:chan
new tcat@rt:chan
new rcat@rt:chan
new sxcat@rt:chan new sxkill:chan
new sycat@rt:chan new sykill:chan
Tet x() =

do !xcat; xQO

or ?zcat; b(Q

or ?sycat; bQ
and yQ =

do ?rcat; b(Q

or ?sxcat; bQ
and b =

do ?rcat; xQO

or ?sxcat; xQ

or ?7zcat; yQ

or ?sycat; yQ
and z() =

do !zcat; z(Q

or ?xcat; u(Q)

and rQ) =
lrcat; rQ

and w() =
?scat; u(Q)

and u(Q) =

do ?xcat; w(Q)
or ?scat; z(Q

and s =

Iscat; sQO
and sy() = do !sycat; sy() or ?sykill; QO
and sx() = do !sxcat; sx() or ?sxkill; O

run 50 of y(Q
run 50 of x(Q)
run 50 of b(Q)
run 50 of zQ)
run 50 of w(Q)
run 50 of u(Q)
run 10 of sQ
run 10 of rQ
run 10 of sy(Q
Tet clock(ps:proc(int), tm:float) =
(* Produce one ps(m) every tm sec with
precision dt,
with m incremented from 0 *)

(val dt= 100.0 run step(ps, 0, tm, dt, dt))
and step(ps:proc(int), m:int, tm:float,
n:float, dt:float) =
if n<=0.0 then
(ps(m) |step(ps,m+1,tm,dt,dt))
else delay@dt/tm; step(ps,m,tm,n-1.0,dt)
let schedule(n:int) =

if n < 50 then sx()

else if n < 100 then !sxkill; ()

else O
run clock(schedule,10.0)

PRISM Source

Model file (.sm)

ctmc

const int xMax = xInit+yInit+bInit;
const int yMax = xInit+yInit+bInit;
const int bMax = xInit+yInit+bInit;

const int wMax
const int zMax
const int uMax

wInit+zInit+uInit;
wInit+zInit+uInit;
wInit+zInit+uInit;

const int rMax = xInit+yInit+bInit;

const int sMax = wInit+zInit+uInit;

const int sxMax
const int syMax

const int xInit;
const int yInit;
const int bInit;

const int wInit;
const int zInit;
const int uInit;
const int rInit;
const int sInit;
const int sxInit;
const int syInit;

const double rt;

module CC

x : [0..xMax] init xInit;
y : [0..yMax] init yInit;
b : [0..bMax] init bInit;

w : [0..wMax] init wInit;
z : [0..zMax] init zInit;
u : [0..uMax] init uInit;

r : [0..rMax] init rInit;

s : [0..sMax] init sInit;
sx: [0..sxMax] init sxInit;
sy: [0..syMax] init syInit;

// X+ Z->Z+ B

[rt] x>0 & z>0 -> (rt*

(b'=min(b+1, bMax));
// B+2Z->Z+Y

[rt] b>0 & z>0 -> (rt*

(y'=min(y+1, ymax));
// Y+ R ->R + B

[rt] y>0 & r>0 -> (rt*

(b'=min(b+1, bMax));
// B+ R ->R + X

[rt] b>0 & r>0 -> (rt*

(x'=min(x+1, xMax));

//W+S ->S + U

[rt] w>0 & s>0 -> (rt*

(u'=minCu+1, uMax));
//U+S ->S +2Z

[rt] u>0 & s>0 -> (rt*

(z'=min(z+1, zMax));
// Z+ X ->X+U

[rt] z>0 & x>0 -> (rt*

(u'=minCu+1l, uMax));
// U+ X ->X+W

[rt] u>0 & x>0 -> (rt*u*

(w'=min(w+1, wMax));

// X + SY -> SY + B

[rt] x>0 & sy>0 -> (rt¥*x*sy)

(b'=min(b+1, bMax));
// B+ SY ->SY +Y

[rt] b>0 & sy>0 -> (rt*b¥*sy)

(y'=min(y+1, ymax));
// Y + SX -=> SX + B

[rt] y>0 & sx>0 -> (rt*y*sx)

(b'=min(b+1, bMax));
// B 4+ SX -> SX + X

:‘:Z)

:‘:Z)

:‘:r)

:‘:r)

:‘:s)

:‘:s)

:‘:X)

xInit+yInit+bInit;
xInit+yInit+bInit;

(x"'=x-1)
(b'=b-1)
(y'=y-1
(b'=b-1)
(w'=w-1)
(u'=u-1)
(z'=z-1
(u'=u-1)
(x'=x-1) &
(b'=b-1) &
(y'=y-1 &
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[rt] b>0 & sx>0 -> (rt*b*sx)
(x"'=min(x+1, xMax));

endmodule

rewards "x" true : Xx; endrewards
rewards "y" true : y; endrewards
rewards "b" true : b; endrewards
rewards "w" true : w; endrewards
rewards "z" true : z; endrewards
rewards "u" true : u; endrewards

rewards "r" true : r; endrewards

rewards "s" true : s; endrewards

rewards "sx" true : sx; endrewards
rewards "sy" true : sy; endrewards

rewards "time" true : 1; endrewards
Query file (.csl)

const double T;
const int 1i;

S=7[x=1]
Initial Parameters
xInit = yInit = bInit = wInit = zInit =
uinit = 10
rinit = sInit = 2
sxInit =0 .. 10 by 1
syIn1t =2
= 1.0

i= O .. 30 by 1

CCpp (Fig S3-1d)
l
X

Y
T

B

P <4

A

Chemical Reaction Model

X + - z+b

5 5 N N
[

S Y N

+ + 4+

X T <

b +
y +
b +

©
+ +
xX X
Lol
xX X
+ +
=S O

(b'=b-1) &

g+t - t+p

X +Sy - sy+b
b+ sy - sy+y
y + SX » SX + b
b + sx - sx + X

Deterministic Model
(t is time: we use tt for species t)

dr/dt = x*q - tt*r

dg/dt = tt*r + x*pp - x*q - tt*q

dx/dt = (r+sx)*b - (z+sy)*x

db/dt = (r+sx)*y + (z+sy)*x - (z+sy)*b -
(r+sx)*

pp = pgr-q-r

y = Xby-b-x

z=10, pqr=30, xby=30, tt=10, sy=2, sx=0.

XPPAUT / Oscill8 Source (.ode)
p z=10, pqr=30, xby=30
p tt=10, sy=2, sx=0.1

pp = pgr-q-r

y = xby-b-x

dr/dt = x*q - tt*r

dg/dt = tt*r + x*pp - x*q - tt*q

dx/dt = (r+sx)*b - (z+sy)*x

db/dt = (r+sx)*y + (z+sy)*x - (z+sy)*b -
(r+sx)*b

aux pp=pp

aux y=y

SPiM Source (.spi)
directive sample 1000.0 2000
directive plot x(Q)
val rt = 1.0
new xcat@rt:chan
new zcat@rt:chan
new scat@rt:chan
new tcat@rt:chan
new rcat@rt:chan
new sxcat@rt:chan new sxkill:chan
new sycat@rt:chan new sykill:chan
let x(O) =
do !xcat; xQO
or ?zcat; b(Q
or ?sycat; b(Q
and yQ =
do ?rcat; bQ
or ?sxcat; bQ
and b(Q) =
do ?rcat; xQO
or ?sxcat; xQ
or ?7zcat; yQ
or ?sycat; yQ
and z() =
lzcat; zQ)
and r() =
do !rcat; rQ
or ?tcat; qQ

and t() =
ltcat; tQ)

and pQ =
?xcat; qQ

and qQ =

do ?xcat; rQ

or ?tcat; pQ
and syQ = do Isycat; sy() or ?sykill; O
and sx() = do !sxcat; sx() or ?sxkill; O
run 50 of yQ
run 50 of xQ

.10
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run 50 of bQ

run 50 of p(Q) // X+2Z->2Z+B
run 50 of rQ) [rt] x>0 & z>0 -> (rt*x*z) : (x'=x-1) &
run 50 of qQ (b'=min(b+1, bMax));
run 50 of z(Q) // B+2Z->2Z+Y
run 50 of t(Q) [rt] b>0 & z>0 -> (rt*b*z) : (b'=b-1) &
run 10 of sy(Q (y'=min(y+1l, yMax));
Tet clock(ps:proc(int), tm:float) = // Y+ R ->R + B
(* Produce one ps(m) every tm sec with [rt] y>0 & r>0 -> (rt*y*r) : (y'=sy-1) &
precision dt, (b'=min(b+1, bMax));
with m incremented from 0 *) // B+ R ->R + X
(val dt= 100.0 run step(ps, 0, tm, dt, dt)) [rt] b>0 & r>0 -> (rt*b*r) : (b'=b-1) &
and step(ps:proc(int), m:int, tm:float, (x'=min(x+1, xMax));
n:float, dt:float) =
if n<=0.0 then // P+ X ->X+Q
(ps(m) | step(ps,m+1,tm,dt,dt)) [rt] p>0 & x>0 -> (rt*p*x) : (p'=p-1) &
else delay@dt/tm; step(ps,m,tm,n-1.0,dt) (q'=min(g+1, gmax));
let schedule(n:int) = // Q+ X -> X + R
if n < 50 then sx() [rt] g>0 & x>0 -> (rt*g*x) : (9'=q-1) &
else if n < 100 then !sxkill; () (r'=min(r+l, rmax));
else O // R+T->T+Q
run clock(schedule,10.0) [rt] r>0 & t>0 -> (rt*r*t) : (r'=r-1) &
(q'=min(g+1l, gmax));
// Q+T ->T+ P
PRISM Source [rt] g>0 & t>0 -> (rt*g*t) : (q'=q-1) &

(p'=min(p+1l, pMax));

Model file (.sm)
ctme // X + SY -> SY + B

[rt] ¥>O & sy>0 -> (rt*x*sy) : (x'=x-1) &
const int xMax xInit+yInit+bInit; (b'=min(b+1, bMax));

// B+ SY -> SY +Y
[rt] b>0 & sy>0 -> (rt*b*sy) : (b'=b-1) &
(y'=min(y+1, ymax));
// Y + SX -> SX + B
[rt] y>0 & sx>0 -> (rt*y*sx) : (y'=y-1) &
(b'=min(b+1, bMax));

XInit+yInit+bInit;
xInit+yInit+bInit;

const int yMax
const int bMax

const int zMax = xInit+yInit+bInit;

const int pMax = pInit+rInit+qInit; J/ B + SX - SX + X
const int rMax = pInit+rInit+qInit; N L . .
const int gMax = pInit+rInit+qInit; [re] b>0 & sx>0 -> (rt*b*sx) : (b'=b-1) &

(x'=min(x+1, xMax));

const int tMax = pInit+rInit+qInit;

const int sxMax = XInit+yInit+bInit; endmodule

const int syMax XInit+yInit+bInit; -

rewards "x" true : Xx; endrewards
const int xInit; rewards : : true : y; endrewards
const int yInit; rewards "b" true : b; endrewards
const int bInit;

rewards "z" true : z; endrewards
const int zInit;

rewards "p" true : p; endrewards
const int pInit; rewards :r: true : r; endrewards
const int rInit: rewards "q" true : q; endrewards
const int qInit; -

rewards "t" true : t; endrewards
const int tInit; rewards :sx: true : sx; endrewards
const int sxInit; rewards "sy" true : sy; endrewards
const int syInit; rewards "time" true : 1; endrewards
const double rt;

Query file (.csl)
module CC const double T;

L. . const int 1i;

x : [0..xMax] init XInit; S=?[x=1]
y : [0..yMax] init yInit;
b : [0..bMax] init bInit; L.

Initial Parameters
z : [0..zMax] init zInit; xInit = yInit = bInit = zInit = pInit =

rinit = qInit = tInit = 10
p : [0..pMax] init pInit; sxInit =0 .. 10 by 1
r : [0..rMax] init rInit; syInit = 2
g : [0..gMax] init qInit; rt = 1.0

i=0..30by1
t : [0..tMax] init tInit;
sx: [0..sxMax] init sxInit;
sy: [0..syMax] init syInit;
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Distributive Modification (Fig 4a)

Xe——"Dee—Y

R S (

Chemical Reaction Model

X+yY >y+b
y+X > X+Db
b +Xx - x + X
b+y -y+y

SPiM Source (.spi)

directive sample 2.0 1000
directive plot x(Q
val r = 0.001
new xcat@r:chan
new ycat@r:chan
let x() =
do !xcat; xQO
or ?ycat; b(Q
and yO =
do !ycat; yO
or ?xcat; bQ
and b =
do ?xcat; xQO
or ?ycat; yQ
run 7500 of x()
run 7500 of y(Q

Processive Modification (Fig 4b)

[ b o
y—> M —
«— c <

I

Chemical Reaction Model
X+Yy -Yy+b

Yy + X > X
C+ X - X
b+y -y

+ C
+ X
Yy

SPiM Source (.spi)
directive sample 20.0 1000
directive plot x(O; bQ
val r = 0.001
new xcat@r:chan
new ycat@r:chan
Tet xO =

do !xcat; xQO

or ?ycat; bQ
and yO =

do !ycat; yQO

or ?xcat; cQ
and b =

?ycat; yO
and cQ =

?xcat; xO
run 7500 of x()
run 7500 of y(Q)

Dimerization (Fig 4c)
C

A

X —>

v]

Chemical Reaction Model
X+ X - b

y+y-c

y +b - b+ x

X+ C > C+Yy

SPiM Source (.spi)

directive sample 20.0 1000
directive plot x(; x20
val r = 0.001
val a = 0.001
val d = 1.0
new x2cat@r:chan
new y2cat@r:chan
new xdim@a:chan
new ydim@a:chan
let xO) =
do !xdim; x2Q)
or ?xdim; QO
or ?y2cat; yQ
and x2(0) =
do !x2cat; x2Q)
or delay@ed; (xQIx0)
and yQ =
do !ydim; y2Q
or ?ydim; QO
or ?x2cat; xQ)
and y2Q) =
do !y2cat; y20
or delay@d; (yOlyQ)
run 7500 of xQ)
run 7500 of yQ
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Direct Enzymatic (Fig 4d)

beTK\l/
R

Chemical Reaction Model
X+Y »ab sdax+y

Yy + X »a C »d Yy + X

b -xy +y

C -k X + X

SPiM Source (.spi)

directive sample 20.0 1000
directive plot xQ; bQO

val a = 0.001
val d = 1.0
val k = 1.0

new xcat@a:chan new ycat@a:chan

let x() = do !xcat; c() or ?ycat; QO

and b() = do delay@d; (yQ[x()) or delay@k;
OlyO)

and y() = do !ycat; b() or ?xcat; O

and c() = do delay@d; (xQ|y(Q) or delay@k;
xOI1x0O)

run 7500 of xQ)

run 7500 of y(Q)

GW (Fig 5)

=

JD’ CJ
IS
X N

__][—>
22y
B

Senzmp r

fty

Chemical Reaction Model

X+2z2 - 2z+b
b+z - z+y
y+r - r+b
b+r - r+x
W+S - S+ u
U+s > s +z
Z+X > X+U
U+ X - X +w
p+X > X+

53 3 o n o)
+ + + + 4+ 4+
n n X X n un
l [
n n X X n n X
+ + + + o+ 4+
nw S5 =S S T QO

m+ v -
n+v -V +sSs

<
+
>S5

Deterministic Model
dw/dt -S*W + X*u
du/dt
dr/dt
dg/dt
dx/dt
db/dt
dm/dt
dn/dt
Z = WUz-w-u
pp = par-q-r
y = Xby-b-x
S = snm-n-m

(s+v)*m - (s+v)*n - x*n

wuz=9, pqr=9, xby=9, snm=9, sx=0,v=0

XPPAUT / Oscill8 Source (.ode)

init w=3, u=3, r=3, g=3, x=3, b=3, m=3, n=3
p wuz=9, pqr=9, xby=9, snm=9

p v=0

Z = wuz-w-u

pp = pqr-gq-r

Q.
=
~
(o
+
3
RS

o

- s*y - X*u

EUIE

XXT = XC

p - X*q - s¥q

*
*

+ 0+ + o+
NNXW®WN X

- Z:‘:b - r:’:b

SPiM Source (.spi)
directive sample 0.002626 2000
directive plot x(Q
val rt = 1.0
new xcat@rt:chan
new zcat@rt:chan
new rcat@rt:chan
new scat@rt:chan
new vcat@rt:chan
let x(O) =

do !xcat; xQO

or ?zcat; b(Q
and b =

do ?rcat; xQO

or ?7zcat; yQ
and yO =

?rcat; bQ
and z() =

do !zcat; z(Q)

or ?xcat; uQ)
and u(Q) =

do ?xcat; w(Q)

or ?scat; z(Q
and w(Q) =

?scat; uQ)
and rQ) =
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do !rcat; rQ

or ?scat; qQ const int vInit;
and qQ =
do ?xcat; rQ const int sxInit;
or ?scat; pQ const int syInit;
and pQ =
?xcat; qQ const double rt;
and s =
do !scat; sQO module GW
or ?xcat(Q); nQ
and n() = x : [0..xMax] init xInit;
do ?xcat; mQ y : [0..yMax] init yInit;
or ?scat; sQ b : [0..bMax] init bInit;

or ?vcat; sQ

and mQ) = w : [0..wMax] init wInit;

do ?scat; nQ) z : [0..zMax] init zInit;

or ?vcat; nQ u : [0..uMax] init uInit;
and v(Q =

lvcat; v(Q p : [0..pMax] init pInit;
run 5000 of x() r : [0..rMax] init rInit;
run 5000 of b(Q) g : [0..gMax] init qInit;
run 5000 of y(Q
run 5000 of z() s : [0..sMax] init sInit;
run 5000 of uQ) m : [0..mMax] init mInit;
run 5000 of w() n : [0..nMax] init nInit;
run 5000 of rQ)
run 5000 of qQ) v : [0..vMax] init vInit;
run 5000 of p(Q
run 5000 of sQ) sx: [0..sxMax] init sxInit;
run 5000 of n(Q) sy: [0..syMax] init syInit;
run 5000 of m(Q)
run 0 of vQ) // X+2Z->2Z+B

[rt] x>0 & z>0 -> (rt*x*z) : (x'=x-1)

PRISM Source (b'=min(b+1, bMax));

// B+2Z->Z+Y
[rt] b>0 & z>0 -> (rt*b*z) : (b'=b-1)
Model file (.sm) %'=m1'n(y+1, yMax)) ;
Y+ R ->R + B
ctme [rt] y>0 & r>0 -> (rt*y*r) : (y'sy-1)
(b'=min(b+1, bMax));

const int xMax = xInit+yInit+bInit; J/ B4R >R+ X
const int yMax = xInit+yInit+bInit; N e . .
const int bMax = xInit+yInit+bInit; [rt] b>0 & r>0 -> (rt*b*r) : (b'=b-1)

(x"=min(x+1, xMax));

const int wMax
const int zMax
const int uMax

wInit+zInit+uInit;
wInit+zInit+uInit;
wInit+zInit+uInit;

// W+S ->S+U

[rt] w>0 & s>0 -> (rt*w*s) : (w'=w-1)
(u'=minCu+1l, uMax));

// U+S ->S +Z

const int pMax = pInit+rInit+qInit; _— . v
const int rMax = pInit+rInit+qInit; [rFI 9>0 &1S>0 e (rt uts) : (u'=u-1)
const int gMax = pInit+rInit+qInit; (z'=min(z+1, zMax));

// Z+ X ->X+U

[rt] z>0 & x>0 -> (rt*z*x) : (z'=z-1)
(u'=minCu+1l, uMax));

// U+ X ->X+W

[rt] u>0 & x>0 -> (rt*u*x) : (u'=u-1)
(w'=min(w+1, wMax));

const int sMax
const int mMax
const int nMax

sInit+mInit+nInit;
sInit+mInit+nInit;
sInit+mInit+nInit;

const int vMax = sInit+mInit+nInit;

// P+ X ->X+Q

[rt] p>0 & x>0 -> (rt*p*x) : (p'=p-1)
(q'=min(g+l, gMax));

// Q+ X -> X + R

[rt] g0 & x>0 -> (rt*gq*x) : (q'=q-1)
(r'=min(r+1l, rMax));

// R+S ->S +Q

const int wInit; [rF] r>0 & s>0 -> (rt*r*s) : (r'=r-1)
const int zInit; ;3 ;mln§Q+i,SQTaﬁ));

const int uInit; [h] 40 & 550 -5 (rt*q¥s) : (q'=q-1)
(p'=min(p+l, pMax));

const int sxMax
const int syMax

xInit+yInit+bInit;
xInit+yInit+bInit;

const int xInit;
const int yInit;
const int bInit;

const int pInit;
const int rInit;

const int qInit; //' S+ X ->X+N

[rt] s>0 & x>0 -> (rt*s*x) : (s'=s-1)
(n'=min(n+1, nMax));

const int sInit;
J/ N+ X ->X+M

const int mInit;
const int nInit;



[rt] n>0 & x>0 -> (rt*n*x) : (n'=n-1) & GW-Indirect (Flg 85'1)

(m'=min(m+1, mMax));
// M+S ->S +N
[rt] m>0 & s>0 -> (rt*m*s) : (m'=m-1) &

(n'=min(n+l, nMax)); W = >Z

// N+S ->S +S

[rt] n>0 & s>0 -> (rt*n*s) : (n'=n-1) & T —_—
(s'=min(s+1, sMax)); l l X(-N y
//M+V ->V +N S“V"E,.m p"V')E,_r_T

[rt] m>0 & v>0 -> (rt*m*v) : (m'=m-1) &
(n'=min(n+1, nMax)); T—V
// N+V ->V + S

o

[rt] n>0 & v>0 -> (rt*n*v) : (n'=n-1) &

(s'=min(s+1l, sMax)); i 4?_1,1 I(
// X + SY -> SY + B ? t

[rt] x>0 & sy>0 -> (rt*x*sy) : (x'=x-1) &
(b'=min(b+1, bMax));
// B+ SY ->SY +Y

E;Fim?:(()yflsy;aa;;)Frt*b*sw P (b=b-1) & SPiM Source (.spi)

J/ Y + SX -> SX + B directive sample 0.002626 2000
[rt] y>0 & sx>0 -> (rt*y*sx) : (y'=y-1) & d1qecz1xelpgot xQ

(b'=min(b+1, bmax)); val rt = -G

// B + SX -> SX + X new xcat@rt:chan

[rt] b>0 & sx>0 -> (rt*b*sx) : (b'=b-1) & new zcat@rt:chan

new rcat@rt:chan
new scat@rt:chan
new vcat@rt:chan
new kcat@rt:chan
new tcat@rt:chan
let x(O) =

do !xcat; xQO

or ?zcat; b(Q
and b =

do ?rcat; xQO

or ?7zcat; yQ
and yO =

?rcat; bQ
and z() =

do !zcat; z(Q

or ?xcat; u(Q)
and u(Q) =

do ?xcat; w(Q)

or ?scat; z(Q
and w(Q) =

?scat; uQ)
and r() =

do !rcat; rQ

or ?kcat; qQO
and qQ =

do ?xcat; rQ

or ?kcat; pQ

(x"'=min(x+1, xMax));

endmodule

rewards "x" true : x; endrewards
rewards "y" true : y; endrewards
rewards "b" true : b; endrewards
rewards "w" true : w; endrewards
rewards "z" true : z; endrewards

rewards "u" true : u; endrewards
rewards "p" true : p; endrewards
rewards "r" true : r; endrewards

rewards "q" true : q; endrewards
rewards "s" true : s; endrewards
rewards "m" true : m; endrewards

rewards "n" true : n; endrewards
"

rewards "v" true : v; endrewards

rewards "sx" true : sx; endrewards
rewards "sy" true : sy; endrewards

rewards "time" true : 1; endrewards

. and pQ =
Query file (.csl) ?xcat; qQ
const double T; and sQ =
const int i; do !scat; sQ
P=? [F[T,TIx=i] or ?xcat(Q; nQ
and n() =
'? .
Initial Parameters ﬂ? 7§§§§ 28
xInit = yInit = bInit = wInit = zInit = or ?vcat; sQ
uinit = pInit = rInit = qInit = sInit = and m(Q) =
tInit = mInit = nInit = 3 do ?kcat; nQ
vinit = 0 or ?vcat; nQ
re = 1.0 and i) =
i=0..9by1 ?scat; jO
T = . 1 by 0.05 and jO =
(sxInit = syInit = 0) do ?scat; k(O
or ?tcat; iQ
and kO =
do!kcat; k(O
or ?tcat; jO
and t() =

ltcat; tQ)



and v() =
lvcat; vQ
run 5000 of x()
run 5000 of b()
run 5000 of y(Q)
run 5000 of z()
run 5000 of uQ)
run 5000 of wQ)
run 5000 of r()
run 5000 of qQ
run 5000 of p(Q)
run 5000 of sQ)
run 5000 of nQ)
run 5000 of m(Q)
run 5000 of i(Q)
run 5000 of jQO
run 5000 of k()
run 5000 of t(Q)
run 0 of v(Q

PRISM v4.0.3 Settings

"PRISN"

Ry . e

Engine

PTA model checking method
Linear equations method
COwver-relaxation parameter
MDP solution method
Termination criteria
Termination epsilon
Termination max. iterations
Use precomputation

Use Prob0 precomputation
Use Prob1 precomputation
Use faimess

Do probabilityirate checks
Use steady-state detection
SCC decomposition method
Symmetry reduction parameters
Abstraction refinement options
Verbose output

Extra MTBDD information
Extra reachability information
Use compact schemes
Hybrid sparse levels

Hybrid sparse memoary (KB)
Hybrid GS levels

Hybrid GS memory (KB}
CUDD max. memaory (KB)
CUDD epsilon

Adversary export

Adversary export filename

Sparse
Stochastie games
Gauss-Seidel

0.9

WValue iteration
Relative

1.0E-&

1000000

ERIOEI=EE

Lockstep

EOOO

-1

4094

-1

4094
§19200
1.0E-15
Hone
adv.tra
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