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Modeling the coupling between (rezia—

the cell cycle and the circadian clock

Context: Optimizing cancer treatment with chronotherapy
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Temporal logic specifications (rrzia—

* Dynamical behaviors for oscillatory systems:
- period, amplitude, phase
- oscillations regularity

/W\A
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* Formalised with temporal logic:
Ex:period o _3(¢1,¢2) | p=to —t1 A t1 < ta

Result:
A F(@ >0 A x(ﬂ < 0 A Time = t1)) ‘ -Possible values: p =23 | p=24.5
j; 3’; - Satisfaction degree (with
A F(E >0 A X(E < 0 A Time = t2)) objective p=24): 0.1

* Applications:
* Data analysis: extracting meaningful information from a trace
*  Model checking: verifying that a model satisfies some constraints
*  Model analysis: comparing how the properties of a model evolve when some parameters vary

*  Parameter inference: continuous satisfaction degree of a temporal logic farmula, powerful
optimization algorithm CMA-ES

http://lifeware.inria.fr/Biocham/



Validation domain computing algorithm lrezia—

Generic algorithm:

 Decomposition of ¢ in sub-formulas
* For each constraint and each time point, computing of a domain of possible variables
 Combination of the subdomains with the logical operators :
. - T . n T
~  Operator F (finally) - union: D ¢y = U/, Dsj,qﬁ

—  Operator G (globally) = intersection: DET Go = ﬂf_f 'DST &
I : == 'R

— Operator X (next) - next domain if valid: 'Dg Xp — ’D;—i—l b
I? I !

—1
— Operator U (until) - union of intersections: D;@,Uw = Uf:;(ﬂ;gb M ﬂ‘;{:; DS]; ui‘)

 Domain for ¢ = combinated domain for the first point of the trace

= F( [A] >
¢ =F([A]>s) Computational cost: up to O(nY)
P (v = number of variables)

' # How to find a simplified trace that will
L l l (et [ l keep the same validity domain?

Dy ={s <max[A] }




Validation domain computing algorithm lrezia—

Generic algorithm:

 Decomposition of ¢ in sub-formulas
* For each constraint and each time point, computing of a domain of possible variables
 Combination of the subdomains with the logical operators :
. - T . n T
~  Operator F (finally) - union: D ¢y = U/, Dsj,qﬁ

—  Operator G (globally) = intersection: DET Go = ﬂf_f 'DST &
I : == 'R

— Operator X (next) - next domain if valid: 'Dg Xp — ’D;—i—l b
I? I !

—1
— Operator U (until) - union of intersections: D;@,Uw = Uf:;(ﬂ;gb M ﬂ‘;{:; DS]; ui‘)

 Domain for ¢ = combinated domain for the first point of the trace

= F( [A] >
¢ =F([A]>s) Computational cost: up to O(nY)
P (v = number of variables)

' # How to find a simplified trace that will
L l l (et [ I keep the same validity domain?

Dy ={s <max[A] }




Validation domain computing algorithm lrezia—

Generic algorithm:

 Decomposition of ¢ in sub-formulas
* For each constraint and each time point, computing of a domain of possible variables
 Combination of the subdomains with the logical operators :
. - T . n T
~  Operator F (finally) - union: D ¢y = U/, Dsj,qﬁ

—  Operator G (globally) = intersection: DET Go = ﬂf_f 'DST &
I : == 'R

— Operator X (next) - next domain if valid: 'Dg Xp — ’D;—i—l b
I? I !

—1
— Operator U (until) - union of intersections: D;@,Uw = Uf:;(ﬂ;gb M ﬂ‘;{:; DS]; ui‘)

 Domain for ¢ = combinated domain for the first point of the trace

= F( [A] >
¢ =F([A]>s) Computational cost: up to O(nY)
P (v = number of variables)

' # How to find a simplified trace that will
L l l (et I I keep the same validity domain?

Dy ={s <max[A] }




Validation domain computing algorithm lrezia—

Generic algorithm:

 Decomposition of ¢ in sub-formulas
* For each constraint and each time point, computing of a domain of possible variables
 Combination of the subdomains with the logical operators :
. - T . n T
~  Operator F (finally) - union: D ¢y = U/, Dsj,qﬁ

—  Operator G (globally) = intersection: DET Gp = ﬂf_f 'DST &
I == 'R

— Operator X (next) - next domain if valid: 'Dg Xp — ’D;—i—l b
I? I !

—1
— Operator U (until) - union of intersections: D;@,Uw = Uf:;(ﬂs:.;b M ﬂ‘;{:; DS]; ui‘)
 Domain for ¢ = combinated domain for the first point of the trace

= F( [A] >
¢ =F([A]>s) Computational cost: up to O(nY)
P (v = number of variables)

' # How to find a simplified trace that will
L l l [ | | I I I keep the same validity domain?

Dy ={s <max[A] }




Validation domain computing algorithm lrezia—

Generic algorithm:

 Decomposition of ¢ in sub-formulas
* For each constraint and each time point, computing of a domain of possible variables
 Combination of the subdomains with the logical operators :
. - T . n T
~  Operator F (finally) - union: D ¢y = U/, Dsj,qﬁ

—  Operator G (globally) = intersection: DET Gp = ﬂf_f 'DST &
I == 'R

— Operator X (next) - next domain if valid: 'Dg Xp — ’D;—i—l b
I? I !

—1
— Operator U (until) - union of intersections: D;@,Uw = Uf:;(ﬂs:.;b M ﬂ‘;{:; DS]; ui‘)
 Domain for ¢ = combinated domain for the first point of the trace

= F( [A] >
¢ =F([A]>s) Computational cost: up to O(nY)
P (v = number of variables)

' # How to find a simplified trace that will
L ‘ I I | | I I I keep the same validity domain?

Dy ={s <max[A] }




Validation domain computing algorithm lrezia—

Generic algorithm:

 Decomposition of ¢ in sub-formulas

* For each constraint and each time point, computing of a domain of possible variables

 Combination of the subdomains with the logical operators :
—  Operator F (finally) = union: DST Fo = 7 DI
i

_.f1=fl 5j:¢"

—  Operator G (globally) = intersection: DET Gp = ﬂf_f 'DST &
I == 'R

— Operator X (next) - next domain if valid: 'Dg Xp = 'DT
ll!

Sit1:®

—1
— Operator U (until) - union of intersections: D;@,Uw = Uf:;(ﬂs:.;b M n':{ : DS]:(¢_)

=

 Domain for ¢ = combinated domain for the first point of the trace

¢ =F([A]>s)

Computational cost: up to O(nV)
. (v = number of variables)

‘ I I | | I I I mm) How to find a simplified trace that il

keep the same validity domain?

LD¢={s<max[A]}



Validation domain computing algorithm lrezia—

Generic algorithm:

 Decomposition of ¢ in sub-formulas

* For each constraint and each time point, computing of a domain of possible variables

 Combination of the subdomains with the logical operators :
—  Operator F (finally) = union: DST Fo = 7 DI
i

_.f1=fl 5j:¢"

—  Operator G (globally) = intersection: DET Gp = ﬂf_f 'DST &
I == 'R

— Operator X (next) - next domain if valid: 'Dg Xp = 'DT
ll!

Sit1:®

—1
— Operator U (until) - union of intersections: D;@,Uw = Uf:;(ﬂs:.;b M n':{ : DS]:(¢_)

=

 Domain for ¢ = combinated domain for the first point of the trace

¢ =F([A]>s)

Computational cost: up to O(nV)
. (v = number of variables)

‘ I I | | I I I mm) How to find a simplified trace that il

keep the same validity domain?

LD¢={s<max[A]}



Validation domain computing algorithm lrezia—

Dedicated solvers:

e Specific function for a dynamical behavior
e Direct computing of the validity domain on the trace <>

AIAVA

- distanceSuccPeaks(A,B,dist)

ope . t
Specification: ¢ =3(ta,.t2) |p=ta — ta

fo{dﬂl }DﬂX{dA <0 A Time =t
E E_ fme—i

dA dA
Al— <0U(— =0

dt ~ dt
dA dA
A {(E = lZl]Ur[E < 0A Time = t2)))))
Result: p=23]|p=24.5 = p=23| p=24.5
Computational cost: 0O(n?) # O(n)

F. Fages, P. Traynard. Temporal Logic Modeling of Dynamical Behaviors: First-Order Patterns and

Solvers. In Logical Modeling of Biological Systems, pages 307-338. ISTE Ltd, Eds. L. Farinas del
Cerro et K. Inoue., 2014
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Trace simplification boviin

‘ For the case when there is no dedicated solver, how to make the
generic algorithm more efficient?

A

7,

Trace simplification: local extrema /\\/'\

R

‘ Under which condition on the constraints is it safe to use this
simplification ?




Proof of validity: peak and period

Peak

Furrn.ula: b = F(% > 0 fx}{(% < 0A Time = t))
Validity Domain:

_ T
DT¢ o 'D50:¢7
n
_ T T T
B U( 5;,%}0 A ( 5;'-1—11%50 A 5".+1’T’me:t
=0
_ T
- U 'Ds,-*l , Time=t
"E{O! -:n}”(%)%}o”\(d_f)s, 1£0
_ {T;mesj.H}
i€{0,....n}[(24)s; >0A(22). 4 <O
Period
Formula: ¢ =3(t1,t2) |p=to — t1 A t1 < B2

dA dA
AF(— >0AX(— < 0A Time = t1
(dt (dt_ )

dA dA
AF(— >0AX(— < 0A Time = t2
(dt (dt_ )

)

&zua/-

Trace simplification:
The optimal trace simplification is T; with
J=A{i,i+1€{0,...,n}]|

dd S on

dt s dt s; 4

<0}

18, is a simplification of T for @.

Same trace simplification

dA dA _
A-dts |t < t3 < tg/\F(E >0/\X(E < 0A Time = t3))
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Proof of validity: phase and amplitude 4.,z

Peak
Formula: A,B

o=3(tl,t2) [p=th —t1 A t1 < t2 \ Y-
dA dA
AF(E::»OAX(EﬁOATFme:tl)) \\ /

K.&f‘
Trace simplification:

The optimal trace simplification is T, with J = {i,i+ 1 € {0, ..., n}] %S' > 0 A %'5' < 0}

AF(dB>0/\X(d8<OAT' t2))
— E— mme —=
dt dt —

¢, g Is a simplification of T for .

Minimal amplitude
Formula: ¢ = 3v |F(A< v)AF(A > v + a) ——
Validity Domain: .

T
Pr.o = = MNy(D su F(A<v) rJﬁlI}su,F(,-i".j‘;:-t.-fIa:]:'

U Ds A{v) M U Ds A v 2) Trace simplification:
The optimal trace simplification is T; where
— N (;DT_ ’DT ) J = {minA, maxA}.
T Smina, A<V *maxA,AA>v+a ¢, is a simplification of T for .
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General Theorems brzia—

First theorem: If a simplification trace is correct for ¢ and ¢ then it is correct for the
logical combinations of ¢ and .

T T’ T’ T’
Proof: D5 (;,_J)ﬁr,’b—p ¢5ﬂD5!w—D quD ’w—D

S.H

Y QAP

Second theorem:
If a subtrace contains extreme domains, it is a simplification for F.

Proof: DT¢ = U, Dsj,cp C Uj Dsj,d>

Similar result for G: A simplification trace of G¢ is the set of points s; whose Dy , is
contained in all the Dy ,

Corollary: A simplified trace on T for F(cA¢) can be found by discarding all the
points where c is false, if this defines a simplified trace on T for ¢.
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First theorem: If a simplification trace is correct for ¢ and ¢ then it is correct for the
logical combinations of ¢ and .

T T’ T’ T/
Proof: D yny = Dy N Dy =Dy s ND =Dy

S.H

Minimal Amplitude \
Formula: ¢ = 3dv |F(A< v)AF(A > v + a) —
Validity Domain: o

.
D1.¢ = Na(Dg rracy) N Doy Fasvia))

U ps A-::v} N U ’1}5 A>v+a ) Trace simplification:
The optimal trace simplification is T; where

—-n (IJT | M pT ) J = {minA, maxA}.
N SminA, A<V SmaxA A >V a T¢ , is a simplification of T for ¢.



Second theorem b

A —

Second theorem:
If a subtrace contains extreme domains, it is a simplification for F.

Proof: DT¢ = U, Dsj,¢ C Uj Dsj,d>

Similar result for G: A simplification trace of G¢ is the set of points s, whose Dy , is
contained in all the Dy ,

¢ =F([A]>s)

» ) >

Ay




Second theorem Crzia—

Second theorem:
If a subtrace contains extreme domains, it is a simplification for F.

Proof: DT¢ = U, Dsj,¢ C Uj Dsj,d>

Similar result for G: A simplification trace of G¢ is the set of points s, whose Dy , is
contained in all the Dy ,

¢ =F([A]>s)

.

Qch={s< max[A] }
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Corolary lrrzia—

Corollary: A simplified trace on T for F(cA¢) can be found by discarding all the
points where c is false, if this defines a simplified trace on T for ¢.

Threshold
Formula: ¢ = F(Time > 20N A < v) /]

] ] L V
Validity Domain: Dy , = D;?F{T;me}mmq{v] \/ v

n

_ T

- U I}s,-._ Time >20rA<v
0

Time=20

n
= J(DI times20 NP, 4.,) Trace simplification:
i—0 | | The single point s i,a.,, defines an optimal
trace simplification of T for ¢.

— DT . R .
L U si,A<v T¢, is not a simplification of T for ¢ unless it
{i| Times; >20} does contain a local minimum such that
—pT Time>20.

5minA:,_,_ 20 ALY
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4

Threshold
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n
o T
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n
. T T . - . .
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=
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Crossing

Crossing
Formula: ¢ =F(A> BAX(A< BA Time =t))

Validity Domain:

T T T
D1.¢ = U(Ds,-,Agf.:::»Bsr. N (D, 4.4, <Bs, N Ds;\y Time=t))
i=0
= U {Times, ., }

ie{o,...,n}]mgi > Bs; ’“‘A55+1 EBS:’-I—I

A,B
Here T¢, g is NOT a simplification of T for ¢. Ten g

A simplification trace is defined by the points in:
J={i,i+1€{0,...,n}]|As; > Bs; NAs; .y < Bs;,,}
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Crossing
Formula: ¢ =F(A> BAX(A< BA Time =t))
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_ T T T
DT:‘.ﬁ' T U(‘DEE:AS‘;}BS‘; ﬂ (DSH_I ?AEFEBE‘- ﬁ DS;_I_ITTJTME:I'))
=0
= U {Times;,, }
i€{0,...,n}]|As; >Bs; AAs; 4 <Bs; . 4
AB
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b

A —

A simplification trace is defined by the points in:
J={i,i+1€{0,...,n}]|As; > Bs; NAs; .y < Bs;,,}



Evaluation on Oscillation Constraints &£zzza—
between the Cell Cycle and Circadian Clock

* The cell cycle and the circadian clock: two coupled
oscillators involving:

— gualitative properties: oscillations, stability

— guantitative properties: period of each oscillator,

[y

phase
* Constraints on one molecule: Ov &v M /M M Av N N
— Minimum ampitude - o0 BT ——

— Distance between successive peaks
— Regularity of the distances between peaks

— Regularity of the peak amplitudes :
e Constraints on two molecules:
— Phase
,‘:

Cell cycle: MPF, Weel ., L A AN
Circadian clock: Bmall, PerCry, Rev-erba °

&

w

na

[y




Evaluation on Oscillation Constraints &£zzza—
between the Cell Cycle and Circadian Clock

Trace simplification:
- Extrema subtrace implemented in BIOCHAM
- Computing times:
* Rosenbrock’s variable step-size simulation: 8-16 ms
 4th order Runge-Kutta fixed step-size simulation: 160-250 ms

i Validity domain Computing time (ln mS): First trace Second trace
variable fixed variable fixed

Bef. Aft. Bef. Aft. Bef. Aft. Bef. Aft.
Nb of points 971 18 20002 18 | 1047 35 20002 35
Formula Solver 34 34 58 58
N generic 12 0 260 4 12 0 204 0
Reachability of PerCry dedicated 0 0 16 0 4 0 16 0
o ] generic 132 0 2728 0 132 4 2516 4
Minimum ampltude of PerCry dedicated 0 0 16 0 4 0 16 0
generic 64 0 1308 4 72 4 1316 4
Local maxima of PerCry dedicated 0 0 36 8 4 0 44 4
generic 512 12 9584 12 708 80 12373 104
Distance betw. PerCry peaks dedicated 4 4 40 8 32 28 80 48
. zeneric 532 12 10980 12 | 1188 36 23101 156
Distance betw. succ. PerCry peaks dedicated 4 0 40 3 4 0 g 4
_ generic 1700 32 34818 32 | 3056 9% 60776 108
Regularity of PerCry peaks dedicated 0 0 36 0 4 0 52 20
generic 456 16 9332 16 496 32 9365 32
Phase betw. PerCry and MPF dedicated 4 4 68 12 4 0 76 20
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Conclusion

Temporal logic patterns provide an elegant way to
o extract meaningful information on the periods and phases from numerical traces
o use these formulae as constraints for parameter search

Simplifying the trace prior to the solving makes the generic solving algorithm more
efficient

Under some general conditions on the syntax of the formulae given as theorems it
IS correct to keep in the trace only the time points corresponding to

« the local extrema of the molecules
« orthe crossing points between molecular concentrations

On simulation traces, the speedup obtained in computation time was by several
orders of magnitude: up to 1000 fold.

The trace simplifications described in this paper are implemented in Biocham release
3.6.



