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Abstract Boolean Networks

« Genes
e Interactions

« Positive, negative

« Known

- Suspected o_’°<
« Observations O
« ABN

« Reproduces observations
« (And other constraints)




ABN Reqgulation Conditions

we define the following regulation condition templates:

: Ri(c.q) & AllActivators(c,q) A NoRepressors(c, q)
d O.O b E.Zj ;.O:.ﬂ C Oﬁoioq Ri(c,q) & = NoActivators(c.q) A NoRepressors(c, q)
e @ O | Gndiion O e O LO Ri(e,q) =&  AllActivators(c, q) A ~AllRepressors(c, q)
:i- o 7-- E--i Ri(c.q) £ (NoRepressors(c,q) A ~NoActivators(c,q)) V
d (mAllRepressors(c, q) N AllActivators(c, q))
etaton Ri(c,q) & AllActivators(c. q)
conditon Ri(c.q) = AllActivators(c.q) vV (NoRepressors(c,q) A ~NoActivators(c, q))
Ri(c.q) & = NoActivators(c,q) A —~AllRepressors(c,q)
Ri(c,q) 2 (=NoActivators(c,q) A ~AllRepressors(c.q)) V AllActivators(c, q)
Ri(c,q) £ ~=NoActivators(c,q)
Ri(c,q) = NoRepressors(c.q)
Rio(c,q) = NoRepressors(c,q) V (mAllRepressors(c, q) A AllActivators(c, q))
R (c.q) = NoRepressors(c,q)V (mNoActivators(c,q) A —AllRepressors(c, q))
Ri5(c,q) = =AllRepressors(c.q)
Ris(c,q) = NoRepressors(c,q) Vv AllActivators(c,q)
Ri,(c.q) = (NoRepressors(c,q)V AllActivators(c,q)) V
(mAllRepressors(c, q) AN 7" NoActivators(c, q))
Figure 2: The set of 18 regulation conditions (excluding the two thresh- -(c.q) £ = AllRepressors(c. q) V AllActivators(c. q)
old rules). ‘e(c,q) £ NoRepressors(c,q)V —~NoActivators(c,q)
Ri-(c,q) = =AllRepressors(c,q)V = NoActivators(c,q)



ABN Reqgulation Conditions
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Observations

9 J/ Experiment Two Ifrom 21 to 2i plus LIF

10 #ExperimentTwo[0] |= S5Twoli "Exp2 initial expression pattern":

11 #ExperimentTwo[0] |= STwoiPlusLifCultureConditions "Exp2 culture conditions";
12 #ExperimentTwo[0] |= SHoEnockDowns "Exp? no knockdowns";

13 #ExperimentTwo[0] |= SHolOverExpression "Exp? no overexpression”;
14 #ExperimentTwo[18] |= S$TwoiPlusLif "Exp2 penultimate state";

15 #ExperimentTwo[19] |= S$TwoiPlusLif "Exp2 final state™:;

196 $TwoiPlusLifCultureConditions := 315 3TwoiPlusLif:=
197 { 316 {

198 LIF = 1 and 317 MEKERK = 0 and
199 ©H = 1 and 318 DOctd=1 and

300 PD = 1 319  SoxZ2=1 and

201 }: 320 HNanog=1 and

321 Esrrb=1 and
322 EKE1f2=1 and
323 Tfcp2ll=1 and



ABN Encoding

« Components

 (Boolean) genes G

« (Constrained) interactions I

* (Abstract) requlation conditions R

- Initial and final valuation of all genes

« Implicit

« States S
 Transition relation T(s,s")
« Property p
« T unwound for fixed number of steps (here 20)
« Synchronous

¢, R)



Problems

» Find good interaction graphs
31 3R . ¢ (I, R)

» Find bad interaction graphs

» Minimal/essential interaction graphs
3, R.(I,R) = @I, R".¢(I',R") A(

» Find a “simple” f such that
vi  .f(I) =@ER.¢U,R))




State of the art (Bio)

« RE:IN

e Check
31 3R . ¢(I, R)

« Record a list of (I, R)
(I,R) = ITE(1, 2,
ITE(2,3,
4)

Interaction 12 3 4567 8 910112
& Cdc20-->Cdh1
Cdc20--|CIb12
Cdc20-->Swi5
Clb12-->Cdc20
4 Clb12--|MBF
& Clb12--|SBF
Clb56-->Clb12
i Clb56-->Mcm!
& CIn12--|Cdh1
& CIn12--|Sict
& CIn3-->MBF
& CIn3-->SBF
& MBF-->Clb56
& SBF-->CIn12
4 Sic1--|Clb56
Swib-->Sic1
Cdc20-->Sict
Mcm1-->Cdc20

Cdh1-|Clb12
Sic1--|Clb12



SMT Quantifiers

e /3 comes with

« E-matching for unsatisfiable problems
- Model based quantifier instantiation (MBQI) for satisfiable problems

+ MBQI
« Skolemize
Vude.p(u,e) - Vuze-—¢p(u,ef,(u))
« Guess a model, e.qg,,

{ fe(x) = ax }
« Check for counter-examples u s.t.
—Vu.p(u,~u) = 3Ju. ¢ (u, ~u)

« Remember u



MBQI fixing the model

« The model £, is broken at u
P (U, fe (1))
» Find out what would have worked
de . ¢p(u,e)
* Fix the broken model

fe (x) = ITE(u, e, fo(x))




State of the art (SMT)

« MBQI

» Check
Ju. = (u, m)
de. ¢(u,e)

« Record a list of counter-
examples & fixes (u, e)

(..) = ITE(1,2,
ITE (2,3,
4)

Interaction 12 3 4567 8 910112
& Cdc20-->Cdh1
Cdc20--|CIb12
Cdc20-->Swi5
Clb12-->Cdc20
4 Clb12--|MBF
& Clb12--|SBF
Clb56-->Clb12
i Clb56-->Mcm!
& CIn12--|Cdh1
& CIn12--|Sict
& CIn3-->MBF
& CIn3-->SBF
& MBF-->Clb56
& SBF-->CIn12
4 Sic1--|Clb56
Swib-->Sic1
Cdc20-->Sict
Mcm1-->Cdc20
Cdh1--|CIb12

Sic1--|Clb12



Skolem Function Templates

« Skolemize into
Vude.d(u,e f,(u))

» But also enforce
Jday, a Vx . f,(x) = ay, D a,x

« Now we have
dagy, aVu.p(u,a, © a,u)



Algebraic Normal Form

» Every function over n Booleans
« Has equivalent ANF

f(x1, e, xn) = ag @
a;x, D ax, O - D
Ay2X1% D - D
. P

a1,2,...,nx1 X

 Such that the coefficients a; € {0,1} fully describe f.
° Eg, X1 /\Xz =1 @xl @XZ @Xle



[nstantiation Templates
« When looking for a counter-example

—Vu. U, fo(u))
» Constrain u to a template too
—Vu.c = f,(w) = ¢(c, fo(w))
« Now enforce a template on f
da,, a4, ...

VU . gb.(uao D auq...,eqg D ejuq ...)



Templated Branches
» Instead of lists of counter-examples

f(.)=ITE(ay ® a1x{ ...,eq D e{xq -+,
ITE(ay D ayxq...,eq D ejxq -,

0)

» £.g., non-linear functions become piecewise linear



Template Refinement

- When there are no solutions
« Increase template complexity

f(xqy, ., ) = ag D

a1x1 E} azxz 69

Ay %1%y D - €

A12.nX1°""Xn




Scale Example

+ 16 genes, 8 optional interactions, 2 experiments
» RE:IN enumerated 96 solutions

* ((Nanog --> Sox2) AND (KlIt2 --> Oct4)) OR
((Sall4 --> Sox2) AND (Klf2 --> Oct4))



Future work

« Smarter template refinement
» Alternatives for ANF polynomials

« New (relatively complete) classes of parametrizable functions
- E.g., graphs & properties

» Extensions to other theories

 Esp. integers, bit-vectors, arrays

» Lots of applications

« Complexity management
« Tailored function templates
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