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Motivation

1. Finding all attractors of a network and analyzing the
change of the state transition network after intervention play
important roles in protecting desired attractors from being
damaged.

2. As the simplest structure intervention, one-bit perturbation
has attracted much attention in recent years. The main
challenge lies in the computational complexity.

3. If the network can be partitioned by cascading aggregation,
then the computational complexity to find the attractors of
Boolean networks is reduced.



Main idea

1. After one-bit perturbation, desired attractors cannot be
destroyed.

2. No new attractors are generated.

3. After one-bit perturbation, if the perturbed states still enter
Into the original desired attractors or the undesired attractors,
this kind of perturbed state is not taken into consideration.

4. The one-bit perturbation occurs on root blocks or blocks
with inputs.



Method

1. Find the cascading aggregation that partitions the network
Into several blocks.

2. Find the one-bit perturbations that destroy the desired
attractors.

3. Check the one-bit perturbations that cause the emergence
of new attractors.

4. Find the perturbed states entering into different sets of
attractors after one-bit perturbation.



Method (Cont’d)

5. For each perturbed states obtained in step 4, calculate Ag.

6. Seek out the largest Ag, and the corresponding one-bit
perturbation is the optimal one-bit perturbation.



Problem formulation

Consider the following BN, which contains n
state nodes, x1,x2,....,T,:

z1(t +1)=f1 ([z;()],5 € N1) .
zo(t +1)=fa ([z;(t)],7 € N2) .

Tn(t + 1)=f, ([:x:j (f)] . € Ny),

where z;(t) can take 1 or O and f; (¢ = 1,2,....,n)
are logical functions. N; C {1,2,..., ,n} is an index
set, which expresses the ad_]acency relation of nodes
corresponding to genes.



Problem formulation (Cont’d)

Desired attractors: Ag ={dy,dy....d,}, (2)
Undesired attractors: Aua = {udy,udz ..., udj. (3)

Objective function: 4z = > 4.ca, [Bﬁpj(di) — B(da—)]

-2 {B{p](ud ) — B(ud )] 4)
uds, € Aua j o0 o .

where B(d;) and B‘EPJ (d;) denote the size of the BOAs

for attractor d; before and after perturbation f ;p):

respectively. This objective function has been pro-
posed in Hu et al. (2016).



Problem formulation (Cont’d)

Definition 1 (Zhao et al., 2016) The aggregation
is said to be cascading if (with possible reordering)
the groups

e Uq lqu X; (i=1,2,....5) (6)

have zero in-degree, where g(-) is a one-to-one map-
ping from {1,2..., s} to itself.

Therefore, the subnetwork 3; with nodes y; and in-
puts U; 1s a Boolean control network, which can be

described as

2 Tij (?f -+ 1) Zfij (.’I:il(i), .'L‘?;Q(t), e e s Ling (t)j
Uil (f) Ui (f) cwwy Uigny,; (f)) (5)



Problem formulation (Cont’d)

Example 1

Fig. 1 Aggregation of a network with nine nodes into
three Boolean control networks



Major results

Algorithm 1 Seeking ipred(a)

Input: Set 2 ={1,2,...,s}, Vi=[],i€ 2, ;=0
Output: v // ipred(a)

1: forall k € (! do

2 s +— ¥la, xx)

3:  for iy =0 to size(Bi,1) do

4 if Bl(ﬂ:?):sl then

5 Viler + +] < Biy(ig, 1)

6 end if

7:  end for

8 Vi [Vir, Vi, ..., Vigamay] //W(V1;,U2) = 5 — 1
//(G=12,...,2M2)

9: end for

10: for all l € 2\{1} do
11:  for i; =1 to size(Bi, 1) do

12: for rr =1 to 2™ do

13: if B)(i;,2) = s; and Bj(i;,3) = — 1 then
14: Viry[a1 + +] < Bi(ir, 1)

15: end if

16: Vi [Vir, Via, ..., Vigamu) ]

17: vl ew

18: Vi« vi-Digy,

19: end for

20: end for
21: end for




Major results (Cont’d)

Algorithm 2 Identifying new attractors in the root
block

Input: Set B1 =[], C1 =[], R=0

Output: R

1: for i = 0 to size(A1,2) do

2:  for j =0 to size(A, 1) do

3 Bi(1,7) + Aq(l,2) and

Bi(j+1,i) + A(Bi1(j,1) + 1,2)

4: for k=1 to j do

5: if By(j+1,i) = By(k,i) then
6: Ci {.!) +— By (k,i}

T end if

8: end for

9: end for
10: end for
11: if C1 N A = & then
12: R+ 0 // No new attractors emerge
13: else
14: R < 1 // The one-bit perturbation causes the

// emergence of new attractors
15: end if




Major results (Cont’d)

Algorithm 3 Identifying new attractors in blocks
with inputs
Input: Set B; =cell(1,£), R=0
Output: K
1: for i = 1 to size(B, 1) do

2: for =110 & do

3: for | = 2 to size(B,1)/2™1 — 1 do

4: if B(i,3)NC,(,k; +1) = s,; then

5: B2{1,j}(1,1) + B(i,1)

6: B2{1,7}2,i) + B(i,2)

7. Bo{l,5}(1 + 1,1) « B(Ba2{1,j}1,i) -

2me—t + O (L E; +1)+1,2)

R: if there exists p such that
’{BQ{’]._._]I'HP 1+ S;_,_.'E-jl., BQ{LJHP L+
s;+1,1),. .., Bo{1, 5 H(p+1) - Li+s:,,2) N
{C;(,1),C,(,2),...,C;(,k;)} = @ then

9: R + 0 // No new attractors emerge

10: else

11: R+1// The one-bit perturbation causes
// the emergence of new attractors

12: end if

13: end if

14: end for

15: end for
16: end for




Major results (Cont’d)

Algorithm 4 Finding the corresponding attractor
for a given state a

1: Find the corresponding attractor for state ®(a, X).
Put the transition states into a row vector D¢, which
includes the attractor states

2: For each state in D, find the corresponding inputs
to X and put the corresponding states into a row
vector I)yo

3: Do is the set of states in Xy with Ds(1) = ¥(a, x2),
and the (7 + 1) element of Ds is determined by
D1 () and Dia(j)

4: (D42, D3] does not contain input-state cycles, en-

larging )y and )13 with the multiple of the length

of attractor until [Dy, D5] has an input-state cycle

Regard system Xy * Y5 as the new root block, and

construct matrix s via the similar method

o

6: Construct matrices Dy, Ds, ..., D, in a similar way

-

Choosing the last elements of matrices D4, Da, ...,
D)., and arranging them in sequence to form a row
vector, the attractor that state a will eventually enter
can be found




Major results (Cont’d

Algorithm 5 Calculating Ap after one-bit

perturbation
Input: Set C' = [c1,¢2,...,a] // the perturbed states

// that enter different attractors after the one-bit
perturbation; assuming that the maximum
// distance between state ¢, and the states that can
// eventually reach it is k,
Output: Ag
1: fori=1tol do
2 Cy1 + ipred(c,)/C
3 forj=21tok, do
4 C,; = ipred(C,;1,)/C // C.; is the difference
// between the set of the immediate
// predecessors of each state in C,;_;, and C
end for

[ ]

(i if ¢, enters a desired attractor before perturbation,
and eventually enters an undesired attractor after
one-bit perturbation then

Ap, & =30, [Cul
end if
9:  if ¢, enters an undesired attractor before pertur-

=1

g

bation, and eventually enters a desired attractor
after one-bit perturbation then

10: fj;gi — Z_‘T‘.‘:l |f__f|_?|

11:  end if

12: Ag i—Zle.ﬂ.;g:

13: end for




Conclusions

1. The optimal one-bit perturbation of large-scale Boolean
networks (BNs) has been carried on the basis that the BN
can be partitioned by network aggregation.

2. After aggregation, the problem has been reduced to
finding the optimal one-bit perturbation for the
corresponding sub-networks.

3. Methods to find the optimal one-bit perturbation have
been proposed based on Algorithms 4 and 5.
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