Text S1. Parallel robustness computation based on the OpenCL library

We extended the implementation in a previous study [1] so as to compute in-/out-module robustness. The following fig-

ure gives pseudocode describing two important functions,

parallel_computing_attractors_for_all_states and paral-

lel_computing_attractors_for_all_rules, which can compute the attractors in parallel for all initial states (S) and every
update rule (F), respectively, given a Boolean network. In computing the attractors, we used an array ATT in which each
element ATT[s, f] represents an attractor of a network G(V, A) corresponding to the initial state s and the sequence of up-
date rules f. The algorithm iteratively computes state transitions until it arrives at a state that has already been visited. In
the figure, dashed blocks denote kernel codes that are executed in parallel on CPUs or GPUs. In other words, the new
MORO app computes them in parallel by distributing the tested cases to processing elements in the OpenCL device.

function[ATT] parallel_computing_attractors_for_all_states(V, A, f, S)
II'V, A: A set of nodes V={v, v, ..., v} and a set of links A of a network (Here,

V[i] represents vieV.)

If: A sequence of update rules (Here, f =f; f, ...fy and fi represents the
update rule with respect to vieV.)
/I'S: A collection of initial states considered for the robustness investigation

(Here, S[i] represents i initial state in S.)
/I ATT: The resulting collection of attractors each of which is represented by a
sequence of states.

ATT[0.. 2M-1] <~ NULL; // Every element of ATT is initialized by NULL.
nth[0.. 2V1-1] < 0; // Every element of nth is initialized by 0.

for i<-1to S| // for every state

s« S[i];
if (ATT[s, f] # NULL) continue;
endif
traj < NULL;
count < 0;
while (TRUE)
count++;
traj < traj®s; // Here @ represents the string concatenation operation.
nth[s] < count;
S’ < update_states (V, A, f, s); // This computes the next state.
if (nth[s’] + 0)
if (ATT[s’, f] = NULL)
att <— trajyings7..counts / Given a string t=tit,...tr, t; j represents
I titis...tat; which is a substring of t.
else
att « ATT[s’, f];
endif
for j«1 to count
ATT[traj;, f] = att;
endfor
break;
else
S« S’
endif
endwhile

endfor
return ATT,
end

function [ATT] parallel_computing_attractors_for_all_rules (V, A, F, s)
/I'V, A: A set of nodes V={vi, v,,..., w} and a set of links A of a network

(Here, V[i] represents vieV.)

/IF: A collection of sequences of update rules (Here, F[i] represents i"
sequence of update rules in F)

IIs: An initial state considered for the robustness investigation

/IATT: The resulting collection of attractors each of which is represented

by a sequence of states.

ATT[0..2M-1]«~NULL; // Every element in ATT is initialized by NULL.
for i«-1 to |F| // for every rule

! nth[0.. 2M-1]<« 0; // Every element in nth is initialized by O. i
i traj<~NULL; ]
| count = 0; !
i while (TRUE) !
count++; :
traj<«—traj®s; // @ represents the string concatenation operation. !
nth[s] «count; !
s’ «update_states (V,A, F[i], s); // This computes the next state. |
if(nth[s’] # 0) :
att = trajmh[x]_coum; /I Given a string t=tit,... tr, ti.j represents :
Ititi+1...tiat; which is a substring of t. 1

ATT[s, F[i]] = att; !

break; !

else !
S¢S’; 1

endif !
endwhile 1

1
-

returnATT;
end
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By using parallel_computing_attractors_for_all_states and parallel_computing_attractors_for_all_rules, we can com-
pute the in-/out-module robustness of a network G against initial-state perturbation and update rule perturbation (y;,(G)
and y,,: (G), respectively) as shown in the following pseudocode.

function [, yu/] in-/out-module robustness_initial_state (V, 4, f, S.

M)

/I'V, A: A set of nodes V={vy, v,, ..., vy} and a set of links 4 of a network
(Here, VTi] represents v;eV.)

If: A sequence of update rules (Here, f=f; f; ...fy and f; represents the
update rule with respect to v;e V.)

/I'S: A collection of initial states considered for the robustness investigation
(Here, S[i] represents i initial state in S.)

/IM: A set of modules M={m,, m,, ...my) of a network after using module
detection algorithm. In particular, each node will be belonged to each
module. In other words, each module contains a number of nodes of a
network.

/I i:  The resulting in-module robustness against initial-state perturbations

/I You  The resulting out-module robustness against initial-state perturbations

// Step 1: Examine the original attractors.
ATT <« parallel computing_attractors for all states (V, 4, £, S);

// Step 2: Examine the changed attractors by initial-state perturbations.
for i<1 to |S]
S’[1..|V]] <= NULL; // Every element of S” is initialized by NULL.
for j<1 to |V]
s <« S[i];
8j <— 1- sj; // sj denotes the value of v; in s, and then the resultant s
// denotes an initial-state perturbation at a node v;e V.
ST« s,
endfor
ATT’ « parallel computing_attractors_for all states(V, 4, f, S’);
// Step 3: using the Hamming distance measure to examine the similarity be-
tween four partial attractors ((s;,,) and (s'in)), ({Soue) and s’ ,,¢) extracted
from original attractors and attractor by perturbation based on the modular in-
formation of each node.
Yin<—0;
Your—0;
105 t'in0;
temp o <—0; temp 5, <—0;
for j<1 to M|
for k<1 to [V
tut=H ({Sin}, {5"in));
tempout=H ({Souch (8" ouc));

endfor
Uit =t/ |Vil;
temp’ yu+~tempou/|Vil;
endfor
Yint<t '/ |\M;
Your=temp o/ |M|;
endfor

Vin <—¥in/ |S|; // As a result, %, represents the in-module robustness of the giv-
en network.

Your < Vou |S|; // As a result, y,,, represents the out-module robustness of the
given network.

return %, Yous;

end

function [y, Your ] in-/out-module robustness_update_rule (7, 4, f,
S, M)
/I'V, A: A set of nodes V={vi, v,, ..., vy} and a set of links 4 of a network
(Here, V]i] represents v;eV.)
/1 f: A sequence of update rules (Here, f=f; f; ...fy and f; represents the
update rule with respect to v;e V.)
/I'S: A collection of initial states considered for the robustness investigation
(Here, S[i] represents i initial state in S.)
/IM: A set of modules M={m;,, m,, ...my) of a network after using module
detection algorithm. In particular, each node will be belonged to each
module. In other words, each module contains a number of nodes of a
network.
/I yw:  The resulting in-module robustness against update-rule perturbations
/I You:  The resulting out-module robustness against update-rule perturbations

// Step 1: Examine the original attractors.
ATT <« parallel _computing_attractors for all states (V, 4, f, S);

// Step 2: Examine the changed attractors by update-rule perturbations.
for i<1 to |S]
F[1..|V]] <~ NULL; // Every element of F is initialized by NULL.
for j<1 to |V]
S <1
if (ff =AND ) f’; < OR;
else f°; <~ AND; // f means an update-rule perturbation at a node v;eV.
endif
FIjl </
endfor
ATT’ « parallel computing_attractors_for all rules (V, 4, F, S[i]);
// Step 3: using the Hamming distance measure to examine the similarity be-
tween four partial attractors ((s;,,) and (s'in)), ({Soue) and s’ ,,¢) extracted
from original attractors and attractor by perturbation based on the modular in-
formation of each node.
Yin<—0;
Yourc—0;
t,<0; t'in0;
temp o <—0; temp 5,40
for j<1 to M|
for k<1 to [Vy
tut=H ({Sin), (5"m));
tempout=H ((Sout) (5 out));
endfor
it =t/ \Vil;
temp’ ot ~tempoud/| Vil;
endfor
Vint=t 'w/|M|;
Your=temp oud/|M|;
endfor
Yin <Y/ |S|; // As a result, y, represents the in-module robustness of the giv-
en network.
Your <Vou/ |S|; // As a result, y,, represents the out-module robustness of the
given network.
return %, Yous
end




Text S2. Output file by the batch-mode simulation on RBNs

After the batch-mode simulation is completed, a resultant file “net based result.txt” is created, which lists the network-
based results. As shown in the figure below, the file consists of 11 results with respect to robustness, modularity and in-
/out-module robustness. Each row lists the result of a single RBN.

Column | Name Description

1 Network 1D The unique identification number of an RBN

2 No.Nodes The number of nodes of an RBN

3 No.Edges The number of edges of an RBN

4 sRobustness The robustness against initial-state perturbation of an RBN

5 rRobustness The robustness against update-rule perturbation of an RBN

6 No.Modules The number of modules of an RBN

7 Modularity The modularity value of an RBN

8 sinModuleR The in-module robustness against initial-state perturbation
of an RBN

9 rinModuleR The in-module robustness against update-rule perturbation
of an RBN

10 sOutModuleR | The out-module robustness against initial-state perturbation
of an RBN

11 rOutModuleR | The out-module robustness against update-rule perturbation
of an RBN

(Column description in “net_based_result.txt”)

Network D NoNodes No.Edges sRobustness rRobustness No.Modules Modularity sinModuleR rinModuleR sOutModuleR TOutModuleR
0 10 9 0.40000000 0.81484375 2 0.38888889 1.00000000 1.00000000 1.00000000 1.00000000
1 10 10 0.70000000 0.88125000 4 0.34000000 1.00000000 1.00000000 1.00000000 1.00000000
2 10 1 0.73906250 0.90000000 2 0.39256198 0.89166665 1.00000000 0.90312505 1.00000000
3 10 12 0.80000000 0.50000000 3 0.30902778 1.00000000 1.00000000 1.00000000 1.00000000
4 10 13 0.80000000 0.70000000 3 0.20118343 1.00000000 1.00000000 1.00000000 1.00000000
5 10 14 0.70000000 0.65625000 4 0.23469388 1.00000000 0.97705078 1.00000000 0.97607422
6 10 15 0.66250000 0.70625000 2 0.21333333 0.94835079 0.9 08 0.94531256 0.99218750
7 10 16 0.70000000 0.67421875 2 1.00000000 0.94372392 1.00000000 0.94443357
8 10 17 0.70000000 0.90000000 3 1.00000000 1.00000000 1.00000000 1.00000000
9 10 18 0.95625000 0.60390625 3 37 1.00000000 0.94189433 1.00000000 0.94091797
10 10 19 0.50000000 0.64531250 2 0.12188366 1.00000000 1.00000000 1.00000000 1.00000000
1 10 20 0.90000000 0.60468750 4 0.21125000 1.00000000 0.88037109 1.00000000 0.87719727
12 10 21 1.00000000 0.40000000 2 0.25396825 1.00000000 5 1.00000000 0.74207890
13 10 2 1.00000000 0.80000000 2 0.13119835 1.00000000 1.00000000 1.00000000
14 10 23 1.00000000 0.60000000 2 0. 1.00000000 1.00000000 0.93500000
15 10 24 0.91718750 0.40859375 3 0. 778 7634 0.95703125 0.61111122
16 10 25 0.79609375 0.30000000 3 0.16080000 2550 0.87011719 0.93554688

(Example of “net_based_result.txt”)
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Text S3. Centrality measures

In this study, centrality measures are used to measure how much a module is central. We provide five centrality
measures: degree, closeness, betweenness, stress, and eigenvector.

* Degree (DEQG) indicates the ability to communicate directly with other nodes [2].

* Betweenness (BEW) quantifies the ability of a node to monitor communication between other nodes through the short-
est path [3]. More specifically, it is defined as follows:

BEW (v) = Z O-uw(v)’

O-‘LLW

uzrweV\{v}

where g, denotes the number of shortest paths between u and w, and a,,,,(v) denotes the one that v passes through.

* Stress (STR) is based on the enumeration of shortest paths [4], and is similar to betweenness; however, instead of the
sum of the relative number of shortest paths for each pair of nodes, stress is the sum of the absolute number of shortest
paths. This gives an approximation of the amount of ‘work’ or ‘stress’ the protein has to sustain in the network:

STR(v) = Z Uuw(v)-
uzweV\{v}

* Closeness (CLO) measure uses the sum of the minimal distances from a node to all other nodes [5]. The closeness
measure is defined as the reciprocal of this sum:

1

CLO(v) = - .
@) Duen\y dist(v,u)

* Eigenvector (EIG) measure is defined as the principal eigenvector of the adjacency matrix, D, of the network [6]. It
simulates a mechanism in which each node affects all of its neighbors simultaneously. Given the adjacency matrix D,
the eigenvector (e) and eigenvalue (A) are obtained by using the equation Ae = De. Let e, be the eigenvector corre-
sponding to the largest (principal) eigenvalue. Then, the eigenvector-based centrality of a node can be denoted by the
corresponding component of e, :

EIG(v) = e;(v).
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