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Abstract: This paper addresses the disturbance decoupling problem for large-scale Boolean networks.
First, the original network is decomposed into several smaller subnetworks via a network aggregation
approach, which significantly reduces computational complexity. Then, a state-flipping control
strategy is applied to achieve disturbance decoupling within these subnetworks. Necessary and
sufficient conditions are established under both uncontrolled and controlled scenarios, leading to the
overall disturbance decoupling of the original large-scale Boolean network. Furthermore, this paper
proposes two algorithms: One for verifying the feasibility of disturbance decoupling in the original
network, and the other for finding the minimum set of flipped nodes required to achieve disturbance
decoupling in each subnetwork. Finally, a numerical example illustrates the effectiveness of the
proposed methodology.
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1. Introduction

Since its introduction by Kauffman, Boolean networks have become a classical discrete dynamic
model for studying gene regulatory networks [1,2]. In this model, the state of a gene is simplified
as a binary variable: 1 denotes expression, while 0 denotes non-expression. The introduction of the
semi-tensor product as a mathematical tool has brought significant transformations to the analytical
methods of Boolean networks and game theory [3,4]. Building on this, the algebraic state-space
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representation (ASSR) method further achieved linear modeling of Boolean networks, facilitating a
series of studies including robust model construction [5], stability analysis [6, 7], observability [8, 9],
controllability [10, 11], synchronization [12-14], and disturbance decoupling problems [15].

Large-scale Boolean networks (LBNs) represent an extremely important direction in Boolean
network research. Gene regulation is a typical large-scale system, with tens of thousands of genes
in a single cell interacting and regulating each other. Studying LBNs is a critical step from theoretical
simplified models toward biologically realistic systems. Current research on LBNs has formed several
key areas, including systemic stability analysis [16-20], synchronization issues [21], and so on.

The core challenge in analyzing LBNs lies in the large network scale, which leads to extremely high
computational complexity. Reducing this complexity is therefore critical. Among various solutions,
network aggregation and state-flipping control offer effective approaches from the dimensions of model
simplification and precise intervention, respectively. Network aggregation decomposes the original
LBN into several subnetworks, that are much smaller than the original network, thereby making
previously infeasible tasks computationally tractable. On the other hand, state-flipping control also
exhibits unique advantages in handling large-scale Boolean networks. Traditional matrix methods
face the bottleneck of exponentially increasing computational complexity as the number of nodes
grows, while pinning control requires modifying the logical rules of nodes to exert influence, which
may alter the original state transition structure of the network. In contrast, state-flipping control
achieves intervention simply by directly flipping the state values of specific nodes without modifying
any logical rules, thereby minimizing the impact on the network. Based on this advantage, this
research direction has received widespread attention in recent years. Currently, there is a wealth of
research on network aggregation methods and state-flipping control, such as [22,23], where the authors
introduced the network aggregation method, but its application is limited to attractor identification
and controllability analysis, without involving controller design. Building on this, [24] designed
a state feedback controller; this paper adopts state-flipping control, which can achieve the target
state more quickly. [25], on the other hand, focuses on robust set stability but still does not address
the disturbance decoupling problem. Furthermore, the network aggregation method exhibits strong
potential in practical applications, as demonstrated by its effective use in the 31-node Pseudomonas
aeruginosa quorum sensing system. Research on state-flipping control methods primarily covers areas
such as weak stability [26], complete synchronization [27], and so on. However, up to now, the issue
of disturbance decoupling in LBNs has not been fully explored, and research on this issue is of great
significance. To address this challenge, we plan to conduct in-depth research using a combination of
network aggregation and state-flipping control methods.

In gene regulatory networks, external disturbances may disrupt the stability of critical functions,
leading to abnormal cell cycles and even diseases. Therefore, how to design control strategies to protect
key system outputs from these disturbances is one of the core issues in systems biology. Disturbance
decoupling is an important control objective proposed to address this need. By constructing appropriate
controllers, the system output can be made completely independent of external disturbances, thereby
ensuring that core functions operate stably under disturbance environments. In practical applications,
research on this issue can significantly enhance network robustness, safeguarding key processes such
as the cell cycle from signal fluctuations [28]. For example, in the cell cycle network, ensuring
that regulatory factors are not affected by drug interference helps maintain normal division. Over
the past few decades, research on disturbance decoupling has evolved significantly, progressing
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from its origins in Boolean networks [29] to applications in switched [30] and time-delay Boolean
networks [31]. Unlike these traditional methods, [15] proposed a novel perspective to address the
disturbance decoupling problem based on a profound understanding of its essence. Building on the
research, [32] further explored the issue of finite-time disturbance decoupling, contributing to the
advancement of the field. It should be noted that the most existing research on LBNs has primarily
concentrated on issues of stability and synchronization, with studies on disturbance decoupling in such
networks still being quite limited. Therefore, this paper explores the challenging issues of disturbance
decoupling in LBNSs.

The main contributions of this paper are summarized as follows:

(1) Unlike [19], this paper introduces a network aggregation method. This approach decomposes
the original large-scale Boolean network into multiple smaller and more manageable subnetworks,
significantly reducing computational complexity without destroying the overall structure of the
original network.

(2) In contrast to the research of [33] on small-scale Boolean networks, this paper focuses on the
disturbance decoupling problem of large-scale Boolean networks, which better aligns with practical
networks. From the perspective of redundant variable separation, necessary and sufficient conditions
for disturbance decoupling in subnetworks under both uncontrolled and controlled scenarios are
proposed, thereby enabling the solution of the decoupling problem for the original network.

(3) Compared to [25], this paper further designs subnetwork state-flipping controllers after network
decomposition. Based on this, two algorithms are developed: Algorithm 1 verifies the decouple
ability of the entire network, and Algorithm 2 identifies the minimum set of flipping nodes, effectively
reducing control costs while ensuring decoupling performance.

The structure of this article is as follows: Section 2 introduces relevant theoretical concepts and
necessary preliminary knowledge; Section 3 is the main body of the article, which provides a detailed
introduction to the entire process of implementing disturbance decoupling in large-scale Boolean
networks; Section 4 demonstrates the effectiveness of the results through a specific example; and
Section 5 concludes the article.

Notation:

e N, is the set of positive integers.
e The binary set D = {0, 1}.

e &' is the i-th column of the identity matrix 7,

o A, = {6}1, ce 52} denotes the set of columns of /,.

L= [62‘1, e, 6;1] is a logical matrix, simplified by d,, [iy, ..., i].

® Lvg Hinxns Buxn are the sets of m X n logical matrices, real matrices, and Boolean matrices,
respectively.

e mnl={mm+1,...,n}, wherem <ne N,.

e Py ={A|A C U}is the power set of U.

e Col;(A) (Row;(A)) is the i-th column (row) of matrix A, and Col(A) (Row(A)) is the set of columns
(rows) of A.

o “VTUIUAT @7, “=” “ — 7 represent the logical operators disjunction, conjunction, exclusive
or, negation, conditional, respectively.

e0,=[0 O --- O]".

AIMS Mathematics Volume 11, Issue 3, 7285-7303.



7288

e For two matrices X and Y, the intersection of matrices is defined as Z = X A\ 'Y = (Z;j)mxn, Where
Zij = Xij A Yij-

2. Preliminaries

2.1. Problem formulation

Consider the following large-scale Boolean network with n nodes, ¢ disturbance inputs, and p
outputs:
Xi(t+ 1) = fi(X(0), 2(0)),

: 2.1
Xa(t+ 1) = f,(X (@), E(1)),

yi) =g;X(®),j=1---p,

where X(¢) = (X,(?), ..., X, (1) € D", Z(¢) = (yl(t), e ,)/q(t)) € D9, and Y(t) = (yi(0),...,y,(1) € D
are the state, disturbance, and output of system (2.1), respectively; f; : D" — D, i € [1,n] and
gj: D" — D, je[l, p] are Boolean functions.

Disturbance decoupling describes a system with outputs that are completely immune to external
disturbances. Motivated by [30], the disturbance decoupling problem is solvable, if the closed-loop
system becomes

Xi(t+1) = fi(X(0),i=1,....¢
Xe(t+1) = ﬁ(X(t), ), k=e+1,...,n, (2.2)
yi(0) = g;X(®0),j=1,....p,

where X() = (X,(), ..., Xo() € D, f: D¢ > D,ie[l,eland f, : D" — D, k € [e + 1,n] are
Boolean functions.

This paper aims to accomplish disturbance decoupling for system (2.1) based on network
aggregation and state-flipping control.

2.2. Network aggregation

The network aggregation method is an effective approach for handling LBNs. According to [24],
network aggregation must not yield isolated blocks. Thus, first we assume that the network diagram
of system (2.1) is weakly connected. It is worth noting that many real-world networks can be regarded
as weakly connected structures. For example, in the T-cell receptor signaling pathway, the overall
network remains weakly connected. The network graph of a system is said to be weakly connected
if there always exists a path between any two nodes after ignoring the direction of edges [22]. This
property enables the system to derive global behavior step by step from local characteristics. When
the network does not satisfy weak connectivity and contains multiple independent subsystems, the
proposed method can be applied to each subsystem separately.

Then, the state node N = {X;, X5, ..., X,} in system (2.1) is partitioned into m blocks:

N=NUN,U...UN,, (2.3)

where N, is a proper subset of N, N,, " N,, = 0, w; # wy and N, = {X‘l",X‘z", . ,X;‘n’w}, each block
constituting a subnetwork denoted as X, w € [1,m]. It should be pointed out that these subnetworks
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are not mutually independent and may exhibit interconnecting edges. The source nodes of incoming
edges are defined as input nodes, denoted by Z, = {z‘l", oI ,z?w}.

Remark 2.1. Regarding the partitioning of subnetworks, this paper follows the principles established
in the literature [23]: A) Each subnetwork should be sufficiently small in scale to reduce computational
burden; and B) The number of interaction nodes between subnetworks should be minimized. For large-
scale networks and clustering algorithms based on node degree or connectivity, such as the Louvain
community detection algorithm and agglomerative clustering, can be employed for partitioning to
maximize intra-subnetwork coupling and minimize inter-subnetwork coupling [34].

For subnetwork %, without loss of generality, assume that only the first €, (¢, < m,,) state variables
affect the output. Therefore, the disturbance decoupling problem is solvable for subnetwork %, if the
following condition holds:

Xt +1) = fAZo(0, Xo(0),i = 1,..., &4,
X¢(t+ 1) = [AZo0), Xo0), Bu(D),k = £+ 1,...om, (2.4)
yi(t) = g;(Xi(1), Xao(D), ..., X(0), j = L,.... p,

where X, (1) = (X?(0), X5(0), ..., X, (1)) € D" denotes the state variables of subnetwork, X, Z, (1) =
(7 (0, 25(), ...z, (1)) € D" denotes the input variables, Z,() = (y{(1),y5),...,v, (1) € D
denotes the disturbance variables, X,,(t) = (X{(®), X5(1),...,Xg (1)) € D denotes the first &, state
variables of subnetwork X, ]"?" D — DT e [1,g,], and f;“’ P Prettmotde 5 ) ke g, + 1,m,]

l
denotes the Boolean functions.

Remark 2.2. When the original system lacks the structure in which the first g, variables directly
govern the output, the coordinate transformation technique from [29] can be applied to achieve the
required form.

In this paper, after network aggregation, by uniformly treating inputs from other subnetworks as
switching signals, each subnetwork can be processed as an independent switched subsystem. For
this reason, we first address the disturbance decoupling problem for each subnetwork with switching
signals, and then analyze the disturbance decoupling problem of the entire large network.

2.3. State-flipping control
State-flipped control enables the attainment of target states without disrupting the network structure.
Definition 2.1. (Flip function): [35] Set V = {i},i5,...,i,} € [1,n]; the flip function f‘f(X) of Vis

defined as
Xy = fiX) = (Xi.... Xirr o Xi oo Xa) (2.5)

where X; € D.

State-flipped control operates by selecting a set of nodes X;,, X;,, . . ., X;, and flipping their values. If

gle initial state of node X;, is 1 (or 0) for # € [1, v], its state becomes X;, = 0 (or 1) after flipping, where
X;, denotes the flipped state value of node X;,.
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Definition 2.2. (Flip matrix): [35] Set V = {i1,i,,...,i,}. fy represents the flipping matrix relative to
V, which can be expressed as
i : ny o J o< i
Col;(fy) = 65, je [1,2"], if X ~ 6}, = Xy ~ &y (2.6)
Given the equation Xy = fyX, where (fy);; = 1 means that Xy ~ 5§n can be achieved from X ~ 5%,1
by changing the logical vector X;,, X,,, ..., X;,, werefer to X — Xy as a flipping transformation.

Definition 2.3. (Combinatorial flip matrix): [35] Denote U = {iy, is,...,i,} C [1,n]; the combination
flip matrix relative to U is given as

7

) P
J i
(Fo)i; = I, 1f 1V € Py such that 65, — 6., 2.7)
0, otherwise.

When element (F);; = 1, it indicates that there exists a flipping subset V € Py such that (fy);; = 1.
The following conclusion can be derived:

Fu = Z fy. (2.8)

VePy

3. Main results

In this section, necessary and sufficient conditions for the solvability of disturbance decoupling for
each subnetwork under both controlled and uncontrolled conditions are established. Based on these
conditions, two algorithms are proposed: A algorithm is proposed to verify whether LBNs can achieve
disturbance decoupling, and the other is proposed for finding the minimum set of flipped nodes required
for each subnetwork to achieve disturbance decoupling.

First, using the algebraic state space representation [3], the subnetwork X, can be represented
as follows:

Xyt +1)=L,Z,()X,()y.,(?), 3.1

where X, (1) = N?L“IX‘J‘.’(I) € Ao, Z,(1) = x;glz‘}’(t) € Ay, Vo(t) = x?zly‘;’(t) € Ayw, w € [1,m], and
Lw S LZ’"w XMWV +qw «
In subnetwork X, since the output is directly influenced only by the first g, state variables, we will

disregard the dynamic evolution of X}’ in the following analysis, k € [&,, + 1,m,,]. Then, we have
Xt + 1) = FuZyOX0Xo(07.(0), (3.2)

where F,, = (Ieo ® 13,,-.,,) Lo, X, (1) = "<§21X§)(t) € Age, and X, (f) = X?:“’%H(\’;‘.’(t) € Aomo-sw.
According to (2.4), the disturbance decoupling of the subsystem X, is achievable when the
dynamics of the first g, state variables remain unaffected by {X;”w T ,Xxw} and {y{”, . ,y;”W}. This
implies that these sets of variables are regarded as redundant variables.
Considering system (3.2), divide F,, into 2"~ equal blocks, denoted as (F,);, where w € {1,..., m}
and i € {1,...,2"}. Next, partition each (F,); into 2% equal blocks, represented as (F,);;, where

wefll,...,m},ie{l,...,2"},and j € {1,...,2%}. The following results can be obtained.
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Theorem 3.1. Considering the subnetwork X, the disturbance decoupling problem is solvable if and
only if, for any i € [1,2"] and any j € [1,2%¢], the following equation holds:

2Mw=Ew+qw

Qu)ij= [\ Coll(F,)] # 0. (3.3)

=1

Proof. (Sufficiency) Assume that (3.3) holds. From (3.2), it can be seen that after partitioning F,, =
[(Fo)1, (Fu)as ..., (Fy)aw], each block corresponds to a fixed Z, = 5§m fori € [1,2"]. (F,); =
[(Fu)it, (Fw)izs - - - » (Fy)inew ], where each block corresponds to a fixed Z,, = cSéVw and .X’\w(t) = 5ém with
i€[1,2%], je[l,2%].

Specifically, let X, (1) = 6%, .., Yo(t) = &

- Haw» and

Xt + 1) = F B 6l 8Osy = FosGyy Sl 65 V20
= (F)ij0mo-curaw = COLI(F )],

where [ = (o — 1)29~ + B. The validity of condition (3.3) implies that
Coly[(Fo)ijl = Cola[(Fo)ijl = - -+ = Colamu-suran [(Fu)ijls

this indicates that for fixed i and j, all columns of matrix (F,);; be equal, i.e., X, »(t + 1) is independent
of the redundant states ;Yvw(t) and the disturbance vy, (7). Therefore, this guarantees the solvability of
the disturbance decoupling problem for subnetwork X,,.

(Necessity) Assuming the disturbance decoupling problem for the subnetwork X, is solvable, the
output y(#) depends solely on the first £, relevant state variables X, »(?). This implies that X, o(t+1) must
be uniquely determined only by the current relevant state X, »(t) and the switching signal Z,, (7).

If 4iy € [1,2"], jo € [1,2%] such that

2Mw—éw+qdw

Quigis = [\ COUL(F,)iyjy] = O

=1

this means that there exists at least /; # [, such that Col, [(F,);,j,] # Col,[(F,)iyj,]-

The column index [/ corresponds to different combinations of redundant states and disturbances.
This means that under identical conditions Z,(¢) and X’\w(t), the system produces different subsequent
states, with the variation originating from different values of redundant states and disturbances. In
other words, the system fails to achieve disturbance decoupling. This contradicts the initial assumption.
Therefore, condition (3.3) must hold. o

If a subnetwork X, is not inherently disturbance decouplable, external control must be applied. In
such cases, we focus on the design of state-flipping controllers to achieve disturbance decoupling.

For subnetwork X, the state-flipping matrix is

(0.)i = (Qu)iFu,» (3.4)

where (Q,)i = [(Qw)it (O (Qu)izwwls i € [1,2%], (Qu)i € Lowwxrwws Fu,, € Brwwxaew, and (Q,); €
Hocw o .
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Algorithm 1 Verification of solvability for disturbance decoupling in LBN's
1: Input: G = (V, E), F,,.
2: Output: ¢.
3: Initialize p =0, 1 =0
4: forw =1tomdo
5: Calculate Z,,

6 ¢, = True

7: fori=11to0o2" do

8 for j = 1to 2% do
9 if (Qu)ij = Aiy " Coll[(F)ijl = 0y then
10: ¢, = False
11: addwto A
12: break

13: end if

14: end for

15: if ¢, = False then
16: break

17: end if

18: end for

19: if ¢, = True then

20: Append ¢, to ¢

21: end if

22: end for

23: for w € 1do B
24: Find ¥y, and calculate (Q, )«

25: ¢, = True

26: for «x = 1t0 2" do

27: for j = 1to 2% do

28: if 1], - Col;[(Q, )] = O then
29: ¢, = False

30: break

31: end if

32: end for

33: if ¢, = False then

34: go to step 24

35: end if

36: end for

37: Append ¢, to ¢

38: end for

39: if ¢ = {True, True, ..., True} then
40: Return ¢

41: break

42: end if
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Theorem 3.2. For the controlled subnetwork X, the disturbance decoupling problem is solvable if
and only if there exists a flipping control such that

13., - Col;[(Q,)i] > 0 (3.5)

holds for all i € [1,2"] and j € [1, 2%].

Proof. For Eq (3.4), (Q,,); is the state transition matrix of the uncontrolled subnetwork under a fixed
switching signal Z,, = 6,,; ¥y, is the combinatorial flip matrix, satisfying

Vv

(TUm)ﬂj =l 31VC wa,éégw - 5’2%,

Therefore, under the switching signal Z, = 6§m and starting from the state 6£Ew,
[(Q)ilej 2 1 & AV C Py, VX0, Yolt), Xt + 1) = 63,

where [(@w)i]a ;j represents the element in the a-th row and j-th column of matrix (@w)i.

(Necessity) Assume that under state-flipping control, the subnetwork X, achieves disturbance
decoupling. The matrix (Q,); aggregates all such intersection cases for each relevant state under
switching signal Z,, = 65, after applying state-flipping control.

It 3ip € [1,2], jo € [1,2%] such that

1;—5‘0 ’ COI]O [(éw)io] = 07

1.e.,
(Qw)i()jo = 025w — [(Qw)io](ljo = 07 Vace [1’ 28{0]-

From the above analysis, it follows that
YV C Py, A X0, Yo, Xt + 1) £ 6%,

Consequently, this state becomes influenced by redundant states and disturbances. Since this
state affects the output, the system cannot achieve disturbance decoupling, contradicting the initial
assumption. Therefore, condition (3.5) must hold.

(Sufficiency) Assume that condition (3.5) holds. Under switching signal Z,, = &),,,, for each column
Jj of the matrix (@w),-, there exists at least one row a*, a* € [1, 2%¢], such that

Row,:[Col;[(Q,)] = 1,

i.e., there exists a flipping subset V. C Py such that, starting from the current state (5£€w, the
next relevant state is uniquely determined as 6§:w under all redundant states and disturbances. This
implies that disturbances and redundant states cannot influence the evolution of the relevant states.
Furthermore, condition (3.5) holds for all switching signals i € [1,2]. Therefore, the system can
achieve solvability of disturbance decoupling. o

In this paper, the input Z, is regarded as an arbitrary switching signal to cover all possible
scenarios. Condition (3.5) in Theorem 3.2 holds for all Z,,, so regardless of whether Z, is affected by

disturbances or originates from inter-subnetwork coupling, the disturbance decoupling property of each
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subnetwork remains unaffected. When all subnetworks satisfy Theorem 3.2, the global output y;(7) is
determined solely by the relevant states that are independent of disturbances. Consequently, even if
a flipping operation induces state fluctuations that propagate through cycles, disturbances cannot re-
enter the relevant states, and the global disturbance decoupling property under the closed-loop setting
is preserved.

Theorem 3.3. The large-scale Boolean network can achieve disturbance decoupling, if all its
subnetworks X, can achieve disturbance decoupling under arbitrary switching signals and arbitrary
disturbances, w € [1, m].

Proof. Assume that for each w € {1, ..., m}, the subnetwork X, satisfies the conditions of Theorem 3.2.
That is, there exists a flipping control such that under its switching signal Z,, and all disturbances, the
evolution of its relevant states X,, is independent of redundant variables. Formally, for any two distinct

disturbances 78) and 753), we have

Xo(t; Zo YD) = X (6 Zos Y2,V 1 2 0,Y Z,, € A,
where )’(\w(t; Z, 78)) represents the state at time ¢ under the switching signal Z, and disturbance yﬂ,l).
From the output equation in (2.4), the global output y; is a Boolean function of the relevant states of
each subnetwork:

yi(0) = &K1 (0), Xa(0), ..., X)), j = 1,..., .

Since each X,, is unaffected by disturbances, the output of the entire original system is also unaffected
by disturbances. Therefore, the large-scale Boolean network achieves solvability of disturbance
decoupling. ¢

Remark 3.1. Each subnetwork independently designs its controller, treating inputs from other
subnetworks as arbitrary switching signals. According to Theorem 3.2, as long as each subnetwork
achieves disturbance decoupling under all switching signals, its decoupling property remains
unaffected regardless of whether the control across subnetworks is executed synchronously or
asynchronously. Since the global output is determined solely by the relevant states of each subnetwork,
once all subnetworks are decoupled, the entire network can achieve global disturbance decoupling,
independent of differences in control timing.

To analyze disturbance decoupling solvability in large-scale Boolean networks, Algorithm 1 is
developed for verification. Key notations include: G = (V, E) representing the network structure,
and ¢ = {¢1, ¢, ..., ¢y} denoting the solvability set where ¢,, = True indicates solvable subnetworks
and ¢,, = False unsolvable ones. The algorithm’s implementation details are presented as follows.

The state-flipping control strategy adopted in this paper takes flip cost as the optimization objective.
Although flipping all nodes is guaranteed to achieve the desired control effect, the associated cost is
prohibitively high. Therefore, Algorithm 2 is designed to solve for the minimal set of nodes to flip that
can still achieve the control objective, thereby significantly reducing the control cost while ensuring
effectiveness. Before presenting the algorithm, the following key notations are introduced: 7 denotes
the number of flipped nodes, u denotes the index of a specific arrangement under the same number of
flipped nodes, and p, denotes the total number of combinations when the number of flipped nodes is .
All candidate sets are lexicographically ordered based on node indices in 1,2,...,m,,.

AIMS Mathematics Volume 11, Issue 3, 7285-7303.



7295

For example, considering m,, = 3, when 7 = 1, there exist three cases: u = 1 corresponds to the
set {1}, u = 2 corresponds to the set {2}, and u = 3 corresponds to the set {3}. In this scenario, p; = 3.
When 7t = 2, there exist three cases: 4 = 1 corresponds to the set {1,2}, u = 2 corresponds to the
set {1, 3}, and i = 3 corresponds to the set {2, 3}. In this scenario, p, = 3. When 7 = 3, there exist one
case: u = 1 corresponds to the set {1, 2, 3}. In this scenario, p3 = 1.

In Algorithm 2, U,, is defined as a candidate node set rather than a fixed flipping instruction. Since
the optimal flipping subset required to achieve disturbance decoupling may vary across different states,
this paper predetermines U, so that each state can select a feasible subset V according to its own
needs, rather than applying a uniform operation. To identify the flipping subset with the minimum
cardinality while ensuring feasibility, it is necessary to enumerate all candidate subsets in increasing
order of cardinality for verification.

Algorithm 2 Find the minimum flip set

1: Input: F,.

2: Output: U,,.

3: Initializet=1,u=1,U,=0
4: for w € A1 do

5: for k = 1to 2" do

6: for j = 1to 2% do
7: if 1], - Col;[(Q, )] = O then
8 if 4 < p; then
9 u++

10: else

11: T+ +

12: u—1

13: end if

14: else

15: Return U,
16: end if

17: end for

18: end for

19: end for

Remark 3.2. According to the disjoint partition principle in (2.3), the global flipping set can
be obtained directly by taking the union of the minimum flipping sets of each subnetwork, i.e.,
U = U)_, U, However, this union only ensures local minimality at the subnetwork level
and is not necessarily globally optimal, since achieving global optimality requires considering the
coupling relationships between subnetworks. This paper aims to reduce computational complexity by
decomposing the original problem through network aggregation, rather than pursuing global optimality.
Nevertheless, the proposed method guarantees a minimum number of flipped nodes within each
subnetwork. Future work will focus on optimizing the global flipping set while preserving decoupling
performance.

Remark 3.3. If directly processing the original large-scale Boolean network, the dimension of the state
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transition matrix is O(2" x 2"*9), leading to excessively high computational complexity. This paper
decomposes the original network into multiple small-scale subnetworks through network aggregation,
where the number of nodes m,,, inputs v,,, and disturbances ¢,, in each subnetwork are all much smaller
than n. This reduces the matrix size to O(2" x 2"«*"»*4)_significantly lowering the computational
complexity. Meanwhile, the enumeration search is performed at the subnetwork level. Algorithm 2
adopts a search strategy that proceeds in increasing order of cardinality and terminates once a feasible
solution is found, so the actual search space is much smaller than the worst-case 2", further improving
computational efficiency and making the method applicable to large-scale networks.

4. An illustrative example

Example 4.1. Consider the following large-scale Boolean network:

Xi(t+1) = Xo(t) A X3(2) A Xy(1)

X+ 1) =X1(0) VX () V yi(0)

X3+ 1) = Xa() vV X3(2)

Xa(@+ 1) = X4(0) V X5(1) V (X5(2) = Xe(2) V y2(2)
Xs(t+1) = X5(0) Vv Xg()

Xe(t + 1) = X5(0) V (=(X4(2) V X5(2)))

X7t + 1) = X7() vV Xg(2)

Xg(t+ 1) = Xg(7)

Xo(t+ 1) = Xe(1) V X7(2) V y3(0) 4.1)
Xio(t + 1) = Xjo(0) A X11(2)

Xu@+ 1) = X)) = X11()) A X12(2)

Xt + 1) = Xi0(0) V X11(2) V y4(2)

Xi3(t+ 1) = Xo(t) vV X11(2) V X12(0)

X+ 1) = X14(0) A X16(0)

Xis(t+ 1) = Xi5(1) — Xi6(2)

Xt + 1) = X14(0) V Xi5(0) V Xi6(2)

Xi7(t + 1) = (X10(1) = Xi5(0) A Xi6(2) A ys(2),

where X;(1) € D represents state nodes with i € [1,17], and y; € D represents disturbance with
J € [1,5]. Assume output equations are

yi(®) = X1 (2) V X4(2)

y2(8) = X1(1) A Xs5(2) A X7(2)

y3(8) = Xa(0) V Xg(2) V Xi12(2) (4.2)
ya(t) = X10(1) = X11(0)

ys5(1) = X14(0) A Xi5(0) A Xi6(0),

where y. € D, € € [1,5].
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Firstly, by using network aggregation, the state nodes of LBN are divided into 5 subnetworks, and
the state nodes and input nodes of each subnetwork are as follows: X; = {X}, X5, X3}, Z; = {z} = X4};

%o = {Xa, X5, Xe), Zo = {2} = Xa}s B = (X5, Xs, Xo}, Zs = {2} = XoJs T4 = (X0, X11, X2, X3}, Zs =

{Z‘l‘ = Xg}; Y5 = {Xy4, X15, X16, X17}, and Zs = {zf = XIO}- The specific network structure diagram is
depicted in Figure 1.
According to (3.2), the ASSR of each subnetwork X, can be established:

Xo(t + 1) = FuZy(0X (X o(t)yu(D), w € [1,5]. 4.3)

=N o
~ = P =
A AN, —(x) ”\X;]
T /?;-\. i ;::::2:::::::::: ::::::::::::EE:::::
R (7)
Lo \J)
- A~ | T
Al RN Ny NNy

Figure 1. Network structure diagram.

Second, we will investigate the disturbance decoupling solvability of each subnetwork, thereby
achieving disturbance decoupling solvability of the LBN.
In subnetwork Z,, we consider X, as an arbitrary switching signal, and it can be calculated that

(Fir=064l1,1,3,3,3,3,3,3, 1, 1, 3,3, 3, 4, 3, 4],

(F1)2 =643, 3,3,3,3,3,3,3,3,3,3, 3,3, 4,3, 4].

Then, we have (Q1)11 = 04, (Q1)13 = 04, (Q1)14 = 04, and (Q1)24 = 04. This indicates that the
conditions of Theorem 3.1 are not met, and Z; cannot achieve the solvability of disturbance decoupling
without control. To achieve the goal, state-flipping control is applied. Considering U; = {1,2} and
Pu, =1{0,{1},{2},{1,2}}, it can be derived that

0 00O 0 00O
— 0 00O — 0 00O
@i =@iFv,=|; | | {|2d@2=©QFv =53 5 5 ;3
0 00O 0 00O
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This implies that _
1, - Col;[(Q))i] >0

holds for any i € [1,2], j € [1,4]; then, the conditions of Theorem 3.2 are satisfied. It should be
noted that different states within the same subnetwork have completely different flipping requirements.
Specifically, when the switching signal is &), state &, requires flipping node {2}; state 6 requires no
flipping; state &; requires flipping {1, 2}; and state &} requires flipping {1}. When the switching signal is
63, state &, 63, and &; require no flipping; state & can achieve the target by flipping {1} or {2} or {1, 2}.
Therefore, the controlled Z; can achieve the solvability of disturbance decoupling.

Similarly, it has been calculated that subnetworks X, and £, cannot achieve the goal without control.
By applying state-flipping control sets U, = {5} and U, = {10}, respectively,

(01 = (01 Fu, =

c oo -
oo o~
oo =
oo o~

(022 = (O Fu, =

S O O =
S O O =

o o o =
oo o~

(01 = (01 Fu, =

o~ ocoocococoo
o~ ocoocococoo
o~ ocococococo
O~ 000 00O

=R Neleolch ==
S OO~ OO o -~
= el ool ==l

coo~ o0 O~

(04)2 = (Qu)aFu, =

co—~oc oo~
— o000 ~0o O
— o000 oo
— o oo o oOo
co~ococ o~
—_— o 00 —~0o O
— 00000 Oo
—_—0 000 oo

000000 0 0f

the conditions of Theorem 3.2 can be met. Therefore, they can achieve disturbance decoupling.
For subnetworks >; and Xs, it can be calculated that

4
(Q3)ij = /\ Coll(F3)ijl # 05, i € [1,2], j € [1,4],
=1
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4
(Os)ij = /\COll[(FS)ij] #0s,¥i€[l,2],j€[L38]
I=1
This inherently satisfies the conditions of Theorem 3.1 without requiring additional control, and can
thus achieve disturbance decoupling without control.

According to Theorem 3.3, when each subnetwork achieves solvability of disturbance decoupling,
meaning that the outputs are unaffected by disturbances, then the entire large-scale Boolean network
can achieve disturbance decoupling.

Finally, taking %, and X3 as examples, the state transition diagrams with and without control are
presented to clearly demonstrate the effectiveness of the results. Figures 2 and 3 show the state
transitions of X; without control and with control, respectively. Without control, states 6}‘, (52, and
&3 do not reach a unique output under switching signal 6}, and state &; does not reach a unique output
under switching signal 6%. However, with control, all states reach a unique output under any switching
signal and any disturbance. Figure 4 shows the state transitions of X3, where all states reach a unique
output under any switching signal and disturbance even without control. In these diagrams, blue arrows
indicate state transitions under switching signal 6!, while orange arrows indicate state transitions under
switching signal 63.

Figure 2. The state transition diagram of X; without control.

Figure 3. The state transition diagram of X; with control.
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© 000

Figure 4. The state transition diagram of X;.

5. Conclusions

This paper has conducted a study on disturbance decoupling in large-scale Boolean networks. By
employing network aggregation, the original network has been decomposed into smaller subnetworks,
significantly reducing computational complexity. A state-flipping control strategy has been adopted
to achieve disturbance decoupling for these subnetworks, with necessary and sufficient conditions
derived under both uncontrolled and controlled scenarios. Two algorithms are proposed, including
a verification algorithm and an algorithm for identifying the minimum set of flipping nodes. A
numerical example has demonstrated the effectiveness of the methods. Future research may explore
other complexity reduction approaches to enable more efficient disturbance decoupling, offering new
insights for controlling complex networks in practical applications.
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