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Abstract This study is concerned with the fault detectability of Boolean control networks (BCNs) by two
nonaugmented methods. Firstly, the equivalent system-based approach is considered, and the equivalence of
BCNs is applied to analyze weak active fault detectability. Further, an iterative matrix set-based approach
is proposed, by which, several novel criteria for strong and weak active fault detectability are presented.
Meanwhile, effective algorithms are designed to check strong and weak active fault detectability and generate
all feasible input sequences with the minimum length. In comparison, our results reduce the computational
complexity dramatically than the existing studies.
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1 Introduction

One powerful model to characterize gene regulatory networks (GRNSs) is the Boolean network (BN),
which is discrete-time and discrete-state [1]. In a BN, the genes of a GRN are viewed as either active
(ON/TRUE/1) or inhibited (OFF/FALSE/0), and the interactions among genes are expressed in terms
of logical update rules [1,2]. Further, a BN with inputs and outputs is called a Boolean control network
(BCN) [3]. In the past few decades, BNs and BCNs have been widely applied in systems biology to
capture the coarse-grained dynamics of various GRNs and confirmed to provide a nice approximation
of continuous dynamic processes [4-6]. However, compared with the theory of continuous models, the
control methods for discrete models are still in their infancy.

Inspired by the Morgan’s problem of control systems, Cheng [7] developed the theory of semi-tensor
product (STP), which breaks the restriction on the dimensionality of traditional matrix product. By
means of STP, an algebraic state-space representation approach was proposed to deal with discrete
(finite-valued) dynamical systems involving BCNs, finite games, cryptography, finite automata, smart
homes, and so on [8,9]. In this framework, substantial progress has been made in the study of BCNs,
related research results including but not limited to controllability and stabilization [10-12], observability
and detectability [13-15], and optimal control [16-18].

Fault detection technology is a hot topic in the field of control systems, which is of great practical
significance as it is the basis for ensuring system safety and reliability. In terms of biological systems,
some systemic diseases, such as cancer, originating from random mutations in somatic cells [19], cause
model failures and alter their expected dynamics, which often result in undesirable outputs, the so-called
disease phenotypes. In GRNs, previous studies have shown that genetic alterations can be properly
modeled by different faulty models in the BCN paradigm [20]. By studying the dynamics of the original
BCN and the faulty BCN, it is possible to design appropriate intervention strategies to drive the system
from a diseased state to a healthy or less harmful state. That is, the fault detection plays an important
role in the detection and treatment of diseases [21,22].
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In a BN, the faults can be broadly divided into two types: stuck-at faults and bridging faults [20]. A
stuck-at fault refers to that a node in the network is stuck at a specific value, which can be regarded as
a genetic mutation; i.e., a specific gene is permanently turned on or off. A bridging fault means that
an old interconnection is broken or a new interconnection is merged into the network. However, the
faults considered in [20,21] were only “stuck-at faults”. Utilizing STP, Fornasini and Valcher [23,24]
generalized the results of [20,21] and proposed the general concept of fault detectability for BCNs. Then,
Leifeld et al. [25] extended the idea of [24] to probabilistic BCNs. The problems discussed in [23,24] are
mainly related to on-line fault detection. Afterwards, the off-line fault detection of BCNs was studied
in [26-28] successively. Fornasini and Valcher [26] provided a graphical criterion and an augmented
algebraic criterion for off-line fault detectability. Zhang et al. [27] transformed the fault detection problem
into a dead-beat stabilization problem. Li et al. [28] obtained a verification matrix by indistinguishability
for off-line fault detectability. In our recent paper [29], passive fault detectability and four kinds of active
fault detectability, corresponding to online and offline cases, respectively, were investigated using the
reachability analysis of an augmented system. Associated fault detection problems were also applied to
discrete event systems [30], nuclear plants [31,32], and combinational circuits [33, 34].

It should be pointed out that the method in [26,27,29] is cascading the faulty BCN and non-faulty
BCN to obtain an augmented system, which is computationally expensive. And the method of [28]
following that of [35] is constructing a transferable matrix to show the control-transferability among
indistinguishable states. In this article, we are dedicated to further enriching and improving the research
of fault detectability and putting forward some new criteria. In detail, two nonaugmented methods are
exploited to analyze the fault detectability. One is the equivalent system-based approach, and the other
is the iterative matrix set-based approach. These approaches can provide new perspectives for describing
different fault detectability, while avoiding the disadvantage of the high computational complexity of
the augmented method. The main contributions of this paper are summarized as follows. (i) With
knowledge of convergent sequences and limits, new criteria for the equivalence of BCNs are presented,
which are successfully applied to the weak active fault detectability. (ii) By means of a series of iterative
matrix sets, necessary and sufficient conditions for strong and weak active fault detectability are provided.
(iil) Efficient algorithms are developed to determine the fault detectability, and all possible input sequences
of the shortest length for active fault detection are obtained. Compared with the existing studies, our
results can reduce the computational complexity significantly.

The remainder of this paper is organized as follows. Section 2 contains some preliminaries. Section 3
includes the equivalent system-based approach for weak active fault detectability. Section 4 is the iterative
matrix set-based approach for strong and weak fault detectability. Section 5 is an example. Section 6 is
the concluding remarks.

2 Preliminaries

In this section, some preliminaries including STP and fault detectability of BCNs are reviewed. First,
some notations are listed below.
e N: the set of non-negative integers.
[]: the upward rounding function.
[M]; ;: the (i, j)th element of matrix M.
Col;(M): the ith column of matrix M.
Row;(M): the ith row of matrix M.
B:={0,1}.
I,: identity matrix in R™*".
A, = {611 <i < nl.
Ly =30, 0y
0,.xn: an m X n matrix with all elements being zero.
| - |: cardinality of a set.
L™*™: the set of m x n logical matrices.
B™*™: the set of m x n Boolean matrices.
® (*): Kronecker product (Khatri-Rao product).
A (\V): conjunction (disjunction).
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Besides, logical operations of Boolean matrices used in the sequel are defined element wise, for example,
1, \ 6% =4,
Definition 1 ([7]). Let M € R*® and N € R4, The STP of M and N is defined as

MxN=(M®eI)(NoIe),

where e is the least common multiple of b and c.

Throughout this paper, the matrix multiplication x used by default is Boolean, i.e., AB = Sgn(A x B),
where Sgn(+) is the sign function.

For a Boolean variable z € B, identify Z as 537“?. Then the following lemma is used to convert a
Boolean function into its algebraic form.
Lemma 1 ([36]). Given a Boolean function f(Z1,Za,...,Z,) : B" — B, there exists a unique matrix
My € £2*2" | called the structure matrix of f(-), such that 5§_f(i1’i2""’i”) = My x4 x;, with ; =
65" € As.

Generally, a BCN with n state nodes, m input nodes, and p output nodes is of the form:

St+1 ~t 4t Tt ot ot —t

;0 = fi(Z, @, .. 2, Al ah, . ah),

—t _ —t =t —t

yj *h]’(zlaZQa --axn)a (1)
I<ig<n, 1<j<p,

where f; : B™*" — B, h; : B* — B are Boolean functions and Z}, uj,, 7% € B are the state, input, and

output, respectively. By Lemma 1, the algebraic form of BCN (1) is described as [36]

x(t+1) =Ly x Lo Lyu(t)z(t) = Lu(t)z(t), @)
y(t) = Hy « Hy % - - x Hyx(t) = Hz(t),

2zt 2—at

where x(t) = X[ 2i(t) = [0y 1 € Agn, u(t) = XPjug(t) = XG0y € Agm, y(t) = xE_jy;(t) =
_t

x?zléziyj € Ag, and L; € L2277 (H; € £2*?") is the structure matrix of f;(-) (h;(-)). Since

Eq. (2) can be determined by structure matrices L, H uniquely, BCN (2) is defined as B(L, H). Let

w(zo, u(t)) = Xz (zo, u(t)) and y(xo, u(t)) = x*_,y;(wo,u(t)) be the state and output of (2) at time

t € N starting from initial state x(0) = ¢ under input sequence {u(t)}|;=5,
Assume BCN B(L, H) is the faulty model of B(L, H).

Definition 2 ([27-29]). Set that z¢,Zo € Ay are initial states of B(L, H) and B(L, H), respectively.
(i) BCN B(L, H) is said to be weakly active fault-detectable, if for any xo,Zo € Agn, there exist an

integer T € N and an input sequence {u(t)}|;-55, both of which are dependent on g, #g, such that

respectively.

(y(z0,u(0)), y(wo, u(1)), ..., y(wo, u(T))) 3)
# (§(@0,u(0)), §(E0, u(1)), ... G0, u(T))).

(ii) BCN B(L, H) is said to be strongly active fault-detectable, if there exists an integer T € N, such
that Eq. (3) holds for any input sequence {u(t)}|;-5 and any xg, 7o € Agn.

Clearly, strong active fault detectability is sufficient for the weak active fault detectability, but the
converse is not necessarily true. Besides, it is crucial to emphasize that weak active fault detectability is
equivalent to active fault detectability’), which has been proven in [29]. Thus, in the sequel, we mainly
focus on the weak and strong active fault detectability.

3 Equivalent system-based approach

In this section, the equivalence of BCNs is considered, which provides a new viewpoint to study the fault
detectability.

1) BCN B(L, H) is said to be actively fault-detectable, if there exist an integer T' € N and an input sequence {u(t)}\f;fj, such

that Eq. (3) holds for any zg, o € Agn.
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Definition 3 ([37]). Given two BCNs, they are said to be equivalent if for any point xy of one network
there is a point o of the other network such that for the same input {u(¢)}|;=5 with initial values xo
and 7, respectively, the output {y(¢)}|/=5 are the same.
Remark 1. It is worth stating that the equivalence of BCNs given in Definition 3 is consistent with the
indistinguishability of sequential machines in [38], which also shows the interconnectivity between BCNs
and finite automata.

Consider two BCNs: B(L,H) and B(L, H) with L € £2"<2""" L e 22" H e £¥*?" H ¢

£2"%2" and set Fy = L6k, Fp, = ié’gm, k=1,2,...,2™. Then construct a Boolean vector sequence
2m
~ n-+s
Div1 = [\ 0i(Fx ® F) A0 € B (4)
k=1

where 99 = M.(H ® H), and M, € B>?” with M.8,0, = 1if i = j, otherwise M.0%,6, = 0,
1 < 4,5 < 29. Immediately, {9;}];en is finite-time convergent, since ¥; is non-increasing element-wise on
i. Set ¥* := lim; oo ¥; and R € B2"*2" with

Row;(R) = 9% 5., (5)

Based on the above vector sequence, we give the following condition on the equivalence of BCNs.

Proposition 1. BCNs B(L, H) and B(L, H) are equivalent, if and only if matrix R has no zero rows
and columns.

Proof.  (Necessity) If B(L, H) and B(L, H) are equivalent, then for any initial state = of B(L, H), there
exists state # of B(L, H), satisfying y(z,u(t)) = §(Z,u(t)), for any {u(t)};55, where §(&,u(t)) is the
output of B(L, H) under initial state & and input signal {u(t)}|;=5 at time ¢t € N. Furthermore, we can
see that

Hz = Hz,
HFy o = HF, i,
HFlekox:ﬁFthoi'a (6)

hold for any 1 < ko, k1,... < 2™. In (6), Hr = HZ and HFyx = ﬁﬁkoi can be rewritten as M.(H ®
H)zz =1 and o . )

Me(HFkox X HFko.f) = MG(H® H)(Fkg ®Fk0)xj =1,
respectively. Thus, it can be obtained that YgzZ = 1 and Y122 = 1, since 91 = /\i:1 Yo (Ff ® Fk) A Yg.
Moreover, H F},, Fi,x = HF}, Fi,T can be rewritten as

MS(HFlekOCE X E[Fklﬁ‘koi’)
= M, (H ® H)(F},, @ Fy,,)(Fp, @ Fi, )& = 1,

which means Y222 = 1, since

-
/\ V1 (F, @ Fy,) AV,
k=1
2m 2m B B ~
- A A (ﬂO(Fk2 ® Fyy)(Finy @ Eioy) AOo(Fiy @ Fiyy) A 190) .
ko=1ky1=1

U2

Repeating the above processes gets ¥;2% = 1, i € N. Because z is arbitrary, we can set z = 64.. Thus,
for any given 5. € Agn, there exists #, such that 9*6%.% = 1 and (6%.)" R¥ = 1, which implies that
matrix R has no zero rows. Similarly, if B(L, H) and B(L, H) are equivalent, then for any initial state
of B(i, H), there exists state x of B(L, H) such that Eq. (6) holds for any 1 < ko, k1,... < 2™. That is
to say, for any &3. € Ags, there exists  such that ¥*z83. = 1, i.e., T R6}. = 1, which means R has no
zero columns as well.

Inverting the above processes completes the proof of sufficiency.
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From the above proof, one can see the meaning of elements in 9¥*. 9*4%, 5% =1, ie, [R];; =1if and
only if initial states 84, of B(L, H) and 83, of B(L, H) have same output sequences for any same input
{u(t)}{5

Proposition 1 is intuitive and easy to understand but is not convenient to obtain matrix R, and then
we provide an alternative way to get it.

Proposition 2. lim; ,. M; = R, where My = HTH and
om )
Miyr = N\ B M F  AM;, i €N (7)
k=1

Proof. Firstly, note that M, is non-increasing element-wise on i and Mj; € B2 *2". M, must be
finite-time convergent, since M, 1+ = M;, t > 0, if M;; = M,;. Secondly, BCNs B(L, H) and B(f,, ﬁ)
are equivalent if and only if for any z € Agn (Z € Ags), there exists & € Ags (2 € Agn) such that Eq. (6)
holds for any 1 < ig,i1,... < 2. That is,

zTHTHz =1, @®)
S | FTHTHI[) Fi=1,1>

hold for any 1 < 4g,i1,... < 2™. Let T = min{i|M; = M;41}, then lim; oo M; = Mp+. In addition,
it follows from (7) that

om

M; = /\ F];[Mi—lﬁkl AM;_4
k1=1
gm  gm o i
= /\ /\ (FI;EFIJ;Mi—QFhFh /\F];:Mi—QFkl /\Mi_g)
ki=1ko=1

A N\ N\ ELE B M sF Fr, B, A BB M _sFy, Fr, AFMi_3Fy A M;_3)
k:1:1 k}2:1 k}3:1

A A A (T T ATT M0 TT e n B M A M) (0

k1=1ko=1 ki=1 t=1 t=i—1

Combining (8) with (9), for any @ € Agn (Z € Ay:), there exists T € Ags (z € Agn) satisfying " M@ =
1. Then [Mz-];; = 1 if and only if 64, of B(L, H) and &). of B(L, H) have the same output sequences
for any same input {u(t)}|;=5. Hence, Mp- = R, which completes the proof.

Propositions 1 and 2 provide new criteria for the equivalence of B(L, H) and B(i, H ). In order to
discuss the fault detectability, let s = n in B(L, H) and B(L, H). In view of the analysis of equivalent
systems, the following theorem is obtained for weak active fault detectability.

Theorem 1. BCN B(i H) is weakly active fault-detectable if and only if R = Ognyon.

Proof.  The existence of 1 < 4,7 < 2" such that [R]; ; = 1, is equivalent to that the output sequences
of B(L,H) and B(L, H) starting from initial states xo = 8. and Zo = 3., respectively, are the same
under any identical input sequence. Hence, R # 0gnyon if and only if B(i,fi ) is not weakly active
fault-detectable. The proof is completed.

From Theorem 1, we can see that if BCN B(L, H) is weakly active fault-detectable, then B(L, H) and
B(L, H) are not equivalent. Conversely, the equivalence of B(L, H) and B(L, H) implies that B(L, H) is
neither weakly nor strongly active fault-detectable.

4 Iterative matrix set-based approach

Motivated by the equivalent system approach, an alternative approach is given to depict the three kinds
of fault detectability uniformly. We first construct a sequence of Boolean matrix sets iteratively:

SHYM) = {F] ME, AHTH|M € S{(M),1 <k <2m}, (10)
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where SY(M) = {H" H}, i € N, based on which, the following criteria are deduced.
Theorem 2. (i) BCN B(L, H) is weakly active fault-detectable if and only if there exists an integer
T € N such that
N\ M=032n. (11)
MEeST (M)

(ii) BCN B(L, H) is strongly active fault-detectable if and only if there exists an integer 7' € N such that
{02nx2n} = ST(M).
Proof. 1If for any @, & € Agn, Hz # HZ, then H' H = Ognyon. In this case, S' (M) = {Ognyon}, i € N,
and thus (i) and (ii) of Theorem 2 hold clearly. Without loss of generality, we assume that there exist
x,T € Agn such that Hx = Hi.

(i) (Necessity) Assume that BCN B(L, H) is Weakly active fault-detectable. Then for any = = 8%, and

” = {0k }t’é such that

i = 6J,, there exists an input sequence {u(t)}|,

Hx = HZ,
HFkOIL' = HFkoi‘,
HFlekox = f{F‘lekoj,

(12)
_ _
HHt le—l ktl' = HHi:Tq,,j—l Fktl’,
- 37
HHt:Ti,j Fy,z # HHt:Ti,j Fy, 2,
where T; ; € N is the minimum integer satisfying (12), which means
¢ H H: =1, (13)
l 0
e [P H H][Frd=1,0<I<T; -1, (14)
t=0 t=1
T;,j 0
" [[FiHETH [ Fui=o0 (15)
t=0 t:Ti,j
Consequently, we can see
p 1 ~ 0 ~ ~
a’ </\HF,;HTHHFktAHTH>5o, p=Tij. (16)
1=0t=0 t=1

Besides, M, := \/_, Ht OF,IHTH Ht  Fo, NHTH € SPH1(M). That is, for any @ = 65, and & = 63,
there exist an integer 7; ; and M; € S™T1(M) such that [M,];; =0, t > T; ;. Let Ty = max{T; ;|1 <
i, <27} yield

/\ M = 02n><2n.
MeSTit1 (M)

(Sufficiency) Assume that Eq. (11) holds. Note that the general form of M € ST (M) is

T—1 1
M= AHF,:HTHHFktAH H,
=0 t=0 t=l

where k; € {1,2,...,2™}. Then Eq. (11) means that for any z = 6%, and & = (gn, there exist
kgl ky? ..okt €{1,2,...,2™} such that

T—1 1

N 11 wHTHH ”-/\HTﬂ' =0.

=0 t=0 i.j
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Thus, for any & = 84, and # = §},., under input sequence {u(t)}|7 ' = {52,” }|tT=_01, there exists T; ; < T
satisfying
0
T
H k”H H H Fk;J :0,
=T i

which further implies y(04., u(Ti ;) # §(6n, u(Ti;)); ie., B(L, H) is weakly active fault-detectable.

(ii) To prove (ii), we firstly show that BCN B(L, H) is actively fault-detectable if and only if there
exists an integer T € N such that Ognxon € ST (M).

Assume that BCN B(L, H) is actively fault detectable. Then there exists an input sequence {u(t)}|,2%5
= {62m} % such that for any = 64, and & = 5%;, there is a minimum integer T; ; > 0 satisfying
(13) (15). Hence, for any p > T; ;,

</\HFJHTHHFk ANH H)x— [/\HF,IHTHHFk ANHTH| =o0.

1=0t=0 1=0t=0 ij

Take Tp = max{T; ;|1 < i,j < 2"}. From the arbitrariness of ¢ and j, it is obvious that

Ty 1 0
Opvxan = N\ [[ECHTH]] Fo, A HTH € ST (M),
1=0t=0 t=l

Conversely, if 02ny2n € ST(M), then there exist k; € {1,2,...,2™}, t = 0,1,...,T — 1 such that
T;Ol Hi:o F];—:HTH H?:l Fy, NHTH = Ognyan. It means that under input sequence {u(t)}/_," :=

{65 VT, for any @ = 0%, and & = 6}, there is an integer T; ; < T satisfying

H F/H"H H F,| =o.

t=T; ; i
In other words, under input sequence {u(t)}|’2} = {55;}|t oL, we have that y(6%.,u(Ti;)) # 5(0%.,
u(T;;)) holds for any x = 0%, and & = §},., which implies the active fault detectability.

Notice that BCN B(L, H) is strongly active fault-detectable if and only if Eqgs. (13)—(15) hold for any
input sequence {u(t)}|;=55 := {054 }|,=°5. Together with the proof above, we can conclude that B(L, H) is
strongly active fault-detectable if and only if there exists an integer T > 0 such that {Ogn 20 } = ST (M).

Combining with Proposition 2, one sees that Theorem 1 and Theorem 2-(i) are equivalent. Thus, the
iterative matrix set-based approach can be thought of as the extension and refinement of the equivalent
system-based approach. The equivalent system-based approach is only applicable to weak active fault
detectability, while the iterative matrix set-based approach is suitable for three kinds of active fault
detectability. Theorem 2 provides a unified framework to investigate fault detectability via the iterative
matrix sets (10), which can avoid starting again when the verified result is not consistent with the
expected fault detectability. Moreover, similar to Theorem 1, the strong active fault detectability can
also be determined by Boolean matrix sequences.

Corollary 1. BCN B ([~/, H ) is strongly active fault-detectable if and only if
lim M - ng XMy (17)
1—00

where MiJrl = Vizl F;Mlﬁk AN Mi, Mo = HTI;[, i€ N.

Proof. A simple induction shows that

om
M; \/ F];[Miflﬁkl AM;_y

k1=1

om  gm

\/ \/ Fk Fk i 2Fk«2Fk1 /\Fk Mi_QFkl /\./\/li_z)
k1=1ko=1
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g gm gm
=V V-V <HF,IMOHFkt/\HF,:MO IT #. A ~AFJ1M0F;€1AMO>,

k1=1ko=1 k;=1 \t=1 t=1—1

which indicates M; = Vmesi(my M. Therefore, from (i) of Theorem 2, B(L,H) is strongly active
fault-detectable if and only if lim; . /\;lz = 09nyon.
Remark 2. (Upper bound analysis)
(i) Let a new BCN B(L, H) with L € L2772 and H e £277%2"7 | called the direct sum of
B(L,H) and B(L, H), where
, H= e
Oopyon H

Let (%o, u(t)) denote the output of B(L, H) under initial state Zo € Agn+1 and input signal {u(t)}[;255
at time ¢ € N. Then, by Definition 2, B(L, H) is weakly active fault-detectable if and only if for any
T = 0bn, &g = 0% € Agn, there exist an integer T' € N and an input sequence {u(t)}| 5, such that

Fk 0271, x2n

Lok, = ~
O2nxon  Fy

(y(0h, u(0)), (0, u(1)), - y(8hn, u(T))
7é (gj(dgn,u(())), g((g”vu(l))a ce ag((s%"vu(T)))a

which is equivalent to

(g(6;n+17 (0)) g(62n+17u(1))a cee 7?(5§"+1a (T)))
£ (O3, u(0)), g% u(1), ..., g2 u(T)));

i.e., each pair of states (5§,L+1,5§,Lfl ), 1 <i,j < 2" of B(L, H) is distinguishable?). Actually, it follows
from Theorem 6 [38] that the smallest upper bound of steps to verify the distinguishability of two states
of B(L, H) is 2"*1 — 1. Therefore, the minimum steps to verify the weak active fault detectability satisfy
T <2t —1.

(ii) To give a unified upper bound for Theorem 2, recall the sequence of Boolean matrix sets (10).
Number the matrices in S*(M) by S*(M) = {Mill =1,2,...,2"™} with

T i—1
M= B (e MU i b

And let m} = 1], Mi12. > 0, the number of 1 in the I-th matrix in S?(M). Clearly, m; > mi* holds for
any (I —1)2™ +1 <t < 12™. Hence, S*(M) must converge within m? steps; i.e., there is zo < m{ such
that Sott(M) = S%(M), t > 0. Accordingly, the steps to verify the three kinds of fault detectability
satisfy T' < m{. Besides, partition {1,2,...,22"} into two subsets:

Since m9 = 1, H H1an, we get m) = |01 as well.

In light of Corollary 1, Algorithm 1 is devised to determine the strong active fault detectability.

IfB (E, H ) is not strongly active fault-detectable, then we aim to determine whether it is weakly active
fault-detectable by Algorithm 2, which is based on Theorem 1/Theorem 2-(i).

When B(i, H ) is weakly active fault-detectable but not strongly active fault-detectable, we are also
interested in designing all feasible input sequences with the shortest length. This is implemented in
Algorithm 3 which is based on Theorem 2.

2) Consider B(L, H). States x1 # 2 € A,n41 are said to be distinguishable, if there exist an integer 7' € N and an input
{u(t)}{=o such that g(z1,u(T)) # g(z2, u(T)).
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Algorithm 1 Checking the strong active fault detectability of B(i, H)

Require: Fy, Fy, H, H, k=1,2,...,2™.

Ensure: “Yes”, if B(i, ﬁ) is strongly active fault-detectable, and “No”, otherwise.
1: Initialize t = 0, M = H' H, N = P = Oanyan, vy = [1,2,...,2"]Col;(F}), 9k = [1,2,...,2"]Col;(Fy), i = 1,2...,2",
k=1,2,...,2™;

: while t < |©1| and N # M do

N=M,t=t+1;

fori=1:2",7=1:2" do

for k=1:2" do
ond o 1l WMot
[M]ij = [M]i,j A [Plig;

end for

: end while

1 if M = 03n «on then

return “Yes”;

: else

return “No”;

: end if

©P®IITER

= e e

Algorithm 2 Checking the weak active fault detectability of B(i, ﬁ)

Require: Fy, F, H, H, k=1,2,...,2™.
Ensure: “Yes”, if B(L, H) is weakly active fault-detectable, and “No”, otherwise.
1: Initialize t = 0, M = H' H, N = P = Oan xon, v, = [1,2,...,2"]Coli(Fy), Uk, = [1,2,...,2"]Col(Fy), i = 1,2...,2",

E=1,2,...,2™;

: while t < 2" — 1 and N # M do
N=M,t=t+1;
fori=1:2",j=1:2"k=1:2" do
enc[iAﬁi}j = [M]i5 A Moy, ;5 55

end while

if M = 0gn yon then
return “Yes”;

: else

return “No”;

: end if

©XTPT W

=

Algorithm 3 Generating all input sequences of the shortest length for active fault detection of B(i, ﬁ)

Require: Fy, F, H, H, k=1,2,...,2™;
. NI,
Ensure: There are a total of ¢ shortest input sequences of length 7 denoted by {u’(t)}|7_, = {6£m]“’+1 MiZg,i=1,2...,c
1: Initialize ¢ = 7 = 0, MY = H H, vy, ; = [1,2,...,2"]Col;(F}), g, = [1,2,...,2"]Col;(F}), i =1,2...,2", k=1,2,...,2™;

2: while ¢ =0 and 7 < |©1] do
3: T=T71+4+1;

4 forl =1:2"" do

5 T:]'z%‘\,s:lf(rfl)Qm;

6: fori=1:2",5=1:2" do

& [MlT]%J = [M:v'il]vs,i,frs,j A [HT]-}]%J;
8 end for

9: if MLT = 03n yon then

10: c=c+ 1

11: fori=1:7 do

12: if i = 1 then

13: [Ne,i = oty T

14: else

15: (Nei = [t 1 = Z521 (Ve — 12079
16: end if

17: end for

18: end if

19: end for
20: end while

Remark 3. (Computational complexity analysis) From Algorithms 1 and 2, it is straightforward
that the time complexities for checking the strong and weak active fault detectability of B(E,H ) are
0(227t™)04]) and O(23"+m+1 —22n+m) yegpectively, and the space complexity of both is O(22" +27+m).
Besides, obtaining all shortest input sequences in Algorithm 3 requires time and space complexities
O(22+181m19, ), O(227+O1+1)m) " respectively. On the other hand, the complexities of existing re-
sults are shown in Table 1. Compared with [24,26-29], our results have lower computational complexity
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Table 1 Complexity comparison

Problem Result Time complexity Space complexity
Strong active fault detectability Algorithm 1 o@**tmey)) o(2%™ +2mtm)
Theorem 4 [29] 0(2%™) o(2m+in)
Algorithm 2 o(23ntmtl _ 22n+m) 0(22n )
Proposition 4 [24, 26] o(24™) o(24m)
(Weak) active fault detectability Theorem 1 [27] > O((22n _ |@2‘)3) O(2m+4" -~ ‘@2‘2m+2n)
Algorithm 1 [28] 0(2%™) O(2m+in)
Theorem 5 [29] 0(222"+1m+6n) 0(222"m+4n)
Obtaining the shortest input sequences Algorithm 3 0(22”;1"?1 ™o, D) 0(2%2(7‘1,@1 I+1)m)
Theorem 5 [29] 0(22 m6n )y 0227 m+any

evidently.

5 An example

Consider a Boolean model of oxidative stress response pathways [21]. In this model, 7 entries are included:
ARE represents the family of antioxidant genes, ROS stands for reactive oxidative species, PKC, Keapl,
Nrf2, and Bachl are all proteins, and the Stress is the input signal, which are expressed as z1, %2, . . . , Tg, U,
respectively. The updating and output equations are as follows:

s+l ot it
Ty =u N\ Zg,
t

ft2+1 = Ty,

3t =3 A (T§ Vv 3L),

it = 5t A -z, (18)
S = g v -,

1t —t —t
Tg' =Ty A (075 V T),

—t _ =t ot _ =t ot _ =t
Y1 = Zg, Y = X3, Y3 = Ts-

Then Eq. (18) can be converted into its algebraic form (2) with

L = 664[62, 25,62, 26, 64, 27, 64, 28, 62, 25, 62, 26, 62, 25,
62, 26,61, 25,62, 26, 63,27, 64, 28,61, 25,62, 26, 61,
25,62, 26,38, 5,38,6,40, 7,40, 8, 38,5, 46, 14, 38, 5,
46,14,37,5,38,6,39,7,40,8,37,5,46, 14, 37, 5, 46,
14,62, 57,62, 58, 64,59, 64, 60, 62, 57, 62, 58, 62, 57,
62,58,61,57,62,58,63,59, 64, 60,61, 57,62, 58, 61,
57,62, 58, 38,37, 38, 38, 40, 39, 40, 40, 38, 37, 46, 46,
38,37,46,46, 37,37, 38,38, 39, 39, 40, 40, 37, 37, 46,
46,37,37,46,46] € £64%128,

H =6g[1,1,2,2,1,1,2,2,3,3,4,4,3,3,4,4,5,5,6,6,5, 5,
6,6,7,7,8,8,7,7,8,8,1,1,2,2,1,1,2,2,3,3,4,4, 3,
3,4,4,5,5,6,6,5,5,6,6,7,7,8,8,7,7,8,8) € £3%04

Assume that the faulty model B(L, H) is derived from

Colg(L) = 688, Coly(L) = 68,, Colyy = 64, Colys (H) = 6%, Colgs (H) = 03,
Col;(L) = Col,(L), Col;(H) = Col;(H), i # 8,16,40 and j # 25, 64.

By Algorithm 1, it is verified that B(f/, H ) is not strongly active fault-detectable. Furthermore, Algo-
rithm 2 shows that B(L, H) is weakly active fault-detectable. Meanwhile, according to Algorithm 3, we
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Figure 1 (Color online) The state trajectories of (a) the original and (b) faulty BCNs under input sequence {u(t)}|i_, =
(63,65,65,83,83).
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Figure 2 (Color online) The output trajectories of the original and faulty BCNs under input sequence {u(®)}ily =
(83,063,05,385,03) starting from (zo,Zo) = (85,,08,), 4 = 1,2,...,64 (in order from left to right, from top to bottom). The
blue and red lines represent the outputs of the original and faulty BCNs, respectively.

get that there are 3 shortest input sequences of length 5 for active fault detection:

(03,03,03,03,03),
{U(t)}ﬁzo = (5%7 6%5 6%5 6%7 6%)7
(6:2[7 5:2[7 5:2[7 55’6%)'

Take {u(t)}i_, = (03,03,063,03,03), and then Figure 1 shows the state trajectories of original and faulty
BCNs. Corresponding to different initial states, 642 pairs of output sequences can be obtained, where
each pair of output sequences is distinguishable. Due to the limitation of the space, we only show 64 pairs
of output sequences in Figure 2.
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6 Concluding remarks

In this paper, strong and weak active fault detectability of BCNs has been investigated by two new
approaches. Firstly, the equivalent system-based method has been discussed, and necessary and suf-
ficient conditions have been derived for weak active fault detectability. Secondly, the iterative matrix
set-based method provides a unified framework to characterize strong and weak active fault detectability.
In addition, corresponding algorithms have been developed for verifying fault detectability and gener-
ating all shortest input sequences. Compared with the existing results, our methods can significantly
reduce the computational cost. Additionally, our methods can also be extended to various BCNs such
as probabilistic, time-delayed, and disturbed BCNs. Another interesting topic, the fault isolation of
BCNs, which was preliminarily studied by an augmented method in [39], can also be further investigated
by our nonaugmented methods. On the other hand, to overcome the high computational complexity,
the network structures have been taken into account for analysis and control of large-scale BNs [40,41],
which maintain the time complexity at a relatively low level. It is also interesting to investigate the fault
detectability combined with the method of [40,41] in the future research.
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