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SOME NECESSARY AND SUFFICIENT CONDITIONS FOR THE OUTPUT
CONTROLLABILITY OF TEMPORAL BOOLEAN CONTROL NETWORKS

Yancg Livt, Jianquan Lu? aND Bo Wu?

Abstract. This paper investigates the output controllability problem of temporal Boolean networks
with inputs (control nodes) and outputs (controlled nodes). A temporal Boolean network is a logical
dynamic system describing cellular networks with time delays. Using semi-tensor product of matrices,
the temporal Boolean networks can be converted into discrete time linear dynamic systems. Some
necessary and sufficient conditions on the output controllability via two kinds of inputs are obtained
by providing corresponding reachable sets. Two examples are given to illustrate the obtained results.
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1. INTRODUCTION

The Boolean network (BN) was firstly proposed by Kauffman for modeling complex and nonlinear biological
systems, see [21-23]. Since then, it has been a powerful tool in describing, analyzing, and simulating the cell
networks. In this model, gene state is quantized to only two levels: true and false. Then the state of each gene
is determined by the states of its neighboring genes via logical rules.

The control of BN is a challenging problem. So far, there are only few corresponding results because there is
a shortage of systematic tool to deal with logical dynamic systems, see [6,19]. Recently, a new matrix product,
called semi-tensor product (STP) of matrices, has been proposed and a logical function can be expressed as an
algebraic function, for example, see [7-11,32]. Using STP, a logical equation can be expressed as an algebraic
equation and the dynamics of a Boolean (control) network (BCN) can be converted into a linear (bilinear)
discrete-time (control) system. Based on this method, the structure of attractors of a BN is investigated, and
so called “rolling gears” structure is proposed in [7], which gives an explanation why tiny attractors can decide
the vast order; formulas for calculating fixed points and cycles are obtained in [9]; coordinate transformation of
BNs and the realization of BCNs are presented in [10]; A Mayer-type optimal control problem for BCNs with
multi-input and single-input has been studied in [26, 28].
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Controllability is one of the fundamental concepts in control theory, see [17,24,39,45-47]. The state controlla-
bility problem of BCNs has been discussed by the expression of reachable set in [1,8]. [27,34,44] have presented
some simple criteria to judge the controllability with respect to input-state incidence matrices of BCNs. The
aim is to determine whether expressions of some selected genes (controlled nodes) can be inhibited or activated
by expressions of the other gene (control nodes) in a gene regulatory network. In addition, Akutsu et al. proved
that this problem is NP-hard in a general setting in [1].

Output controllability is a related notion for the output of the system. The output controllability describes
the ability of an external input to move the output from any initial condition to any final condition in a finite
time interval. A controllable system is not necessarily output controllable, and an output controllable system is
not necessarily controllable. Hence, it is also an important structure property in modern control theory which
reflects the dominant ability of the control inputs over outputs [12]. For switched linear systems, [41] gave a
necessary and sufficient geometric type criterion for output controllability. In [25], a sufficient condition for a
BCN with inputs and outputs to be output-controllable is derived by exploiting an adjacency matrix of its
network topology.

It is well known that time delay phenomenon is very common in real world, and is very important in analysis
and control of dynamic systems [3,18,36]. Besides, time delay happens frequently in biological and physiological
systems [16,29,37,40,43]. In [4], a model for genetic regulatory networks (GRNs) with time delays was proposed
and nonlinear properties of the model in terms of local stability and bifurcation was analyzed. In [2], sufficient
conditions have been derived to ensure the global exponential stability of the discrete-time GRNs with delays.
Many results have been obtained on the state controllability of delayed systems [13,35,42]. For BCNs with time
delays, the controllability and observability are respectively investigated in [30,33].

One kind of BNs, called temporal Boolean networks (TBN) were developed to model regulatory delays,
which may be caused by missing intermediary genes and spatial or biochemical delays between transcription
and regulation, see [5,15,30,38]. References [5,30] investigated the controllability and the global controllability
issues of puth order Boolean control networks respectively, which could be regarded as one kind of TBCNs
considered in our work. Firstly, the uth order Boolean control networks were converted into new BCNs with
much higher dimensions state expressed by z in both [5,30]. Then, with similar analysis as [8], authors got the
controllability of new BCNs via two types of controls in [30]. At last, with model reconstruction, some necessary
and sufficient conditions were obtained for the controllability of the original uth order Boolean control networks.
The same method was also used in [5], which investigated the global controllability of the new BCNs with state
z via Perron-Frobenius Theory as presented in [27]. Then the global controllability of the uth order Boolean
control networks was deduced with the same method of model reconstruction as [30]. In [14], the problem of
inferring genetic networks under the TBN model was considered. One can see that the BCN with time delays
in states considered in [30, 33] is a special case of temporal Boolean control network (TBCN) according to
definitions. Hence, the analysis on TBCN may be much more complex and challenging. It should be noticed
that TBCN is similar with higher-order Boolean control network according to Chapter 5 of [5,11,31] in which
the higher-order Boolean control network can be rewritten by a BCN by using the first algebraic form of the
network. Hence, the controllability analysis for higher-order Boolean control networks can be obtained from
the analysis of BCNs. However, if the first algebraic form is used, the dimension of network transition matrix
depending on the number of logical variables will be much larger which would make computation cost much
higher. For details, please refer to Remark 3.2. Motivated by above analysis, in this paper, we will consider the
output controllability of the TBCN without changing it into BCN. The main idea comes from [8,27,44].

The rest of the paper is organized as follows. Section 2 provides a brief review for the STP of matrices and
the matrix expression of logical function in [6]. In Section 3, we convert the TBCNs with inputs and outputs
into discrete time delay systems. Then some necessary and sufficient conditions on the output controllability
via two kinds of inputs are present in Section 4. Examples are given to illustrate the obtained results as well.
Finally, Section 5 gives a brief conclusion.
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2. PRELIMINARIES
Definition 2.1 [9].

(1) Let X be a row vector of dimension np , and Y be a column vector of dimension p. Then we split X into
equal-size blocks as X',..., X? , which are 1 x p rows. Define the STP, denoted by x, as

p
XxY =Y X'y eR"
i=1

p
YTk X7 =3 "y (X" € R
i=1

(2) Let A € My« and B € Mpy,. If either n is a factor of p, say nt = p and denote it as A <; B, or p is a
factor of n, say n = pt and denote it as A »; B, then we define the STP of A and B, denoted by C = A B,
as the follows: C' consists of m x g blocks as C' = C% and each block is

C"=A"xBji=1,....mj=1,....q
where A’ is the ith row of A and B, is the jth column of B.

It is obvious that when n = p, A x B = AB. So it is a generalization of the conventional matrix product,
and all the fundamental properties of conventional matrix product can be applied to the STP of matrices, e.g.,
distributive rule, associative rule and so on. Because of this, we can omit x in this paper, see [11].

Proposition 2.2 [9].
(1) Assume A =, B, then (where ® is the Kronecker product, I is the identity matriz with dimensions t)
Ax B=A(B®I).

Assume A <; B, then
Ax B=(A® I,)B.

(2) Assume A € My, %y is given. Let Z € R be a row vector. Then
Ax Z=Zx (I; ® A).

Let Z € Rt be a column vector. Then
ZxA=(1;® A) x Z.

Furthermore, we give some notations as following:

Define a delta set as Ay := {5} |i = 1,2,...k}, where 4, is the ith column of I;.

A matrix A € My, xy, is called a logical matrix if the columns of A, denoted by Col(A), satisty Col(A) C A,,.
The set of all m x n logical matrices is denoted by L, xn.-

If matrix A = [§4,8%2 ... §in] we denote it as A = dp,[i1, 41, ..., 0n].

m> Ym>

Definition 2.3 [9]. An mn x mn matrix W, , is called swap matrix, if it is constructed in the following way:
label its columns by (11,12,...,1n,...,ml,m2,...,mn) and its rows by (11,21,...,ml,
...y 1In,2n, ... ,mn). Then its element in the position ((I,.J), (¢, 7)) is assigned as

sh {1, I =1qand J =y,

W(r,0),(i,5) = %,5 = 0, otherwise.

When m = n, we briefly denote Wi,) := Wi, .-
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Proposition 2.4. Let X € R™ and Y € R" be two columns. Then
Wim X X XY =V K X, Wy x YV x X =XxY.

A logical domain, denoted by D, is defined as D = {T = 1, F' = 0}. To use matrix expression we identify each
element in D with a vector as T' ~ 8} and F ~ §3, and denote A := Ay = {8}, 62}. Using STP of matrices, a
logical function with n arguments f : D™ — D can be expressed in its algebraic form as follows:

Lemma 2.5 [9]. Any logical function f(ai,...,a,) with logical arguments ay,...,a, € A can be expressed in a
multi-linear form as
flai,...,an) = Mraias...ay

where My € Loyxon is unique and called the structure matriz of f.

Given logical arguments p,q € A, we have the following structure matrices for the fundamental logical
functions: —=p = Mnp, pVq = Mapq, PNq= Mcpq, p — q = Mipq, p <> q = Mcpq, where My, = 62[2, 1], Mg =
52[1, ]-a 17 2}7 Mc - 52[1, 23 27 2}7 Mz - 52[13 27 ]-a 1]? Me - 52[13 27 23 1]

Lemma 2.6 [9]. Assume px = ajas...ay with logical arguments ay,...,a; € A, then
P = DDk
where @, = Hle Li-i @I ® W[sz’—i])Mr], M, = 04[1,4].

3. ALGEBRAIC FORM OF TBCNSs

A BN of a set of nodes aq,...,a, € A can be described as:
ai(t + 1) = fi(al(t), ag(t), R an(t)), 1=1,2,...,n, (31)
where f;,;i =1,2,...,n are logical functions, ¢t = 0,1,2,.... Note that time delay phenomena are very common

in nature, and it is well known that, in many cases, time delay cannot be avoided in practice. Motivated by
this, we consider the TBNs [38] as follows:

ai(t+1) = filar(t), ..., an(t),a1(t —1),...,an(t — 1),
et —=T1), . an(t—T)), i=1,2,...,n, (3.2)

where 7 is a positive integer delay.

Let x(t) = x}_;a;(t) which is a bijective mapping pointed out by Cheng and Qi [9]. Using Lemma 2.5, for
each logical function f;, i =1,2,...,n, we can find its structure matrix M;. Then system (3.2) can be converted
into an algebraic form as:

ai(t + 1) = M, [)(?:1 (lj(t) [)(?:1 (lj(t — 1) ce [)(?:1 (lj(t — ’7')
=Mz(t)x(t—1)...2(t—71), i=1,...,n. (3.3)

Multiplying all system in (3.3) together yields:

2t +1) = iy gt + 1)
= ™, [Miz(t)a(t —1)...x(t — 7). (3.4)

Theorem 3.1. Equation (3.4) can be expressed as
x(t+1)=Lox(t)x(t —1)...2(t — 1), (3.5)

where Lo = My X7yl (r41) @ Mi®@p(r41y] and Ly is called the network transition matriz of (3.2).
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Proof. By Lemma 2.6, [z(t)z(t —1)...2(t — 7)]> = @prrny@(t)z(t — 1) ... 2(t — 7). Then

z(t+1) = xy [Myz(t)z(t —1)...x(t —7)]
= Mi[(Inirin) ® Ms)® n(f+1] a(t)a(t —1)...a(t —1)Ms
o Mpr )zt = 1)t —7)
=My Tonirin) @ Mdsn(TH Jo()a(t —1) ... a(t — 7)M,
S Mya(t)e(t —1). . a(t —7)

= Ml[b(?:21—2n(7+1) & Mi¢n(7+1)}$(t)1’(t — 1) . l’(t - T). (36)

Next, we consider TBCN with outputs as follows:
a;(t+1) = fi(ur(t), ... um(t),a1(t),...,an(t),a1(t —1),...,a,(t — 1),
La(t—=71),...,a,(t—7)), i=1,...,n, (3.7)
Y1) = hy(ar(®)s-. . an(®))s j=1,...,p,
where u;,4 = 1,2, ..., m are inputs (or controls); y;(t), j =1,...,pareoutputs; f;, i=1,...,n, h;, j=1,...,p
are logical functions. In this paper, two kinds of inputs (or controls) are considered:

(A) The controls satisfy certain logical rules, called input networks such as:
wi(t+1) = gi(ur(t),u2(t),...,um(t)), i=1,2,...,m, (3.8)

where g;,1 = 1,2,...,m are logical functions, and the initial states u;(0),j = 1,2,...,m, can be arbitrarily
given.
(B) The controls are free Boolean sequences (or designable).

Let u(t) = xjLu;(t), yt) = M?zlyj(t). By Lemma 2.5, for every logical function f;, ¢g; and h;, we can find
its structure matrix My;, Mo; and My, i =1,...,n, j=1,...,m, l =1,...,p, respectively. Then from (3.7)

and (3.8), we can obtain

a;(t+1) = Myu(t)x(t)...x(t—71), i=1,...,n, (3.9)
’LLj(t+1) :ngu(t), j=1...,m, (310)
yi(t) = Msiz(t), L=1,...,p. (3.11)

Similar with Theorem 3.1, multiplying (3.9) yields z(t + 1) = Lu(t)x(t)x(t — 1)...2(t — 7) with L
Mn[lX?=2(12m+n(T+1) & Mli@ern(TJrl))]. Multiplying (310) leads to u(t + 1) = Gu(t) with G = Mgl(lgm
Moo) P (Igm @ Maog)Py, ... (Igm @ Moy )Pr,. And multiplying (3.11) gives y(t) = Huaz(t), where H
My [x]_o(In @ M3®y)]. Based on above analysis, a TBCN (3.7, 3.8) can be expressed in an algebraic form as
follows,

&

z(t+1) = Lu(t)z(t)z(t —1)...z(t — 1),
{ y(t) = Hx(t), (3.12)
and u(t + 1) = Gu(t), (3.13)

where L, H are respectively the network transition matrices of two equations in (3.7), and G is the network
transition matrix of (3.8).
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Remark 3.2. It should be noticed that by using the first algebraic form of the network from Chapter 5 of [11],
TBCN or upth order Boolean control network can be rewritten by a BCN with no delay. Hence, it can be a
good idea to study the controllability of TBCNs by using the corresponding BCNs from the results in [8,27],
see references [5,30]. However, if the first algebraic form is used, the dimension of network transition matrix of
corresponding BCNs will be much bigger which would make computation cost much higher, see the dimension
of states in system (5) of [30] and system (5) of [5]. From (3.12), it is easy to calculate that the dimension of
L is 2" x 2n(7+D+m  However, if the TBCNs are rewritten by BCNs using the first algebraic form, then the
dimension of the corresponding network transition matrix of the BCNs would be 27(7+1) x 2n(r+1)+m which is
much bigger if n or 7 is a large number. Hence, though the proof of our theorems is more complex relatively, the
dimension of the input-state transfer matrix is much less than the method of using the first algebraic form, and
hence the cost of the computation will be less compared with [5,30] if n and 7 are large numbers. Let us take
n =6, m =1, 7 =4 for example, the dimensions of the network transition matrices are 64 x 2147483648 and
1073741824 x 2147483648, respectively. Thus, it is easy to see the computation cost would be much higher if
the TBCNs are rewritten by using the above-mentioned method. Furthermore, considering the TBCNs directly,
we can find the relationship between the network transition matrix (or the Boolean functions) of the TBCN
and the state clearly, see (3.12). However, if the new BCN is used, the relationship of states = would not be
so clear, see system (5) in [30] and system (5) in [5], where the z coming from multiplying = at different times
concerning .

4. OUTPUT CONTROLLABILITY OF TBCNSs

In this section, we consider the output controllability problem of TBCN (3.7) with inputs and outputs,
equivalently (3.12), and the analysis will be given via two kinds of inputs. Definitions 4.1 and 4.13 are similar
with the ones used in [1,8,33] for controllability with respect to fixed initial states. Note that the following
Definitions 4.2 and 4.14 of controllability is different from them, and can be better coincide with the classical
definition of controllability in linear systems theory (see, e.g., [20]).

4.1. Output controllability of input Boolean networks

In this subsection, we consider case (A).

Definition 4.1. Consider the TBCN (3.12) with control (3.13). Given the finite time s € NT, initial state
sequence x(—i), ¢ € {0,1,...,7} and the destination output yy € A, ys is said to be s — output —
controllable (or reachable) from initial state sequence with fixed (designable) input structure G, if we can
find control input u(0) (and G), such that y(s) = yy.

Definition 4.2. The TBCN (3.12) with control (3.13) is said to be s — output — controllable (or reachable) if
for any a; € Agn, i € {0,1,...,7} and b € Ag», there exist the finite time s € N and the control input u(0)
such that x(—i) = a;, i € {0,1,...,7} to y(s) =b.

Remark 4.3. Definition 4.1 is based on fixed initial state sequence and destination output, and it describes
the controllability of the destination output. Definition 4.2 is for any initial state sequence and destination
output, and it represents the controllability of the system. The following controllability analysis will be given
with respect to both definitions one by one.

Definition 4.4. For BCN without time delay, and controller (3.13) with fixed G, the input-state transfer matrix
Of, i € Nt is defined as follows: for any u(0) € Agm and any z(0) € Aan, we have

70

z(i) = OFu(0)x(0), i € NT. (4.1)
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From Definition 4.4, the input-state transfer matrix for BCN shows a clear relationship between the input and
state. Given an initial state and an input, we can get the state at any time if the input-state transfer matrix
is obtained. Similar with the statement of input-state transfer matrix for BCN, we have the corresponding
input-state transfer matrix for TBCN in the following definition. For simplicity, we first denote the vector

X (i) = x)_gx(—j) € Agnai+n), i €{0,1,..., 7} (4.2)

Definition 4.5. For TBCN (3.12) and controller (3.13) with fixed G, the input-state transfer matrix L&, i € N*
is defined as follows: for any u(0) € Agm and any z(—i) € Agn, i € {0,1,...,7}, we have

x(i) = LEu(0)X (1), i € NT, (4.3)
where X(7) = X7_qx(—j) € Agni-41) from (4.2).

We start from the case of fixing s and fixing G. Theorem 4.6 and Corollary 4.8 will present the controllability
for TBCNs with respect to given initial 2(—%), i € {0,1,...,7} and yy, i.e., in the sense of Definition 4.1.

Theorem 4.6. Consider the TBCN (3. 12) with control (8.13), where G is fized. yy is s-output-reachable from
z(—i), i € {0,1,...,7}, if and only if y; THLS Wignis1) 9m X (1) # (0,...,0)T or equivalently, there exists at
——

least one entry of y}'—HLSGW[QMTH)’zm]X(T) equaling 1, where v
L, t=1,
LG[(Iym ® L) ®p][Iom © Wanr gnir+1) @], t=2,
Ly = ¢ LG H(Iam © LT )P [Xi_s_a(Tpmincren) @ LT Ppyn(r11))] (4.4)
X [Lam @ Wign(r—st2) on(r+0]Pr(r—t42)],  §=3,...,7+1,
LG (Tom © L)) ()20 75 (Tymtncan © LE Py yn(ri1))]s s>71+1.

If it is the ith entry, then u(0) = 6.
Proof. A straightforward computation gives that
(1) = Lu(0)X (1) £ L{u(0)X (7),
x(2) =Lu(l)x(1)X(r — 1)
= LGu(0)LSu(0)X (1) X (1 — 1)
— LGl ® LE)BJu(0)X (1) X (7 — 1)
— LG ® LE)YPrJu(0)Wiser g Bs X (7)
= LG[(Izm ® LY)®.)[Iam ® WW o+ PrrJu(0) X (1)
£ L5u(0)X (),
x(3) = Lu(2)x(2)x(1) X (1 — 2)
= LG*u(0) LS u(0)X (1) L¥u(0)X (1) X (T — 2)
= LG?[(Izm ® L§)®pn]u(0)X (1) LTu(0)X (1) X (7 — 2)
=LG[(Izm ® L§)Pm][(Lymini1 @ LT)Pry g (1) u(0) X (1) X (1 — 2)
= LG*[(Iym @ LG )P [(Igminirn ® LY )P tn(r+1))
X [Iom @ Wign(r-1) gn (41 P (r—1)]u(0) X (1)
2 L§u(0)X (7).
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For 3 <t <7, we assume that

Lf = LG Y(Izm © L 1)P][Xi—p—a(Tymsnirn) ® LY P n(r41))]
X [Iom ® W[QV,L(TftH),gn(Tﬂ)]@n(T,tJrg)].
Then for s =t + 1, we have that
x(t+1) =Lu(t)z(t). ..x(l)X(O)
= LG"u(0)[_, L§u(0) X (1)] X (0)
= LG"[(Izm © L{) D] [X i1 (Tymsnir 1) ® L Py yn(r41))]
X [Iom @ Wign(r—t+1) 20401 Pr(r—t41));
and

L = LG (Iam @ L)@ ][X =y (Tymsnirsn) @ Lz'G@ern(rH))]
X [Igm [024] W[Qn(‘r—t+l)’2n,(r+1)]¢n(7—7t+1)}-
By mathematical induction, one can get that
LY =L,
LS = LG[(Izm @ LY)®yn][Tzm @ Wanr guirn) Pp(r)],
LG (Izm @ L 1)) [X g (Tomincan @ L P n(r11))]
X [IQm ® W[2n(77t+2)72n(7+1)]@n(7—_t+2)]) t=3,..., 7+ 1
Furthermore,
x(T+2)=Lu(t + 1)z (T+ 1)...2(1)
= LG u(0)[x - T+1LG (0)X ()]
= LG [(Izm @ LY 1)) (% iy (Lymince+1) @ L Py (1)) u(0) X (7)
£ LY, 5u(0)X (1),
(1T +3) =Lu(t 4+ 2)x(1 + 2) ... 2(2)
= LG ?u(0)[x 7, 5 L§ u(0) X (7)]
— LG (ym & LE, )] [x 2y 1 Ly & LEByy s o)) u0) X ()
2 L, u(0)X (7).

For t > 7 + 1, we assume that

L{ = LG [(Iom © L )P[0 (Tymtniran) © LE Py n(ryn)))-

Then for s =t + 1, one can obtain that

x(t+1) =Lu(t)z(t)...x(t —71)
= LG*u(0)[ ;=] LT u(0)X (7))
= LGt[(IQ"" ® L?)Qm][xf 1(12""*'”("‘*'1) ® L Qstr’ﬂ(TJrl))] (O)X(T)v

and

Ly = LG [(Iam © L)@ ()] (Tymtntren) @ LE By g (741))]u(0) X (7).

165

(4.5)

(4.6)
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By mathematical induction, we have

LS = LG* Y (Iom ® LS )@y [% 270 (Tomintrity @ LEP i niryn))], 8> 7+ L.

i=s—2
Hence, we get the explicit expression of LY as (4.4). Moreover,
2(s) = LSu(0)X (1) = LS Wigntr+1) om X (1)u(0), s € NT. (4.7)
Tt follows from (3.12) and (4.7) that
y(s) = HLSWgn(r41) om X (T)u(0), s € NT.

It is noticed that HLSGW[QW,(TH) 2m] X (7) is an 2P x 2™ matrix whose columns are elements in Ag». Since yy € Ags,
y}—HLfW[Qn(TH),Qm]X(T) # [0,...,0]T means that at least one column of the matrix HLSGW[QV,L(TH),Q”L]X(T)
——
2”'”
equals to ys. Then we can get the conclusion by u(0) € Agm. O

Remark 4.7. When the time delay 7 = 0, then the TBCN (3.12), (3.13) become a Boolean control network.
In this case, it can be induced from (4.4) that

o)t t=14 (4.8)
L LG (Igm @ LE )y, > 1. '

Then Theorems 9 of [8] on the controllability of the BCNs respects to Definition 4.1 can be directly deduced
from Theorem 4.6.

Now, we consider the case where s is fixed and G is designable. Notice that there are (27")2m possible distinct
Gs. Each G can be expressed in the condensed form and ordered in increasing order, see [9]. When m = 2,
we have G = §4[1111], Gy = 04[1112], G5 = 64[1113],...,Gas6 = 04[4444]. In general, we consider a subset
AcC{1,2,...,(2™)?"}, and allow G to be chosen from the admissible set {G5|\ € A}. The following result can
be obtained immediately from Theorem 4.6.

Corollary 4.8. Consider the TBCN (3.12) with control (3.18), where G € {GiA|\ € A}. Then y;
is s-output-reachable from z(—i), i € {0,1,...,7}, if and only if there exists at least one entry of
{y;';HLfAW[Qn(TH)72r,n]X(T)\)\ € A} equaling 1, where LS is given by (4.4).

For TBCNs without time delays, it is noticed that the matrix M in [44] which equals to @ in [27] is induced
to show the controllability of BCNs with respect to any initial states and destination states. Motivated by [44]
and [27], in the following, we will give necessary and sufficient conditions on the controllability of TBCNs (3.12)
in terms of Definition 4.2.

Proposition 4.9. The number of different controls u(0) that steer TBCNs (3.12) with control (5.13) from
xz(—i), 1€{0,1,...,7} to y(s) = yy in s time steps is

Z(S;X(T)ayf) = y}—QsX(T)v s € NJra

where Qs = HLS 19m, 1om = [1,...,1]T and LS is given by (4.4).
——
2"7l

Proof. Let w!(0), w?(0),...,w!=X(Mw1)(0) be the different control steer x(—i), i € {0,1,...,7} to y(s) = yy,
1.€.,

Yy = HLsGwi(O)X(T), i=1,2,...,0(s; X(7),yy), (4.9)
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from (4.7). Since each control w*(0) € Agm, this implies that there exist t(s; X (7),ys) = 2™ — I(s; X (1), ys)
different control v7(0) € Agm such that

yy # HLSV (0)X(7), = 1,2,...,t(s; X (1), yy)- (4.10)
Multiplying (4.9) and (4.10) from the left by y}— yields

L=y HLSw' (0)X (1), i =1,2,...,U(s; X (7),yy),
0=yf HLSV (0)X (1), j=1,2,....t(s: X(7), y5)- (4.11)

Summing up this set of 2" equations yields
. _  TygrG T
U(s; X(7),yp) =yp HLS 1am X (1) = y; Qs X (7). (4.12)
The proof is completed. g

Theorem 4.10. The TBCN (3.12) with control (3.13) is s-output-controllable if and only if all the entries of
Qs are different from zero.

Proof. Necessity: Suppose that entry (i, ) in Qs is zero, then
5;PQ55%7L(T+1) =0.

From Theorem 4.9, there is no control «(0) such that X (1) = 5;n(7+1) and y(s) = 65,. Hence, the TBCN is not
s-output-controllable.

Sufficiency: From the Proof of Proposition 4.9, we can observe that if all the entries of @, are different from
zero, then they are all positive. Hence 05, Q6,1 > 0 for any i € {1,2,...,27} and j € {1,2,.. 2t
and further the TBCN is s-output-controllable. O

Now we give an algorithm to find a control, which drives given z(—i), i € {0,1,...,7} to y(s) = yy in s time
steps. Since the trajectory from X (7) to y(s) is in general not unique, see Proposition 4.9, we only try to find
one of them. A similar way can produce all the required trajectories. Assume X (7) = 5;(7“) and y(s) = 65,.
We give the following algorithm.

Algorithm 4.11. Assume the TBCN is given with its logical expression as (3.7) and input networks as (3.8).

(A) Convert (3.7) and (3.8) into a linear discrete time delay system as (3.12) and (3.138) such that G, L, H
can be expressed by matrices.

(B) Compute LS by (4.4).

(C) Getl(s; X(1),y(s)) = y(s) Qs X (7) to see the number of different controls u(0) that steers the TBCN from
X(7) toy(s). If I(s; X (7),y(s)) = 0, it means there is no existence of such u(0), then stop.

(D) Find which entry of vector y(s)THLSW[QMTH)Vzm]X(T) equals 1. If it is the 1st one, then u(0) = 03m.
Similarly, if the ith one, then u(0) = 4.

Example 4.12. Consider a simple TBCN as follows,

At +1) =ui(t) AN At) « Bt —1),

B(t+1)=us(t)V B(t—1) — B(t —2),

y1(t) = B(t), (4.13)
ya(t) = A(t),
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with control satisfying

ug(t + 1) =uq(t). (4.14)

Let s =4, 7 =2, 2(t) = A(t)B(t) and u(t) = uy(t)ua(t). Now assume A(0) = 83, A(-1) = 63, A(-2) =
83, B(0) =42, B(—1) =62, B(—2) =43, y(4) = &1, then X (1) = 62].

(A) Express (4.13), (4.14) as (3.12), (3.13) respectively with G = M, Wy = 04[3,1,4,2], H = W[y and
L= MEMC(I23 ® MiMd)(Ip ® W[g])(]g (9 W[g])([p ® EdW[Q])(I24 ® MTEd)(I26 ® Ed). For the details of Fg,
see [9].

(B) Formula (4.4) yields LY € Lixa2s6 as LS = LG3[(Iy2 @ L§)Pa][x o (I2s @ LEPg)].

(C) 1(4;031,05) = 2> 0.

(D) y(s)THL§W[2n<T+1)VQm]X(T) =10,1,1,0]. Hence, u(0) = 67 or u(0) = &3.

4.2. Control via free Boolean sequence

In the following, we consider the case (B) where the controls are free Boolean sequences.

Definition 4.13. Given initial state x(—i), ¢ € {0,1,...,7}, the destination output yy € Agr and the finite
time s € N*, the TBCN (3.12) is said to be s — output — controllable (or reachable) from initial state z:(—i), (i €
0,1,...,7) to yy (by free Boolean sequence), if we can find the control inputs {u(0),u(1),...,u(s — 1)} such

that y(s) = yy.

Definition 4.14. The TBCN (3.12) is said to be s—output—controllable (or reachable) if for any a; € Agn, i €
{0,1,...,7} and b € Agp, there exist the finite time s € N* and the control input u(t) steers the TBCN from
x(—i) =a;, 1 €{0,1,...,7} to y(s) = 0.

For simplicity, we denote matrix L = LWign(r41) gmy, vectors U (i) = x;zou(j) € Agymitn, i € N. Then the
first equation of (3.12) can be expressed as

z(t+1) = Let)x(t —1) ...zt — 7)u(t). (4.15)

Theorem 4.15. Consider TBCN (3.12). yy is s-output-reachable from z(—i), i € {0,1,...,7} by controls of
Boolean sequences U(s — 1) of length s if and only if there exists at least one entry of y}—HLSX(T) equaling 1,
where

L, s=1
LLiWignr gmtntr+0)Prr 5=2,

Ly = q LLoa[x}oso(Wign ae-vmtncs0) LiBimn(r41))] (4.16)
X Wigrt2-9n 2= Dmtn+0)P(r12-5)n, $=3,...,7+ L
LLo 1 [x207) (Wign ae-vmnes01 Li®im (1)), s>T1+1.

If it is the ith one, then U(s — 1) = 8%em.
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Proof. A straightforward computation along (4.15) gives the following:
z(1) = LX (1)u(0) = L X (1)U(0),
x(2) = Le(1) X (1 — 1)u(1)
=LLiX(T)U(0)X (7 — 1)u(1)
= iilW[Qm,2m+n<f+1>]d5mX(T)U(1)
= Lo X (1)U (1),
2(3) = La(2)z(1) X (1 — 2)u(2)
=LLy X ()U(1) L1 X (1)U (0)X (1 — 2)u(2)
= LLyWign g2mntr+0) L1 (r41) X (1)U (D)X (1 — 2)u(2)
= LLyWign gemtntr+0) L1@rysn(r4+1) Wian—1) gamnr40)Pr(r 1) X (1)U (2)
= L3 X (1)U(2).
For 3 <t <7, we assume that
Ly =LLi—1[x}—;_s(Wian g-vmtnt+ Li®imsn(r41))]
X Wiaert2-0n ot—mtn+0]P(r 42— t)n- (4.17)

Then we have for s = ¢ + 1 that
x(t+1) =La(t) ... z(1) X (0)u(r)

and
Et+1 :iit[[lezt_l(W[Qn’21'7”+n(‘r+1)]ii¢im+n(r+l))}W[Q(T-H—f«)n,2tm+n(‘r+1)]¢(7—+1—t)n'
By mathematical induction, one can get that
L =L,
I~42 = [~/I~/1W[2n7,27n+n(7+1)]¢n7-,
[~/s = iis—l [[X%:s_Q(W[Qn’Q(S—l)mr+n(‘r+l)]ii¢im+n(‘r+1) )]
¢ W[2(7+2—s)n,2(5—1)m+n(r+1)]@(TJFQ,S)H, s=3,...,7+ 1
Moreover,
z(r+2) =La(r +1)...z(D)u(r + 1)
=L[x{,  LiX (DU (i = D]u(r + 1)
= LLr 11 [y (Wign pesnmtntre) Li®imgn(r41))] X (U (7 + 1)
=L, 02X (N)U(T + 1),
(1t 43) =La(r +2)...2(2)u(r + 2)
Ll o LiX (UG~ Dlur +2)
= LLr1a[X7r 1 (Wian ptrs2pmtntren Li®im g (r41))] X (T)U (7 + 2)
=L 3 X(N)U(T 4 2). (4.18)



170 Y. LIU ET AL.
For t > 7+ 1, we assume that

Li= -Z/-Z/tfl[KE;Z—:QI(W[2n72(i*1)m+n(‘r+1)]-Z/idsim+n(7+l))]'
Then we have for s =t + 1 that

z(t+1) =La(t) ...zt —7)u(t)
LiX (1)U (i — 1)]u(t)
= Z/Et X ’;Z;l (W[Qngfm+"("'+1)]f/i@iern(‘rJrl))}X(T)U(t)a

and
Liy1 = LLxZ] (Wign gtmtnre0) Li®imin(r+1))]-
By mathematical induction, one can get that
Ly = LLo1[%{Z02) (Wign - vmini0) Li®imn(ri1)], 8> 7+ 1.
Tt follows from (3.12) that
y(s) = HL, X (1)U(s — 1), s € N*, (4.19)

where L, is given by (4.16). From the form of HL,X (1) and U(s—1) € Agem, where HL,X (1) is a 2 x 2°™ matrix
whose columns are elements in Agp, we can drive the conclusion by using the similar analysis as Theorem 4.6. [J

Remark 4.16. Especially, from Theorems 4.6 and 4.15, when 7 = 1, the third explicit expressions of LY in (4.4)
and L in (4.16) for s = 3,...,7 4 1 should be omitted.

By (4.19), one can rewrite y(s) as follow:
y(s) = HLWigem gner41)U(s — 1) X(7), s € NT. (4.20)

Then similar with Proposition 4.9 and Theorem 4.10, we will give the necessary and sufficient conditions on the
controllability of TBCNs (3.12) in terms of Definition 4.2.

Proposition 4.17. The number of different controls u(t) that steer TBCN (3.12) from x(—i), i € {0,1,...,7}
to y(s) = yr in s time steps is
U(s; X(1),y5) =yf P.X(7), s € NT,

where Py = HI~/SW[25,,,L72,,L(T+1)]12sm and Ly is given by (4.16).

Theorem 4.18. The TBCN (3.12) is s — output — controllable (or reachable) if and only if all the entries of
P; are different from zero.

Remark 4.19. As a special case, when 7 = 0, then from the Proof of Theorem 4.15, we have L, = L* for
s > 0. In this case, Theorem 4.15 deduces Theorem 18 in [8], and

Ps == Hf/SW[QSm’Qﬂ,]12Sm, = H(L12m)s
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In fact, the last equality can be proved as follows. For any a € Agn,

INJSW[Qsm,Qn]lgsma = Esa12em
(LW2’VL 2"L )'3 Z 1 12777

= (LWign 2m])* " " LWgn, 2m]a12m Sl lom

= (LWign )" (L1gma) x5 1om

= (LWign 2m])* " 2LWign gm) (L1ama)lom X527 1om
— (LWign gm)* 2 (L1 (L)) <522 g0

= (L1m)%a, (4.21)

which means that any corresponding columns of ESW[Qstn]lgsm and (Llam)® are equal. Hence,
HI?SW[QSV,,L’zr,L]lgsm = H(L1lym)%. It is noticed that both of the matrix M given by (14) in [44], and @ de-
fined by Theorem 3 of [27] equal to Llym. Then it indicates that Theorem 4.18 in this paper generalizes the
controllability criteria of Corollary 3.6 in [44], and Corollary 2 in [27] to the case of TBCNs.

The following algorithm is to find a control driving given x(—¢), i € {0,1,...,7} to y(s) = ys in s time steps
with free controls. Similar with Algorithm 4.11, we assume X (7) = 6%, ,,,, and y(s) = 03,.

Algorithm 4.20. If the TBCN is given with its logical expression as (3.7).

(A) Convert (3.7) into a linear discrete time delay system as (3.12) such that L, H can be expressed by matrices.
(B) Compute Ly by (4.16).
(C) Getl'(s; X(7),y(s)) = y}—PSX(T) to see the number of different controls {u(0),u(1),
u(s — 1)} that steer the TBCN from X (1) to y(s). If I(s; X (7),y(s)) = 0, it means there is no such
control, then stop.
(D) Find which entry of vector y(s)T HL X () equals 1. If it is the ith one, then U(s — 1) = Ghom .

Example 4.21. Consider the following TBCN

Alt+1)=C(t)AB(t—1),

Bt+1)=A@#t)vC({t-1),

C(t+1)=-u(t) — At - 1), (4.22)
y1(t) = A(t) A C(1),

y2(t) = B(?)

Assume A(0) = 83, A(—1) = 62, B(0) = 8, B(—1) = §32,C(0) =

Let s =3, 7 =1, a(t) = A(t)B(t)C(t).
= A(0)B(0)C(0)A(-1)B(-1)

82, C(~1) = 6}, y(3) = 6%, then X(r)
C(=1) = o3

(A) We can express (4.22) with H = M.(Ia ® Wy)) and L = M.(I>» ® My)(I: ® M;M, n)Wi2,25)
W[ ]Ed(.[22 & W[2722])W[ 2,22] a8 (4.15).

(B) From Remark 4.16, formula (4.16) yields L3 € Lgxs12 as Ly = .Z/.Z/Q[W[23728].Z/1¢7].

(C) V'(3;063,04) =2 > 0.

(D) y(s)THL,X (1) = [0,0,0,0,0,1,0,1]. Hence, U(2) = 6% or 65. We choose for example, u(0)u(1)u(2) = 8§,
which means that the corresponding controls are
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One can see that the BCN with time delays in states considered in [30,33] is a special case of TBCN. Hence,
results in [8,27,30,44] are not applicable to judge the controllability of both examples. In fact, we can also use
Algorithm 4.20 to consider the controllability for more complex TBCNs, e.g., time-delayed regulation networks
for human HeLa cell cycling [29]. The detail is omitted here.

Remark 4.22. The obtained results in this paper are theoretical, and the model as well as examples we have
considered here are idealized. There are many constraints on the genetic network in the real world, which may
be difficult to be expressed by simple BCNs or TBCNs. Based on STP method, it is found that many existing
basic results on BCNs can hardly be directly used in real world, see [7-11, 26,28, 32]. However, the proposed
theoretical research on BCNs or TBCNs would contribute to analyzing the related actual biological systems.
We will consider more practical factors of biological systems in our future research, and attempt to verify the
effectiveness of the obtained results with the data of real biological systems.

5. CONCLUSION

In this paper, some necessary and sufficient conditions for a TBCN model to be output-controllable have been
derived. Based on semi-tensor product of matrices and the matrix expression of logic, we have converted the
TBCNs into discrete time systems with time delays. Two kinds of definitions of output controllability have been
proposed and further investigated wvia different controls. The obtained results generalize some existing results
in [8,27,44]. Finally, two examples are given to illustrate the efficiency of the proposed results.
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