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ON IDENTIFICATION OF BOOLEAN CONTROL NETWORKS*

BIAO WANGT, JUN-E FENG'#, AND DAIZHAN CHENGS#

Abstract. A new analytical framework consisting of two phenomena: single sample and multiple
samples, is proposed to deal with the identification problem of Boolean control networks (BCNs)
systematically and comprehensively. Under this framework, the existing works on identification can
be categorized as special cases of these two phenomena. Several effective criteria for determining the
identifiability and the corresponding identification algorithms are proposed. Three important results
are derived: (1) If a BN is observable, it is uniquely identifiable; (2) If a BCN is Ol-observable, it
is uniquely identifiable, where Ol-observability is the most general form of the existing observability
terms; (3) A BN or BCN may be identifiable, but not observable. In addition, remarks present some
challenging future research and contain a preliminary attempt about how to identify unobservable
systems.
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1. Introduction. Boolean network (BN), proposed by Kauffman in 1969 [16],
is an ideal mathematical model of simulating the gene regulation networks. It quanti-
tates the interactions among genes within cells (or within a particular genome). The
expression, replication, transcription and other activities of genes can be directly re-
flected by system states and functions [17]. BN has prompted many researchers to
find and ask for similar models. As a result, a large number of models were born.
For example, some genes continuously adjust the glucose consumption of cells and so
provide the fuel by which they grow and multiply. For analyzing such a biological
system, Boolean control network (BCN) becomes a proper model [11, 15]. One of the
main tools for studying BNs and BCNs is called the semi-tensor product (STP) of
matrices, which was proposed by Prof. Cheng [5, 6, 9]. Its basic idea is to describe
the system behavior as a discrete time algebra form, by which, some classical control
ideas are incorporated into the analysis of BNs [2, 19, 21, 24, 35] and the control
design of BCNs [20, 23, 29, 30, 33, 34], as people have seen in recent years.

Many wild animals carry multiple viruses that have no effect on the animals
themselves, but may be both high contagious and deadly to human beings. Antiviral
immunity plays a key role against virus diseases. Its research involves the pathologic
manifestations, symptoms and detection technologies of viral disease, which is the
major cause of network identification being currently an important topic. Network
identification aims to find the methods or algorithms for constructing the dynamics
of systems. For an unknown biological system or an environment where some viruses
survive, only input-output data can be obtained, however, their changes can reflect
some particular functions and features of a system. Hence these data are directly used
to build the model describing the original complicated network. Some early results
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considered identification of the network transition mappings [1, 22, 25, 26]. Under
the framework of STP, the identification of BNs can be equivalently transformed into
the identification of related structure matrices, which was proposed in [7] and was
extended to BCNs in [10]. [10] noticed that, a BCN is identifiable if and only if it
is controllable and O3-observable. This O3-observability originates from one of five
branching paths to the development of observability. We list these five definitions of
observability below.

DEFINITION 1.1. A BCN is Oi-observable, (i =1,2,3,4,5), if

(01) [32] for any two distinct states x(0) # Z(0), there exists an input sequence
(u(0),u(1),...), such that the corresponding output sequences are distinct:
(5(0), y(1), --) £ (5(0), 5(1). ..);

(02) [4] for any a state x(0) there exists an input sequence (u(0), u(1), ...), such
that for any z(0) # xz(0), the corresponding output sequences are distinct:
1(0),5(1), .. ) # @(0),5(1),..);

(03) [18] there exists an input sequence (u(0),u(1),...), such that for any two
distinct states x(0) # Z(0), the corresponding output sequences are distinct:
(5(0), y(1),-.) £ (5(0), 5(1). ..);

(04) [12] for any two distinct states x(0) # Z(0) and for any input sequence
(u(0),u(1),...), the corresponding output sequences are distinct: (y(0),y(1),

£ @050, );

(O5) [14] there exists an output-feedback loop u(t) = fi(y(t)) (u(t) = f(y(t)) for
static control), such that for any two distinct states x(0) # z(0), the corre-
sponding output sequences are distinct: (y(0),y(1),...) # ((0),7(1),...).

Most of the criteria and methods for judging the first four kinds of observability
(O1-04) are not ideal, some are sufficient conditions, some are too complex to apply.
[31] proposed a unified approach based on finite automata to determine these four
observabilities, and presented corresponding four necessary and sufficient conditions.
This automata approach is more suitable for BCNs with fewer state nodes and input
nodes due to the high complexity of constructing deterministic finite automata. [8]
concentrated on the most general observability (O1), and presented a matrix-based
approach with lower complexity by STP. Mathematically speaking, the requirement
of input sequences used to recognize the initial state xz(0) gradually increases from
O1l-observability (the most general form) to O4-observability (the sharpest form).
Hence, 04 = 03 = 02 = 01, which is shown as a relation diagram in [31].
In particular, determining O3-observability is NP-hard [18]. O5-observability that
recognizes the initial state via output feedback, called output-feedback observability,
was first proposed in [13]. This one is much sharper than the first two observabilities.
[14] used paralled interconnected two identical BCNs to determine O5-observability,
by converting the observability problem of the original BCN to the set reachability
problem of the interconnected BCN.

As mentioned above, the identification of BCNs requires O3-observability. A nat-
ural question arises: what about the most general form, Ol-observability? Motivated
by that, we further develop the identification problem for BCNs in this paper. Main
contributions are summarized as follows:

(1) Three important theoretical results are obtained: (3a) A BN is uniquely
identifiable if it is observable; (3b) A BCN is uniquely identifiable if it is O1-observable.
It is worth pointing out that Ol-observability is the most general one of the existing
observability terms. (3c¢) A BN or BCN may be identifiable, but not observable.

(2) In combination with the phenomena in medical detection, we propose two new
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concepts: single sample and multiple samples to deal with the identification problem
of BCNs. Based on them, the identification problem is divided into four situations.
We point out that the existing works on identification are actually special cases of
these four situations.

(3) By virtue of the observability property, we form a one-to-one correspondence
between the state and the output sequence. Then four simple criteria to determine
the identifiability and four effective algorithms to construct the structure matrices are
proposed.

The rest of the paper is organized as follows. Section II contains preliminary no-
tations, fundamental definitions and problem formulation. Section III presents main
results on identification of BNs and BCNs, including several discriminant methods for
the identification property, several identification algorithms to construct the structure
matrices and illustrative examples. Remarks are given to show some challenging and
interesting future research. Finally, a table describes the relationships and compar-
isons of the results obtained in this paper, and Section IV concludes the paper.

2. Preliminaries.

2.1. Semi-tensor product. This section gives some necessary preliminaries.
More details can be referred to [9]. First, some notations are listed below:
N =1{0,1,2,...}: the natural number set.

[a,b]n: all the natural numbers from a to b.
8% the ith column of the identity matrix I,,.
Ay, ={6L,6%,...,0n).

Ly =300 0,

[6ir iz oo §im] = §,[iq 2 v )

(5;1,6212, .. .,5:.{”) = 6n(i1,i2, R ,im).
Col;(M): the ith column of matrix M.
Col(M): the set of all columns of M.

Limxn: = {M|M € R™*" Col(M) C A}
[M]; ;: the (¢, j)th entry of matrix M.

MT: the transpose of matrix M.

Kronecker product: A® B = ([4];; x B).
K-R product: Ax B = C, Col;(C) = Col;(A) @ Coli(B).

DEFINITION 2.1. [9] The semi-tensor product (STP) of two matrices A € R™*"
and B € RP*? s

Ax B = (A@I%)(B@I%),

where s is the least common multiple of n and p.

Obviously, the STP becomes the conventional matrix product if n = p. Hence
the symbol x is omitted in the sequel.

LEMMA 2.2. [9] Let f(x1,...,2,) be a Boolean function, where x1,...,x, are
Boolean variables. Within the framework of wvector form, f can be converted into
f: Agn = Ay, and there exists a unique matriz My € Loyxon, called the structure
matriz of f, such that

flxi, ., 2n) =My X2 X -0 X Ty
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Consider a BCN with n state nodes, m input nodes and [ output nodes as follows:

)= filur(t), ..y um(t), z1(8), . .., 20 (b)),
(2.1) y;(t) = hj(z1(t), ..., 2a(1)),
1€ [l,n]y, 7€ [1,]n, t €N,

where f; : D™ — D and h; : D" — D are logical functions, x; € D, u; € D and
yr € D are the state, input and output of the system, respectively.

From Lemma 2.2, each logical function f; (h;) has unique structure matrix My,
(Mp,), then BCN (2.1) can be equivalently transformed into an algebraic form as
follows [9]:

z(t+1) = Fu(t)z(t),
22) {yéw—)Hx(t),() "

where F = My s Mg, - % My, , H = Mp, « My, % --- % My, z(t) = xP 2;(¢),
u(t) = xTyu;(t), y(t) = xt_ yx(t). This form is called the algebraic state space
representation of (2.1).

2.2. Problem statement. The identification problem of BCN (2.2) is to con-
struct two structure matrices F' and H via available data. Denote

Ui(pi) :=={ui(t)} oo = (wi(0), ui(1), ui(2), . .
Xi(pi) ={zi(t) o = (2i(0), x4(1), 2i(2), . . ., zi(ps)
Yi(pi) ={yi(t) oo = wi0), y:(1),%:(2), . -, yi(pi),

and

{Ui(pi)} = ={ui(0), ui (1), u;
{Xi(pi)} ={xi(0),2;(1), z:(2), . i
{Yi(pi)} :={wi(0),4i(1), 4:(2), ..., vi(pi) }-

DEFINITION 2.3. A BCN (2.2) is said to be identifiable, if its two structure ma-
trices F and H can be determined via available data: input data Uy(p1), Ua(p2), .. -,
Ui (pr) and observed data Y1(p1),Ya(p2),- .., Yi(pk)-

A coordinate transformation w = G could convert (2.2) into the following alge-
braic form:

(2.3) { Wt +1) = GF(Iym ® GPu(t)w(t) =: Fu(t)w(t),

y(t) = HGTw(t) =: Huw(t).

Due to the arbitrariness of state recognition, (2.2) and (2.3) are considered to be
identical in the same input-output data frame, so the set of all possible (1/7\ , H ) be-
comes the equivalence class of (F, H). A identifiable BCN is also said to be uniquely
identi fiable in the sense of equivalence.

ASSUMPTION 1. This paper assumes the available data is sufficient. In other
words, the input data and the observed data contain all possible situations which the
system could generate.

Generally speaking, densely populated cities are good places for virus or infectious
diseases, which could spread easily from person to person. The Centers for Disease
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Control and Prevention can collect a large number of samples from different patients

infected by the same pathogen. Hence, Assumption 1 is reasonable and its imple-

mentation requires multiple samples from large numbers of patients (urine sample

or blood sample or cheek swab), not a single sample from one patient, since a single

sample may exhibit only part of characteristics of the virus. Multiple samples mean

that the observed data may be generated from different initial states, while, single

sample means that the observed data is generated from some initial state.

On the basis of the statement above, the identification of BNs and BCNs can be

divided into four cases:

Case 1 : the identification process of single sample in the BN records one group of
output data Y'(p).

Case 2 : the identification process of multiple samples in the BN records k groups of
output data Y1(p1),Ya(p2),- .-, Yi(pr)-

Case 3 : the identification process of single sample in the BCN records r groups of
input-output data Ui (p1), Y1(p1), Uz(p2), Y2(p2), - - .. Ur(py), Yo (pr)-

Case 4 : the identification process of multiple samples in the BCN records rk groups
of input-output data Uj(p1), Yy (p1), Us(p2), Yz (p2),--., Up(pr), Y (pr), @ €
[17 k]N

Both Cases 1 and 3 collect the blood sample from only one patient, while Cases 2 and

4 collect from k patients. Case 3 divides the blood sample into multiple portions (r

portions) for testing with a variety of reagents. That is to say, r groups of input-output

data are generated from the same initial state, i.e., 1(0) = 22(0) = -+ = z,-(0) (in

Case 3). Similarly, 2% (0) = 24(0) = - -- = 2(0),4 € [1, k]n in Case 4.

3. Identification of BNs and BCNs.

3.1. Identification of BNs. [7] investigated the identification of the following
BN:

z(t+1) = Fa(t)
3.1 ’
G Lo,
in which the observed data is presented directly by the system state. With a group of

observed data (z1(0) = 6 w1 (1) = 0%, ...), the dpth column of F can be identified
as Col;, (F') = 5, and hence the next result is obtained.

LEMMA 3.1. [7] (Multiple samples) BN (3.1) is uniquely identifiable, if and only
if the observed data contains all possible states:

(3.2) {Yi(p1)} U{Ya(p2)} U+ U{Yi(pk)} = Ao

It is noted that the observed data considered in [7] may consist of several output
sequences (i.e., multiple samples), which is reasonable because a system may contains
multiple attractors and multiple attractors mean multiple state trajectories. When
the system state cannot be directly observed, BN (3.1) becomes

x(t+ 1) = Fa(t),
(3.3) { y(t) = Ha(t).

In the process of identifying this system, it is the most important to distinguish the
states.

DEFINITION 3.2. In BN (3.3), a state pair (z(0),Z(0)), 2(0) # Z(0) is said to be

distinguishable if the corresponding output sequences generated by them are distinct:
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(y(0),y(1),...) # (g(0),g(1),...). (3.3) is said to be observable if any state pair is
distinguishable.

Observability means that 2™ distinct initial states generate 2™ distinct groups of
observed data, i.e.,

(34)  (HSb, HFSh, HF?S,,..) # (H8hn, HFSy,  HF?§ ..), i #1i'.

Since each state trajectory will fall into an attractor in 2" steps, the subsequent
state trajectory and output trajectory will repeat the previous data. Lemma 1 and
Proposition 1 in [12] show the following result.

PROPOSITION 3.3. [12] BN (3.3) is observable if and only if for any i #4’,
(3.5) (H6% , HF 8%, ... . HF?"718%,) 4 (HbY, , HF %, ... . HF? 7181,

We call (H&,, HES,,., ..., HF?"~15%,) the ef fective output sequence of state &5,.
An effective output sequence corresponds to a state and its length is 2™ steps. Under
the case of Assumption 1, if the system is observable, 2" distinct effective output
sequences can be found by searching and comparing all 2™-step output sequences
from sufficient observed data.

Assume that the following k& groups of observed data are sufficient,

(36) }/J(TJ) = (yj(o)a yj(l)a s ayj(Tj))a .] € [17 k]N
Let Y7 represent the sth 2"-step output sequence to show up in Y;(T}):
(3.7) V) =(y;(s — 1),y;(s), ..., y;(s + 2" = 2)), s € [L, T]],

where 77 = T — 2" 4 2. Then by retrieval from (3.6), an algorithm (Algorithm 3.1)
to find 2™ distinct effective output sequences is established, and this algorithm names
the ith effective output sequence that occurs in Algorithm 3.1 as Y, (i € [1,2"]y).

Algorithm 3.1 Retrieve all distinct effective output sequences
Input: data (3.6).
Output: Yy, Y5, ..., Yon.
1:set Y =0andi=1
2: for j=1;7<k;j++ do
3 fors=1;s<Tj;s++do
if Y/ €Y then
break;
else ‘
Y, =Y, Y =YUY/ i=i+1;
end if
9: end for
10: end for

® N> T

THEOREM 3.4. (Multiple samples) BN (3.3) is uniquely identifiable if it is ob-
servable.

Proof. From the analysis above, if (3.3) is observable, all distinct effective output
sequences Y;, i € [1,2"]y can be obtained by Algorithm 3.1 and enough observed data
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Identify Y; as the effective output sequence of state d5., i € [1,2"]y, then the
following k state sequences:

(38) XJ(TJ/) = (IJ(O)a Ij(l)v s 7'rj(Tj{))a JE [17 k]N
can be derived by
(39) x](t) = 53"7 te [O’TJ/]7 if (yj(t)ayj(t + 1)7 s ayj(t +2" — 1)) = }/it'

Combining the observed data (3.6) and the state data (3.8), F' and H can be con-
structed by

(3.10) { zi(t+1) = Fa;(t), t € [0,T) — 1, j € [1,kln,

H = [Y1(0) Y2(0) -+ Y2 (0))
where Y;(0) represents the first element in Y;, i € [1,2"]y.

Note that the appointment 635, of the effective output sequence Y; can be changed
in any order, due to the arbitrariness of state recognition. Then another (ﬁ , H ) is
derived, which is analogous to the case of (2.3). One kind of order corresponds to one
coordinate transformation w = Gz, and (F, H) can be written as:

w(t +1) = GFGTw(t) =: Fuw(t),
(3.11) . \t
y(t) = Hx(t) = HG ' w(t) =: Hw(t),
which implies both (F, H) and (F, H) belong to an equivalence class. Hence, BN (3.3)

is uniquely identifiable. d

On the basis of Theorem 3.4, an algorithm (Algorithm 3.2) to identify (F, H) is
established.

Algorithm 3.2 Identify (F, H) for BN (3.3) (Deal with Case 2).

Input: data (3.6).

Output: F, H.

Step 1 : Find all distinct effective output sequences by Algorithm 3.1.

Step 2 : For j € [1, k]y and ¢ € [0,77], identify the state sequence (3.8) by (3.9).
Step 3 : Construct F' and H based on (3.10).

ExaMpPLE 1. Consider a BN with 3 state codes and 1 output code, and assume
there are two groups of observed data:
Y1(14) = 62(27 15 17 25 27 25 17 25 27 27 17 27 27 23 1)5

(3 12) = (yl(o)a yl(l)a y1(2)7y1(3)5 cee ay1(14))7
' }/2(12) :62(1725172517251727172717271)7

= (y2(0),y2(1),92(2),y2(3), . . ., y2(12)).

Step 1: All distinct effective output sequences are

Y1 = wi(0),y1(1),...,11 (7)) =082(2,1,1,2,2,2,1,2),
Yo =(w1(1),11(2),...,11(8)) =0d2(1,1,2,2,2,1,2,2),
Y3 = (yl (2)7y1(3)7 cee 791(9)) = 62(17 2,2,2,1,2,2, 2)a
(3.13) Yi = (113),51(4), ., 51 (10)) = 62(2,2,2,1,2,2,2, 1),
Ys = (y1(4),y1(5),...,y1(11)) =62(2,2,1,2,2,2,1,2),
Yo = (11(5),y1(6),...,y1(12)) =62(2,1,2,2,2,1,2,2),
Yr = (yQ(O)va(l)v . 792(7)) - 62(17 2,1,2,1,2,1, 2)a
Ys = (y2(1)7y2(2)7 . 792(8)) = 62(27 1,2,1,2,1,2, 1)
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Step 2: Two state sequences are identified as

X1(8) = (#1(0), 21 (1), 21(2), ..., 21(8))
== 58(15273547556735475)5

X3(5) = (22(0), 22(1), 22(2), w2(3), 22(4), 22(5))
= 05(7,8,7,8,7.8).

(3.14)

Step 3: Based on z1(t + 1) = Fz1(t), t € [0, 8]y, we get

Fx,(3) = 03 = Fég,
Fzi(4) = 65 = Fo3,
Fa,(5) = 03 = F6§.

) )
) = F,Tl(l) = 63 = F5§,$1(5)
21(3) = Fx1(2) = 03 = Fo3,2:1(6)
(
)

It is clear that F'=06g[23 456 3 8 7]. On the other hand,
H =[¥1(0) Y2(0) --- Y5(0)]

=[y1(0) v1(1) y1(2) y1(3) y1(4) y1(5) y2(0) y2(1)]
:52[21122212].

To sum up, the system is identified as:

{ z(t+1)=0s[2345638 Ta(t),

(3.15) y(t) = 6202112221 2x(t).

If we identify Y7 ~ 83, Yg ~ 62, Y1 ~ 03, Yo ~ 68, Y3 ~ 03, Y3 ~ 85, Y5 ~ 6% and
Ys ~ 6§, then the corresponding BN becomes:

{ 2(t+1)=105521456785x(t),

(3.16) y(t) =62[1221 122 2x(t).

Although two systems (3.15) and (3.16) are derived from different appointments of
effective output sequences, both of them belong to an equivalence class.

From this example, we can discern a special case: the observed multiple data
are exactly 2" distinct sequences (y;(0),y;(1),- -+, (2Y — 1)), i =1,2,---,2" The
BN can also be identified by appropriately extending the length of the observed data
(further collection adds one more element to each sequence). In addition, Algorithms
3.1 and 3.2 also work with insufficient data, in which case, there exist some identical
groups of observed data induced by some states that are indistinguishable, such that
two structure matrices constructed are of low dimensions (F € Lonxs, H € Loiy,, s <
2m).

In previous studies [12, 28], the effective output sequences are used to judge the
observability, which is usually implemented by a tool called observability matrix:

(3.17) O =[(PH)T (PHF)" ... (PHF?>'~H)T|T,

where P = [1 2 --- 2!] is a row vector consisting of [1,2!]y and aims to extract the
superscripts of all column vectors in H. For example, if H = §2[1 2 2 1], PH =
[1 22 1]. The effective output sequence of state §3. is recorded in the ith column of
O: Col;(0) = [PHSy, PHFS,, --- PHF?'~164,]T. Therefore, finding 2" effective
output sequences is equivalent to constructing the observability matrix.

This manuscript is for review purposes only.
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EXAMPLE 2. Recall Example 1.

Y; is identified as the of state 64.. Hence, we have

[ Py1(0) Py (1) -+ Pyi(5) Py2(0) Pyo(1)
o Pyi(1) Pyi(2) -+ Pyi(6) Py2(l) Py2(2)
Py (7)  Pyi(8) Pyi1(12)  Py2(7) Py2(8)
2 1 1 2 2 2 1 2]
1 1.2 2 2 1 2 1
1 2 2 21 2 1 2
202 212 2 21
T2 212 2 2 1 2|’
212 2 21 2 1
1 22 21 2 1 2
2 2 2 1 2 2 2 1

which is the observability matrix of system (3.13).

PROPOSITION 3.5. If O and O are the observability matriz of (3.3) and (3.11),
respectively, then

0 =0G or OGT = 0.
Proof. From (3.17), it is clear that:
(3.18) O =[(PH)" (PHF)T ... (PHF?"~)T|T.

Combining H=HG" and F = GFG™, we get

O =[(PHG™)T (PHG'GFG")" .- (PHGT(GFGT)*" )T
PHGY) (PHFG™)" ... (PHF? ~'GT)TT,

[(
[(
(PHGYT (PHFGT)T ... (PHF*'cM)"|TG
[(
[(

oG

PHGTG)Y (PHFGTG)T ... (PHF* 'GaTa)"*
PH)" (PHF)T ... (PHF?*""H)T|T = 0. 0

Introducing the observability matrix O facilitates MATLAB programming. After
constructing such an observability matrix from observed data, x(t) can be determined
as 0k, if [Py(t) Py(t+1) --- Py(t+2"—1)]T = Col;(O). Proposition 3.5 shows that
the observability matrix of some system becomes that of another system by elemen-
tary column transformations, which further explains that different orders (3.8) (or
observability matrices) give rise to different systems (F, H). However, these systems
belong to an equivalence class.

Remark 3.6. If BN (3.3) is identifiable, then is it observable? Consider a BN with
F =0643344])and H=65[11 2 1]. Its state transition diagram is shown in Fig. 1.
This BN is unobservable since §; and §7 have same effective output sequence.
When the system is unknown, with sufficient data Y(8) = d2(1,2,1,1,1,1,1,1,1)
we can only find three distinct output sequences
Y1 =62(1,2,1,1), Y2 =62(2,1,1,1), Y3 =3d2(1,1,1,1).

) 3 )
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()
-->
-->

1
!5
\4

Fic. 1. The state transition diagram of an unobservable BN.

Then the corresponding state sequence can be determined as X (5) = §4(1,2, 3,3, 3, 3).
If we know Yy = Y7, (1) = Fx(0) produces 67 = F§} and §7 = Fé;. It follows that
F = 64233 2] and H = §3[1 2 1 1]. This system and the original system coincide
in the sense of equivalence. This example shows that an unobservable system may be
identifiable.

Remark 3.7. To determine the observability, the dimensions of observability ma-
trix O could be (2" — 1) x 2™ (see [12, 28]). That is to say, the condition (3.5) in
Proposition 3.3 can be improved as

(3.19) (H8%n, HFSY, ..., HF? =253, # (H8%,, HFOY,, ..., HF?" ~25,),

which implies that the length of the effective output sequence can be further reduced
to (2™ — 1) steps. In a 2"-step output sequence Y, its first (2™ — 1) steps and last
(2™ — 1) steps, respectively denoted by f.(Y) and [.(Y), reflect two effective output
sequences, and hence they reflect two consecutive states. Assume Y; and Y, are two
output sequences stemming from &5, and 55", respectively. If [.(Y;) = fe(Yir), then
state 0%, follows state &4, i.e., 0bn = Foh.. So, comparing Y7,Ya, ..., Yon generated
by Algorithm 3.1, we can directly construct F' and H. For example, (3.13) satisfies

le(yl) = fe(§/2)7 le(Yé) = feG/?))v le(Yv3) = fe(Yzl)a le(Y4) = fe(§/5)7
le(Yv5) = fe(%)v le(YYG) = feG/?))v le(Y7) = fe(YVS)a le(Yv8) = fe(y7)'

Then, Fol = 62, F62 = 63, F63 = 65, F63 = 03, F03 = 68, F68 = 63, F6% = 0§, Fo§ =
5%. Obviously, this process is simpler than Algorithm 3.2. However, extending this
method to BCNs is not easy and requires consideration of the input sequence.

3.2. Identification of BCNs. The identification problem of BCNs is com-
plicated because more attractors will emerge as the control is embedded. Consid-
ering BCN (2.2), the identification of F' € Lgnygm+n needs the input-state data
(U1(p1), X1(p1),-- -, Uk(pr), Xi(pr)) that could cover all the possibilities of Agm+n.
Then the identification problem is equivalent to checking

k
(3.20) U{Uz(p1>Xz(pz)} = Agmin,

where U;(p;)X;(p;) represents (u;(0)x;(0), w;(1)x; (1), ..., ui(p:i)xi(p:)).
An ideal situation that only one group (Ui (p1), X1(p1)) (not k groups) is used
to solve the identification problem of F', which was divided into two cases H = Ian
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and H # Izn, and was analyzed in [10]. The observed data considered in [10] can be
seen as a special case of Case 3. Next we slightly explain the method of [10] and use
(U(p), X(p),Y (p)) instead of (U1 (p1), X1(p1), Y1(p1)) for simplicity.

Under a designable input sequence U (p), the input-state pair (u(t),z(t)) to tra-
verse all the possibilities of Agm+n can be guaranteed by controllability. BCN (2.2)
is said to be controllable, if for any initial state z(0) = xg € Agn and any destina-
tion state x4 € Agn, there exists an input sequence U(T), such that (T + 1) = x4
[4]. When the system state is directly observable (H = Ian), the following lemma is
immediate.

LEMMA 3.8. [10] Let H be the identity matriz Izn, then BCN (2.2) is uniquely
identifiable if and only if (2.2) is controllable.

If a system is controllable, a single test sample could traverse all the possibilities.
Hence Lemma 3.8 is based on only one group of input-output data. For the general
case of H # Isn, the observability is involved again.

The O3-observability property of BCN (2.2) can be viewed as the observability
property of BN (3.3) to some extent. Given an input sequence, a BCN is subject to
a fixed evolutionary mechanism, similar to a BN. Therefore, our main purpose is to
find all distinct output sequences generated by an input sequence that makes (2.2)
O3-observable. [10] designed an enough input sequence U(T") which could determine
the state sequence X (T') (T' < T') by combining the corresponding output sequence
Y (T’ + 1), where X (T') is the previous part of X (7”7 + 1) generated by U(T").

LEMMA 3.9. [10] BCN (2.2) is uniquely identifiable from input-output data if and
only if it is controllable and O3-observable.

Lemma 3.9 is also based on only one group of input-output data. By control-
lability, there exists an input sequence U(T"), such that the system runs along the
following state trajectory X (7’ + 1) [10]:

X(T'+1) = (z(0),2(1),2(2),...,2(T),

controllability

z(0)

x(T+1),2(T+2),...,2(t), x(tiy + 1), x(tiy + 2),...,2(t:;, + 0+ 1),

controllability O3—observability

z(1)

I(tio +p+ 2)ax(tio +p+3)7 cee 7I(ti1)7$(ti1 + 1)ax(ti1 + 2)a s 7‘T(ti1 +p+ 1)5

A

controllability O3—observability

(3.21)
e x(T+ 1)),

where T" + 1 = t;,. + p, and X (T') satisfies

To explain the purpose of driving the system along this state trajectory, we take
the second and third rows as an example. The state transition from z(7 + 1) to
x(ti,) = x(0) aims to find x(0) by controllability, and that from x(¢,,) to (t;, +p+1)
aims to determine the value of x(0) by O3-observability. Continuing this process,
BCN (2.2) can be identified if these moments ¢;,,%;,,. .., %, are in place. Obviously,

This manuscript is for review purposes only.



12 B. WANG, AND J.-E. FENG, AND D. Z. CHENG

it is difficult to design such an input sequence U(T") before the system is known,
especially for the input sequence (u(T + 1), u(T + 2),...,u(T")) after time T, which
involves timing accuracy.

Here we provide a method to identify (F, H) with the help of multiple samples
(Case 3), which is different from [10] that used a single one. An input sequence is
called an O3-test of BCN (2.2) if it makes (2.2) O3-observable. From (3.21), we know
that the input sequence (w(T 4+ 1), u(T +2),...,u(T")) aims to find and identify each
state in (2(0),2(1),...,2(T)). Next, we simplify this process with the help of Case 3.

!

Assume that (ug,uy, ..., u;) is an O3-test, and (uo,u1,...,ur) satisfies

(3.23) {u(®)x(t)|u(t) = u, t € [0,T)n} = Agm+n.

Then an O3-test could infiltrate the state at each time step by the following input
sequences:

Uo(p) = (up, vy, ... u,),
1) = (uo, ug, uy, - - -, up),
2) = (uo, ur, up, Uy, ..., up),

(3.24) Us(

Urs1(p+T +1) = (uo, ut, - - ., ur, up, uf, - - -, up,).

Denote the corresponding observed data stemming from x((0),21(0),...,27r+1(0)
(20(0) = 21(0) = - -+ = 2741(0)) as
Yo(p+1) = (%0(0),50(1), ..., y0(p + 1)),

Yrp(p+T42) = (yr+100), yr1 (1), .. s yra(p + T+ 2)).

Since the system is O3-observable with respect to (ug,u),...,u;), we can find all
distinct output sequences by retrieval from

(3.26) Y7 = (y;(5),y;(G+1),...,y;( +p+1)), €0, T+ 1.

The corresponding retrieval algorithm (Algorithm 3.3) is given.

Algorithm 3.3 Retrieve all distinct output sequences
Input: data (3.25).
Output: Y7,Y5, ..., Yon.

1:set Y =0andi=1

2: for j=0;7<T+1;j++ do

3: if Y/ €Y then

4 continue;

5 else
6: YVi=Y,Y=YU{Y;},i=1i+1;
7
8:

end if
end for

Identify Y; as the output sequence of state 65, with respect to (uf,u], ... s U)s
then BCN (2.2) can be identified by input-output data (3.24) and (3.25). On the basis
of the discussion above, we provide an algorithm (Algorithm 3.4) to identify (F, H).
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Algorithm 3.4 Identify (F, H) for a controllable and O3-observable BCN (2.2) (Deal

with Case 3).

Input: an O3-test (ug,u},...,uy), and (ug,u1,...,ur) satisfying (3.23).

Output: F, H.

Step 1 : Construct input sequences (3.24) and record the observed data (3.25).

Step 2 : Find all distinct output sequences Y1, Y5,..., Yon by Algorithm 3.3.

Step 3 : Identify the state sequence Xpy1(T+1) = (274+1(0), 2741 (1), ..., z7p41(T+
1)) by

£L'T+1(t) = 6;51, te [O,T+ 1]1\1, if (yt(t),yt(t—i— 1), S ,yt(t+p+ 1)) = Y;r

Step 4 : Construct F and H based on

(3.27) { rry1(t+1) = Fuer (), t€0,T],

H = [Y1(0) Y2(0) --- Y2-(0)],

where Y;(0) represents the first element in Y;, i € [1,2"]y.

The following example originates from literature [10], in which an identification
process with single input sequence is shown. We use it to show how to use Algorithm
3.4.

EXAMPLE 3. [10] Consider an O3-observable and controllable BCN (2.2) with

{F_ 6424112322,

(3.28) H= 62112

Fix the initial state 2(0) = J} and set

(UO,Ul, ceey ulO) = 52(17 17 17 27 27 17 17 17 27 27 2)7
(ug, uh) = 02(1,1).
Case 3 divides the test sample into enough portions to be tested (x0(0) = z1(0) =
= 2,(0) = 3}
Step 1: 12 groups of input sequence are constructed and are infiltrated to 12 test
samples: z(0) = 01,k € [0,11]. Then the corresponding output sequences are

Yo(2) =02(2, 1,2),

Y1(3) =02(2,1,2,2),

Y2(4) =02(2,1,2,2, 1),

Ya(5) =02(2,1,2,2,1,2),

Yi(6) =02(2,1,2,2,1,2,2),

Y5(7) =62(2,1,2,2,1,1,2,1)

Ys(8) =02(2,1,2,2,1,1,2,1,2),

Y7(9) =62(2,1,2,2,1,1,2,1,2,2),
Ys(10) =02(2,1,2,2,1,1,2,1,2,2,1),
Yo(11) =62(2,1,2,2,1,1,2,1,2,1,2,2),
Yi0(12) =62(2,1,2,2,1,1,2,1,2,1,1,2,1),
Y11(13) =62(2,1,2,2,1,1,2,1,2,1,1,1,2,2).
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Step 2: All distinct output sequences generated by (ug,u}) are

Y1 =(30(0), y0(1),%0(2)) = 02(2,1,2),
Yo =(y1(1),41(2),41(3)) = 02(1,2,2),
Y3 =(y2(2),92(3),32(4)) = 02(2,2,1),
Y1 =(y5(5),95(6),y5(7)) = d2(1,2,1),

which are the last three elements of Y(2), Y1(3), Y2(4) and Y5(7), respectively.
Step 3: Since

(%0(0),y0(1),90(2)) = Y1, (y1(1),41(2),91(3)) = Ya,

(¥10(10), y10(11),910(12)) = Ya, (y11(11),y11(12),y11(13)) = Y2,

one gets the state sequence

Xll(ll) :(1'11(0), :vll(l), ceey :vll(ll))
=04(1,2,3,1,2,4,1,2,3,2,4,2).

Step 4: Based on (3.27), this BCN is identified as

() = B2 311242 e
(3.29) { y(1) = 5202 1 2 1Ja(t).

In the sense of O3-observability, the observability matrix of BCN (2.2) is analogous
to the observability matrix of BN (3.3), and can be written as:

PH
PHFu,

!/ / /
PHFu, - FujFug (p+2)x2n
which consists of 2™ distinct output sequences stemming from 2™ initial states under
the input sequence (ug, uf, ..., u;,). For example, the observability matrix O of (3.29)
is

2 1 2 1
(3.31) o=|12 2 2|,
2 2 1 1

where the ith column of O corresponds with Y;, ¢ € [1,4]y.

From the discussion above, one sees that, the identification problem is transformed
into three conditions:
1) The state trajectory of the system covers the entire state space;
2) There exists a method to distinguish all states;
3) There exist methods to implement 1) and 2).
These three conditions can be guaranteed by controllability, observability, and As-
sumption 1, respectively. Under the case of Assumption 1, we can find 2™ distinct
effective output sequences, or 2" distinct output sequences generated by an O3-test,
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(or say the observability matrix O), based on available data. If such output sequences
are found or the observability matrix is constructed, the state sequence will be deter-
mined, and then the identification problem will be solved.

Case 3 relaxes the limitation on the number of input sequences and output se-
quences. Although (T + 2) input sequences are used in Algorithm 3.4, it can be
implemented in biological experiments by cloning or segmentation, like diagnosis of
disease in blood samples. Inspired by the idea of multiple input sequences, next
Lemma 3.9 will be extended to the most general form Ol-observability.

Considering an Ol-observable BCN (2.2), there exist N := 22"~! — 27~ input
sequences U(; ) (p), 1 < i # ' < 2", such that 05, and 64, can be distinguishable by
Ugi,iny(p). Arrange these input sequences as

(3-32) Us(i,i’)(p) = (us(i,i’)(o)v e 7us(i,i’)(p)) = U(i,i/)(?%

where the function s(i,4’) is defined by the following rule:

i'—i,i=1
N - )
(3.33) 5(171)—{ Z;;ll(n_j)+i’—i, 1> 2.

We call (3.32) an Ol-test of BCN (2.2). Let Y s = (y£(0),y5(1),...,yf(p+ 1)) rep-
resent the output sequence stemming from %, with respect to Us(p), where yg(t) =
HFug(t—1)- - Fus(1)Fus(0)d5,. Construct data arrays Dy, i € [1,2"]y as

(3.34) D;=(Yi1,Yi2,....Yin).

Then for any distinct state §3, and 55';, we have Y] s ) # Yir o) and Dy # Dy
PROPOSITION 3.10. BCN (2.2) is O1-observable if and only if there exist 2" data
arrays constructed by (3.34) satisfying D; # Dy, 1 <i#£4i < 2™,

Proposition 3.10 shows that 2™ distinct states correspond to 2™ distinct data
arrays in the sense of Ol-observability. Hence, analogous to the method used in O3-
observability, by infiltrating O1-test (3.32) into x(0),z(1),...,2(T 4+ 1) at each time
step, we construct input sequences U§, Uy, ..., Uf,, s € [1, N]y as

Ug = (U‘S(O)vus(l)v R us(p)),
UlS = (an US(O), us(l)a s ,Us(p)),
(3.35) US = (up, u1,us(0), us(1), ..., us(p)),

U%+1 = (uo, U1, - - ur, us(0), us(1), ..., us(p)),

and denote the corresponding observed data as,

Yy = (45(0),y5(1), .-, y5(p + 1)),
Ve = (47(0),57(1),..., 47 (p +2)),
(¥5(0), y5(1), ..., y5(p + 3)),

(3.36) Yy =

Y= W (0,971, v (T +p+2)),

where (ug, u1,...,ur) satisfies (3.23).
All data arrays generated by O1l-test are recorded in

(3.37) Dl =) yiG+1),.. ., ui(G+p+1), j€[0,T+1]n.
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According the following retrieval algorithm (Algorithm 3.5), we can find all distinct
data arrays D, i € [1,2"]n.

Algorithm 3.5 Retrieve all distinct data arrays
Input: data (3.37).
Output: Dl, DQ, . ,DQn.

1:set D=0 andi=1

2: for j=0;7<T+1;5++ do

3: D7=(D{,D%,.. DJ)

4 if D7 € D then

5 continue;

6 else
7 D;=D’,D=DU{D;},i=i+1;
8
9

end if
: end for

Identify O; as the data array stemming from &5., then the state sequence (x(0),
x(1),...,2(T + 1)) can be identified by

(3.38) z(t) = 6it., if Dt = Dj,.
Combining (ug, u1,...,ur), (2(0),2(1),...,z(T+1)) and (y7,,(0), ...,y (T+1)),
F and H can be easily obtained.

THEOREM 3.11. (Single sample) BCN (2.2) is uniquely identifiable if it is con-
trollable and O1-observable.

On the basis of the discussion above, we give an algorithm (Algorithm 3.6) to
identify BCN (2.2) which is Ol-observable.

Algorithm 3.6 Identify (F, H) for a controllable and O1l-observable BCN (2.2) (Deal

with Case 3).

Input: Ol-test: Ui(p),Us(p),...,Un(p), and (ug,us,...,ur) satisfying (3.32).

Output: F, H.

Step 1 : Construct input sequences (3.35) and record the observed data (3.36).

Step 2 : Find all distinct data arrays by Algorithm 3.5.

Step 3 : Identify the state sequence X (T +1) = (2(0),z(1),...,2(T +1)) by (3.38).

Step 4 : Construct F and H based on X (T + 1), (ug,u1,...,ur), (y3.41(0),...
y%r+1(T +1)) and

)

w(t +1) = Fugz(t),

(3.39) %H(t) Ha(t),
te[0,T].

Algorithm 3.6 is not a complex process, for the method used in [10], should be
relatively straightforward. The core of the identification problem is the complete
determination of state sequence X (T + 1). Compared with [10] (see (3.21)), the
method proposed here considers only the first 7'+ 1 states and inputs, and avoids
the design of subsequent inputs w(7 + 1), u(T + 2),.... Note that the determination
of the state sequence depends on the appointment of D;. Hence (F, H) generated by
Algorithm 3.6 belongs to the equivalence class of the original system.
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Remark 3.12. One idea for proving the necessity is to employ Lemma 3.9 and
a fact that O3-observability implies Ol-observability. Logically, this is misleading,
because, Theorem 3.11 is based on multiple input sequences, and Lemma 3.9 is based
on single input sequence. Hence, we have identifiability <= controllability + O1-
observability <= controllability + O3-observability.

As predicted, the implement of multiple input sequences (Case 3) allows more
numerous systems to be identified. Next we consider whether the conditions of The-
orem 3.11 be further relaxed. The answer is yes. In Case 4, a large number of
samples from different patients are collected and each sample is divided into multi-
ple portions. If the state sequences XZ( ) = (2%(0), %(1),...,z%(p)) and the input

sequences U (p) = (u’(0),u’(1),...,u’(p)) cover all the possibilities of Agmn, i.e.,

(3.40) U {W@)XI0)} = Agmin,

i=1,j=1

then by infiltrating the Ol-test to all states 2(t),i € [1,k]n,j € [1,7]n,t € [0, p]n, the
identification problem can be solved.

DEFINITION 3.13. Consider BCN (2.2) with a set of initial states Py and a set of
destination states Py.

i) Py is set-Py controllable, if for any x4 € Py, there exist a state (0) = xo € Py
and an input sequence U(T), such that (T + 1) = x4;

ii) (2.2) is set-Py controllable, if Agn is set-Py controllable.

iii) A state xo is controllable, if (2.2) is set-Py controllable and Py is a singleton
set Py = {xo}.

THEOREM 3.14. (Multiple samples) Suppose the set of initial states is Py, then
BCN (2.2) is uniquely identifiable if it is set-Py controllable and O1-observable.

Proof. Without loss of generality, assume Py = {04n,063.,...,05.}, and the state

space is split into Agn = P} U P2 U---U P¥, such that P§ is set-{6$.} controllable,
€ [1, k]n. (Po may contain more (than k) states and we only use those which make

the above condition true.)

Consider state 05, and set Pf, if P§ = dan{d{,d3,...,dj }, then for any state
8%, € P, there exists an input sequence
(3.41) Uaﬂi(p;'l) = (ua—i(0), ua—i(1),. .. 7ua%i(p;‘l))a
such that Fue—;(p?) - Fug—i(1)Fug—i(0)0% = 0.

Construct an input sequence as

U;—m(pz + 1) ( (0)7 ’U,Ja_”(l) N 7ui—>i(pli1)7 ui—»i(p? + 1))
(342) (ua—n (0 ’ ua—)z( ) . ua—)i(p?)u 6%%1 )7
under which, the state sequence stemming from §5. becomes

X +2) =(0;(0), 5 (1), -, fgi(p? + 1), 2, (pf +2))
(343) (52" ’ Ia‘”( ) 62"’ a—1 (pz + 2))

then we have

(344) 5%7”55" = a—)z(pz + 1) a—)z(pz + 1) € { —n(pl + 1)Xa—>z(p1 + 1)}
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It follows that

2771
A2m+n - U {5Jm5%n|5%n S AQTL}

j=1
2771

= U {62,,04.|0%. € Pg}}
j=la=1
2771

cU U{ 1+ DX i+ Dli € {dSdg,... ., dg )}
j=la=1
2m k2™

(3.45) =J U U{ULi+ DX+ 1)}, .

j=la=1l1i=1

which implies that enough input-state data could cover Agm+n.
By infiltrating the Ol-test (3.32) to all states in X7_,(p? 4 2), BCN (2.2) can be
identified.

COROLLARY 3.15. (Multiple samples) Suppose BCN (2.2) is OI-observable and
the initial state set is Py. If Py is the mazimum set which is set-Py controllable, then
|P;| states can be identified.

Theorem 3.14 and Corollary 3.15 show that, the maximum level of identifying
BCN (2.2) depends on the relationship of all possible states stemming from the initial
state set. If the controllability is not available, the identification problem can still be
well done with the same method. In densely populated cities, the Centers for Disease
Control and Prevention can collect a large number of samples, which most likely
contain all possible initial states. That is to say, all possible test samples endowed
with 2™ distinct initial states are collected. In Case 4, assume that Us (3.32) is an
O1-test of the system, and z¢(0) = 2(0) = --- = 2%(0) = 4., i € [1,2"]n. Construct
input sequences

Us(p) = (ug(0), ui(1), ..., ui(p)) = Us, s € [1,N]n,
(346) U;N+s(p + 1) = (u;'_N+s(0)7 JN+S(1) ) JN+5(p + 1))
= (5%m,U) VRS [1 2m]N, S € [1,N]N,

then we have

2m 2m

Agmen = | J ({03050}

j=1li=1
2m "

- U U {tjn4s(0)a5n45(0)}

(3.47) cJ U Ui @Xin )}

j=1li=1

Then the system can be easily identified analogous to Theorem 3.14. Hence we have
the following result under the case of Assumption 1.

THEOREM 3.16. (Multiple samples) BCN (2.2) is uniquely identifiable if it is O1-
observable.
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On the basis of the analysis above, the corresponding identification algorithm

(Algorithm 3.7) can be established.

Algorithm 3.7 Identify an Ol-observable BCN (2.2) (Deal with Case 4).

Input: Ol-test (3.32): Ui(p),Ua(p),...,Un(p).
Output: F, H.
Step 1 : Construct input sequences (3.46) and record the observed data

(3.48)
{ }/sz(p'i' 1) = (y;(()),y;(l), s 7yi(p+ 1)), s € [1, Ny,

S/}ZN+s(p+ 2) = (Y?NJrs(O)v e '7ijiN+s(p+ 2))7 j € [172m]N7 s € [17N]N

Step 2 : Find all distinct data arrays by Algorithm 3.8.
Step 3 : Identify the states 7 (0), 2%y, (1), j € [1,2™]n,% € [1,2"]n, by

(3.49)

1

21(0) = 65i, if (YY(p+1),....Y4(p+1)) = Da,,
Ty (1) = 0gn, if (Vjnias- - Y ngs) = Dy,

where 7jN+S = (y;N+S(1), e y§N+S(p +2)).
Step 4 : Construct F and H based on

(3.50) wivi 1 (1) = Foualy; 1 (0) = Fojuat (0),
' v1(0) = Hz(0).

Algorithm 3.8 Retrieve all distinct data arrays

Input: data (3.48).
Output: D, Do, ..., Don.
1:set D=0 and a =1
2: for i =0;i < 2™+ + do
33 forj=0;7<2"j++ do

4: if 7 =0 then

5: Dl =Y!(p+1)

6: else

T: DI = (Yjngs(1)- - Yines(P+2))
8: end if _

9: Di = (Dy,D3},....D%)

10: if D/ € D then

11: continue;

12: else

13: D,=Di, D=DUDy, a=a-+1,;
14: end if

15:  end for

16: end for

Remark 3.17. There are two ways to construct the structure matrix H. One
is based on the state sequence and the output sequence, like (3.39) and (3.50) (in
Algorithms 3.6 and 3.7), the other is based on the first elements of the effective
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output sequences or the output sequences generated by O3-test or the data arrays
generated by Ol-test, like (3.10) and (3.27) (in Algorithms 3.2 and 3.4).

Remark 3.18. It is important to point out that, the input sequence required for
identification is assumed to be known, whether in [10] (used O3-observability) or our
paper (Ol-observability). For unknown systems, different input sequences are used
to implement Algorithm 3.7 (Algorithm 3.4, Algorithm 3.6) until the system is fully
identified. The former (O3-observability) covers an NP-hard problem[18], which has
been mentioned in the introduction part. So does our method relax, in a sense, the
difficulty of dealing with the identification problem? In other words, is the difficulty
of finding an O1-test also NP-hard?

EXAMPLE 4. Consider the reduced model for the lac operon in the bacterium Es-
cherichia coli. This BCN has three state nodes {x1,x2,x3} and three input nodes
{u1,u9,us}. x1: lac mRNA, xo: lactose in high concentration, xs: lactose in medium
concentration, ui: extracellular glucose, us: high extracellular lactose, and us: mediumj
extracellular lactose. The dynamics of this system can be written as [27]

z1(t+1) = —ug () A (22(t) V 23(t)),
(351) xg(t—l—l):ﬁul(t)/\ ()/\LL‘l( ),
z3(t +1) = —ua (1) A (uz(t) V (us(t) A z1(t))).

This BCN is O1-observable when the outputs are considered as [3]

y1(t) = 1(t) V w2 (t) V as(t),
(3.52) Ya(t) = ~w1(t) V 22(t) A —w3(t),
ys3(t) = —w1(t) A —~xa(t) V 23(t).

Its algebraic form is

F=053888888888888888
8888888888888888%
(3.53) 1115333711153337
33374448444844438),

H=26586365676).

Here we analyze the identification problem of this system. Fix the initial state

2i(0) =---=28(0) = &%, i € [1,8]y and choose the following O1-test
~{(8), s€ S,
(3.54) Us = { (81), s € 5°,

where S = {9,10,11,12,13,20,21,22,27} and S° = [1,28]nx \ {9,10,11,12,13,20, 21,
22,27},
Step 1: Construct input sequences

{ U;:(O) = (ué(O)) =Us s€ 1, 28]y, ‘
U§8j+s(1) = (uz28j+s(0)7uz28j+s(1)) = (557 Us), j € [178]N s € [1728]N7
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then the output sequences stemming from states x1(0), z3(0),...,xL(0) are
Y/ (1) = d5(8,6), s € 5°,
}/51(1) = 58(878)7 s€ S,
}/218-'1-8(2) = 3/})]6+s(2) = }/814-'1-8(2) = Y1112+s(2) = 58(87 67 6)7 ERS Sc7
Y218+s(2) = Y516+s(2) = Ysl4+s(2) = Y1112+s(2) = 05(8,6,7), s €5,
}/1140+s(2) = Y1168+s(2) = 58(& 8, 6)7 s € 5¢,
Yll40+s(2) = Y1168+s(2) = 58(87 8, 8)7 s €S,
5/11!96+s(2) = 58(877_6)7 s € 5¢,
}/1196+s(2) = 58(873a_)a s€S,
}/2124-‘,-5(2) = 58(876’_)’ ERS ch
}/72124-1-5(2) = 68(87 75)7 s € Su

and others are shown in Appendix A.
Step 2: All distinct data arrays generated by the Ol-test (3.54) are

D! =65(8,6), s € S°,
Dy :(D%,D%,..-,Dé8)a {D1:5:E&8§7 SES,
D? = 63(6,6), s € S,
Dy =(D}, D3, ..., D), {D :5256 7§ ses

D% = 65(6,6), s € S,
Dg :(D?,Dg,...,D§8)a { D8 = 8(6 3%7 SES,

which are the last two elements of Y'(1), Yk, (2), Yig644(2), Yahais(2), Y2(2),
Yihe1s(2), Y2 (1) and YI(1), respectively.

Step 3: Identify D; as the data array stemming from 63, i € [1,8]y, then from
Step 2, we have

Tas11(1) = Fujg(0)ss,1(0) = 03 = Fogdg,
256:1(1) = Fugey(0)x56,1(0) = 65 = FO343,
$5154+1(1) = Fué4+1(0):105154+1(0) = 65 = Fa30;,
211941 (1) = Fujioy(0)211541(0) = 63 = Fogdg,
T1g041(1) = FU}40+1(0)$}40+1(0) = b3 = Fo30;,
216811 (1) = Fuiggy1(0)7ies41(0) = 83 = Fogdg,
19641(1) = Fuiggy1(0)1g611(0) = &3 = F§363,
Tao441(1) = FU%24+1(0)95%24+1(0) = b5 = Fogog,

and
y1(0) = Ha1(0) = 6§ = H&§, 47 (0) = Hat(0) = 6§ = HGg,
Y1 (0) = Hal(0) = 6% = H&3, yi(0) = Hal(0) = 6% = Hd3,
y7(0) = Hat(0) = 63 = H&G, 45(0) = Hat(0) = 6§ = Hdg,
y{(0) = Hz{(0) = 6§ = HOE, y3(0) = Ha't(0) = &¢ = Hd3
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This BCN therefore is identified as

F=62222222222222222
2222222222222222
(3.55) 1617133316171333
3236344442424444),

H=26586366756].

Remark 3.19. A BN may be identifiable but not observable, as mentioned in
Remark 3.6. Similar to the method in BNs (see Remark 3.6), it is still possible to
identify an unobservable BCN. Therefore, observability is a stronger property than
identifiability in BNs and BCNs.

Remark 3.20. About the identification algorithm in the Matlab programming, the
storage method and storage space of the identification standard affect the execution
time of the algorithm, because the programming involves the storage and retrieval
of data. Hence, it is vital to plan for storage space needs at the beginning of the
design phase. Compared with 2™ distinct effective output sequences or 2" distinct
output sequences generated by an O3-test or the corresponding observability matrix,
2™ distinct data arrays generated by an Ol-test require more storage space. How to
adjust the storage method and how to reduce the storage space are two challenging
and interesting topics.

Up to now, we have provided several ways to deal with different situations. The
comparison of them is needed and is shown in Table I, where Case 3’ considers one
group of input-output data, a special case of Case 3.

Approach System Case Condition 1 Condition 2
Lemma 3.1 [7] BN Case 2 H=1In
~ Theorem 3.4 | . | ~ | 1 e
Algorithm 3.2 BN Case 2 Observability
" Lemma 3.8[10] | BCN | Case3 | controllability | H=1,
“Lemma 3.9[10] | | | Cased | | e
Algorithm 3.4 BCN Case 3 controllability 03-observability

Theorem 3.11
Algorithm 3.6

Theorem 3.16 )
Algorithm 3.7 BCN Cased O1l-observability

TABLE 1
A comparison table of various methods

4. Conclusions. In this paper, we systematically explored the identification
problem of BNs and BCNs, gained new cognition. Based on the practical application,
we built a new analytical framework that consists of single sample and multiple sam-
ples, and then divided the identification problem into four situations. Four simple
criteria were proposed for determining the identifiability of BNs and BCNs, and the
corresponding identification algorithms were provided to identify related structure
matrices. It is worth noting that these algorithms are easy to implement by MAT-
LAB. Under this analytical framework, we found three novel and important results:
(1) A BN is uniquely identifiable if it is observable; (2) A BCN is uniquely identifiable
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if it is Ol-observable; (3) The necessity of (1) or (2) does not hold. At last, we pre-
sented a table to reveal the relationships of the proposed results, which could be used
to further analyze the relationships of identifiability, controllability, O1l-observability
and O3-observability, as a foreshadowing.

The authors believe that this new analytical framework is a very powerful ex-
planation tool. On the basis of this paper, there are several natural and interesting
problems remaining for further study. For example: (1) If a BN or BCN is unobserv-
able, some states produce same output sequence, which implies that some columns in
the structure matrices F' and H are indeterminate. A very natural question is whether
an unobservable system can be identified, or, how to identify an unobservable system?
(2) The assumption (Assumption 1) that the input-output data is sufficient is a high-
light of this paper. How to generalize this idea to other systems, like singular BNs or
switched BCNs?

Appendix A. The observed data of Step 1 in Example 4. The output

sequences stemming from states 2%(0), 22(0), ..., 22(0) are

Yf(l) = 05(6,6), s € S°,
Yf(l) = 05(6,8), s €S,
}/228+S(2) = }/526+S(2) }/84+s(2) = Y1212+s(2) = 58(65 67 6)7 ERS ch

YV228+S(2) = }/526+s( ) YV84+S(2) = Y1212+s(2) = 58(67 67 7)7 s € Sa
Yl240+5(2) = Y1268+s(2) = 58(67 8, 6)7 s € S5°,
1240-‘,—5(2) = Y1268+s(2) = 05(6,8,8), s €S,
}/1296-‘,-5(2) = 68(67 3’ 6)’ ERS ch
}/196+s(2) = 58(67 3, 8)a s € S,
S/é224+s(2) = 68(67 6, 6)7 s €S5°,
Y2224+s(2) = 68(67 6, 5)7 s€eS
The output sequences stemming from states z3(0), 23(0),...,23(0) are

Y3(1) = 65(3,6), s € S¢,
Y3(1) = 65(3,8), s€ S,

}/238—1-5(2) = }/536—1-5(2) = }/824—1-5(2) = Y1312+s(2) = 58(35 67 6)7 s e SC
}/2:;8+s(2) }/56+s(2) }/84+s(2) = Y1312+s(c2) = 58(35 67 7)7 s e S
Yl?jlo+5(2) Y168+s(2) = 35(3,8,6), s € S,
Yl?jlo+5(2) = Yigsis(2) = 58(3a 8,8), s€ S
196+5(2) = (58(3,3,6), s e Se,
}/1%6-‘,-5(2) = 58(373’8)’ ERS Sa
}/2324-‘,-5(2) = 58(376’6)’ ERS ch
}/2324+5(2) - 58(37 6a 5)a ses
The output sequences stemming from states z7(0), 25(0), ..., z4(0) are

YS4(1) = 05(6,6), s € S°,
YS4(1) = 05(6,5), s €S,
Y'248+s(2) = Yv546+s( ) Yv84+s(2)
- Y112+s( ) }/224-1- (2) (67656)7 s e Sca
}/248-'1-8(2) }/56-1-5(2) }/84-1-5( )
= Yabays(2) = 08(6,6,7), s €S,
)
)

=Y 5(2) =
Yikots(2) = Yigsts(2) = 0s(6,5,6), s € S°,
Tho+s(2) = Yigsts(2) = 0s(6,5,3), s €5,
Yl496+s(2) = 68(67E)7 s €5
Yl%GJrs(2) = 68(67773)7 s€S
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The output sequences stemming from states z9(0), 23(0), ..., 23(0) are
Y2(1) = 05(5,6), s € S°,
Y5(1) = 65(5,3), s € S,
YV2§8+S(2) = 3/526+s(2) = YV8§1+S(2) = Y1:12+s(2) = 58(57 67 6)7 s € Sca
Y258+s(2) = Y56§Ls(2) =Y 14(2) = Y1154,(2) = 65(5,6,7), s €5,
Y1540+s(2) = Y1568+s(2 = 05(5,3,6), s € 5,
Y1540+s(2) = Y1568+s(2) = 05(5,3,8), s €S,
}/196-1-5(2) = }/224-'1-8(2) = 58(55 67 6)7 ERS ch
1o6+5(2) = Yabuys(2) = 05(5,6,5), s € S
The output sequences stemming from states 2$(0), 25(0), ..., 25(0) are
YS(1) = 85(6,6), s € S°,
YE(1) = 65(6,3), s€ S,
}/2684-8(2) = }/5664-8(2) = }/864-‘,-5(2) = Y1312+s(2) = 58(65 67 6)7 ENS SC
}/228-'1-8(2) = }/5666-'1-8(2) }/864-‘,-5(2) = Y1312+s(2) = 58(65 67 7)7 seS
Y1640+s(2) = Y1668+s(2) = 05(6,3,6), s € S,
1640+s(2) = Y1668+s(2) = 65(6,3,8), s € 5,
Y1696+s(2) = Y2624+s(2) = 05(6,6,6), s €5
Yioe4s(2) = Ya2444(2) = 05(6,6,5), s € 5.
The output sequences stemming from states 7 (0),2%(0),...,z7(0) are
V(1) = 05(7,6), s € S°,
V(1) =6s(7,3), s €8,
}/278+s(2) }/576+s(2) = }/8’;1+s(2) = Y1:12+s(2) = 58(75 67 6)7 ERS ch
st+s( ) = Y56+s( ) Yeiia(2) = Y112+s(2) =03(7,6,7), s €5,
Y140+s(2) Y168+s(2) =05(7,3,6), s €5
Y140+s(2) Y168+s(2) =065(7,3,8), s €S,
}/196-1-5(2) }/224-'1-8(2) = 58(75 67 6)7 ERS ch
Yiog+s(2) = Yahays(2) = 05(7,6,5), s € S.
The output sequences stemming from states 2$(0), 25(0),...,28(0) are

}/38(1) = 68(676)7 ERS Sca
5/58( )—68(6 7) SES
YV288+S( ) Y:’ﬁﬁ-l-s( ) Yv84+s(2) Y112+s( )
= Y196+s( )= Y224+s(2) = 05(6,6,6), s € S¢,

Y288+s(2) Y56+s( ) Y84+s(2) = 112+s( )

. Y196+s(2) Y224+s(2 =03(6,6,7), s €5,
Y1840+s(2) Y168+ (2) = 0s(6,7,6), s € S¢,
Yiiors(2) = Yiss, o (2) = 0s(6,7,3), s €S.
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