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ABSTRACT Chance theory is a mathematical methodology for modelling complex systems including both
uncertainty and randomness. Based on chance theory, this paper introduces the optimal control model for
a multistage uncertain random system. For solving such a model, recurrence equations are presented via
Bellman’s principle. With the aid of recurrence equations, the bang-bang problem of optimal control model
and indefinite linear quadratic (LQ) problem of optimal control model are studied. Meanwhile, the exact
solutions of such problems are presented. Furthermore, numerical examples are provided on the proposed

theorems to show the effectiveness of our results.

INDEX TERMS Chance theory, bang-bang control, indefinite LQ control, uncertain random system,

constrained difference equation.

I. INTRODUCTION

Optimal control theory is a discipline which uses to deal with
the problem of finding a control law for a given system such
that an objective function is optimized. Since the fifties of the
last century, the optimal control theory has been an important
branch of modern control theory. With the use of methods
and results in mathematics and computer science, optimal
control theory has made considerable advances. It is widely
used in many fields, such as production techniques, finance,
and economic management science.

Bellman [1] considered a stochastic optimal control. Kush-
ner [2] used dynamic programming to study the optimal
control problem for dynamic systems characterized by Ito
stochastic differential equations. For more related works refer
to [3], [4], [5], and [6]. With the deepening of human under-
standing, people found that some imprecise quantities behave
neither like randomness nor like fuzziness, such as “about
100 km”, “roughly 80 kg, and “low speed”. In order
to rationally deal with these phenomena, uncertainty the-
ory [7] was developed and refined by Liu [8]. Based on
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uncertain theory, Zhu [9] first presented an optimal control
problem for uncertain continuous-time systems in 2010. Then
Xu and Zhu [10], Kang and Zhu [11] discussed uncertain
bang-bang optimal control for continuous-time and multi-
stage systems, respectively. Yang and Gao [12] considered
an optimal control problem of the uncertain linear quadratic
differential game model. Currently, there are many research
achievements on uncertain optimal control [13], [14], [15],
[16], [17], [18].

Randomness and uncertainty are two kinds of indetermi-
nate events may appear in a complex system simultaneously.
For example, we have some old and new components. For
the old components probability distributions of lifetimes can
be estimated by a large amount of historical data, but for the
new components, we can only get the expert’s belief degree.
Such a system behaves both randomly and uncertainly, and
cannot explain clearly by the stochastic system or uncertain
system. To handle the phenomena, Liu [19] pioneered the
chance theory which is a mathematical methodology for
modeling complex systems including both uncertainty and
randomness via chance measure, uncertain random variable,
chance distribution, expected value, variance, and so on. Then
Liu [20] presented the operational laws of uncertain random
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variables. In recent years, considerable related works have
been researched [21], [22], [23], [24], [25].

With the development of society and the progress of sci-
ence and technology, the systems we need to research are
more and more complicated. The widespread use of comput-
ers has led to the development of control systems, which also
increasingly highlights the importance of studying multistage
systems. Multistage uncertain random systems as special
complicated systems should be studied. And the research on
the designing of multistage uncertain random optimal control
problems has few results. This study, inspired by previous
work, seeks to study the work of an optimal control problem
for a multistage uncertain random system.

This paper makes the following contributions. First, many
works focus on the stochastic optimal control concerning
randomness [3] or uncertain optimal control involving uncer-
tainty [14]. This paper further develops optimal control theory
and considers an uncertain random optimal control including
uncertainty and randomness. This work provides theoretical
support for dynamic optimization and decision-making when
the system is disturbed by uncertainty and randomness in
production life and other fields [25]. The second contribution
is to get recurrence equations that turn the uncertain random
optimal control problem into a much easier problem. In com-
parison to the work in [3] and [14], these recurrence equations
presented in Subsection III can tackle more wide optimal
control problems. The last one is to present the exact solution
of an indefinite LQ optimal control problem. This finding,
influenced by the work in [15], is presented in Subsection V.

The remainder of this paper is organized as follows.
In Section II, some necessary preliminaries related to the
uncertain measure, uncertain variable, and uncertain random
variable are reviewed. In Section III, an uncertain ran-
dom optimal control model is introduced, and the recur-
rence equations are established for solving such a model.
In Section IV, the bang-bang optimal control models for two
types of multistage uncertain random systems are investi-
gated. In Section V, an indefinite LQ optimal control model
is discussed, whereas the weighting matrices in the objective
function are allowed to be indefinite. The last section gives
some conclusions.

Notation: R" denotes the n-dimensional real Euclidean
space, R”*" denotes the set of all m x n matrices, AT denotes
the transpose of a matrix A. The Cartesian product [«, B]" =

[C(,,B]X[a,/g]X"'X[C(,ﬂ].

Il. PRELIMINARY
In this section, we review some fundamental notations and
useful concepts in uncertainty theory. For more details about
existing measures of uncertainties, the readers may consult
Liu [7].

Definition 1 (Liu [7]): Let I' be a nonempty set, and £ be
a o-algebra over I'. Each element A € L is called an event.
A set function M defined on the o -algebra over L is called an
uncertain measure if it satisfies the following three axioms:
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(HMIT} = 1; QM{A} + M{A°} = 1 for any event A;
GIM{UZ, A} < X2 M{A)

The triple (I', £, M) is said to be an uncertainty space. The
product uncertain measure was defined by Liu [8] as follows:
MATIZ Akh = Ajoy Mi{ak} where (T, Ly, My) are
uncertainty spaces for k = 1,2, --- and Ay are arbitrarily
chosen events from Ly fork = 1,2, - - -, respectively.

Definition 2 (Liu [7]): An uncertain variable is a function
& from an uncertainty space (I, £, M) to the set of real
numbers such that {t € B} = {y € I' | t(y) € B} is an
event for any Borel set B of real numbers. The uncertainty
distribution of uncertain variable t is defined as ®(x) =
M{t < x} forany x € R.

Definition 3 (Liu [30]): The uncertain variables

71, T2, -+ , Ty are said to be independent if
m
M :ﬂ{r,- € B,-}} = min M({z; € By}, (1)
el 1<i<m
for any Borel sets By, By, - - -, By, of real numbers.

Lemma 1 (Zhu [31]): Let t be an ordinary linear uncertain
variable £(—1, 1) whose uncertain distribution is

0 ifx < —1,
)= +1/2 if —1<x=1, 2
1 ifx > 1.

Then for any real number b, we have
(i) ifb=0,E[t> +bt] = 5;
(i) if | b= 2, E[t> + br] = §;
(iii) if 1 <|b|<2,E[t>+bt]= (b > —6|b > +12]
b|+8);
(v) if 0 <| b |< LE[t>+bt]l = k(1 b P +12 | b |?
—12 | b | +14).

An uncertain random variable is employed to describe a
complex system with not only uncertainty but also random-
ness. Let (I, £, M) be an uncertainty space and (2, A, Pr) a
probability space. Then the product (I', £, M) x (2, A, Pr)
is called a chance space.

Definition 4 (Liu [19]): Anuncertain random variable is a
function & from a chance space (I', £, M) x (€2, A, Pr) to the
set of real numbers such that {¢& € B} is an event in £ x A for
any Borel set B of real numbers. The chance distribution of
uncertain random variable & is defined as ¥(x) = Ch{§ < x}
where the chance measure of ® € £ x A is defined as

Ch{®}
1

- / Pr{w € QIM{y € T|E(y, ®) € O} > x}dx. (3)
0

Definition 5 (Liu [19]): Let & be an uncertain random
variable. Then its expected value is defined by

+00 0
E[£] = / Chie = r}dr — / Chit < rldr, (&)
0

—00
provided that at least one of the two integrals is finite.
Remark 1: 1f the uncertain random variable £ degenerates
to a random variable n, then Ch{§ > r} = Pr{n > r},
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Ch{¢ < r} = Pr{n < r}. If the uncertain random variable
& degenerates to an uncertain variable 7, then Ch{§ > r} =
Mt >r},ChiE <r} =Mt <r}.
Lemma 2 (Liu [20]): Let n1,n2, -+ , Ny be independent
random variables with probability distributions Wi, W5,
-, U, respectively, 71, 12, - - - , T, be independent uncer-
tain variables, and f be a measurable function. Then

E=f(n,m, -

has an expected value

s Mms TL, T2, 00 Tn), (5)

E[§] = /I;IE[IC()’IJ’L'“ JYms T T2, 0, )]
x dW1(y)dY2(02) - - - Yin(m), (6)

where E[f(y1,¥y2, " ,Ym, T1, T2, - , Tp)] 1s the expected
value of the uncertain  variable  f(y1,y2, - -,
Ym» T1, T2, - - - , Tp) for any real numbers y1, y2, - -+ , Y-

Remark 2: Ifny, ny, - -
variables with joint distribution W (y1, y2, - - -
can be modified as

E[S]Z/\ E[f(YI,)’Z,"")’m,TI’TZ»"'yfn)]
Xd\p()’l’)’Z’ »J’m)- (7)

Lemma 3 (Liu [19]): Let & be an uncertain random vari-
able whose expected value exists. Then for any real numbers
a and b, we have E[a&é + b] = aE[£] + b.

Utilizing Lemma 3 and Lemma 3.1 in [14], the linearity
of expected value operator of a class of uncertain random
variables is introduced.

Remark 3: The linearity of expected value operator is
not valid for all kinds of uncertain random variables. For
example, for uncertain variables as special uncertain random
variables, the expected value operator is not necessarily linear
if the independence is not assumed [7].

In order to describe the uncertain random vector, we show
that the vector is an uncertain vector &€ = (&1, &, -+, Ep)T
if and only if &, i = 1,2,---,p are uncertain random
variables. The expected value of & is provided by E[§] =
(E[&1]. E[&2], -+, E[&)

, Nm are non-independent random
, Ym), then (6)

Ill. OPTIMAL CONTROL MODEL
An optimal control problem for a multistage system is to
choose the best decision such that an objective function is
optimized subject to a multistage system. In this section,
the optimal control model for a multistage uncertain random
system is proposed. A linear multistage dynamical system can
be written as follows

{x(j—i— 1) = Fx() + Gu(), j=0,1,2,--- ,N — 1,

(®)

x(0) = xo,
where x(j) € R” is the state vector with initial state xy € R",
u(j) € R” is the control vector. The matrices F; € R and
G; € R™ are deterministic.

For the system at each stage is perturbed by random vari-
ables, a stochastic optimal control problem is found and many
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works have been done, such as [3] and [33]. Otherwise,
considering the system at each stage is disturbed by uncertain
variables, uncertain optimal control problem is found and lots
of problems have been solved, see [13] and [14]. Different
from the stochastic or uncertain situation, we consider a
complex system includes both uncertainty and randomness
as below

x(j+ 1) = (Fj + oiFjn; + BiF;t)x())
+(Gj + a;Gjn; + BiGjTHu()), )
x(0)=x0,j=0,1,2,--- ,N — 1,

where x(j) € R” is the state vector with initial state xo € R”,
u(j) € R" is the control vector. The matrices F; € R"™*", G; €
R"™" are deterministic, ; and B; are real numbers which sat-
isfy |oj| +|Bj| < 1. In addition, the noises 7; are independent
random variables and 7; are independent uncertain variables,
forj=0,1,2,--- ,N — 1.

Remark 4: The formulation |o;| + [B;] < 1 means that at
each stage, the effects of the noises are small enough. Systems
with noises have a wide range of applications in different
fields. For example, the application of systems with uncertain
variables [18] was applied to the field of portfolio selection,
and the application of systems with uncertain random vari-
ables in the field of two-spool turbofan engine.

Remark 5: If aj = 0, then the uncertain random system (9)
models an uncertain system. If ; = 0, then the uncertain
random system (9) becomes a stochastic system. If o; =
Bj = 0, then the uncertain random system (9) changes into
the deterministic system (8).

Based on expected value criterion, the optimal control
model for a multistage uncertain random system is formu-
lated as follows

N
J(x0,0) = min E[ 2 (), u(j),j)]
u(Hel () j=0
0<j<N
subject to (10)
x(G+ 1) = F; + oiFjn; + BiF;t)x(j)
+(Gj + ajGjn; + BiGjTHu()),
j=091721"' 1N_ 11 x(0)=x07

where f is the objective function, U(j) means the control
domain for u(j), J(xp, 0) is the expected optimal reward
obtainable from the first stage to the last stage.

Remark 6: In model (10), we construct the optimal control
problem with expected value criterion. Of course, we may
consider other criteria, e.g., chance measure criteria, opti-
mistic value criteria or pessimistic value criteria. In the aspect
of introduction and applications of problems, the difference
among them is mainly that they adopt different criteria to
compare two different uncertain random variables. For exam-
ple, in view of the large wage gap from different employees
of a company, we can establish the optimal control problem
with the optimistic value criterion.

Let J(x¢, k) be the expected optimal reward obtainable
in [k,N] for any 0 < k < N with the condition that at
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stage k we are in state x(k) = xj. By applying Bellman’s
principle, the recurrence equations are established to solve
the problem (10).

Theorem 1: For the problem (10), we have the following
recurrence equations

J(xy,N) = max f(xy,u(N),N), (11)
u(N)eU(N)
T k) = max E[f (e, u(k), k) +J @k + 1), k + D],
u(k)eU (k)
(12)

fork=N-1,N—-2,---,1,0.

The proof of Theorem 1 is similar to that in Zhu [29].

Remark 7: Compared with [3], [13], and [14], we use
Bellman’s principle to solve the optimal control problem.
The solution of problem (10) can be deduced by solving the
simpler problems (11) and (12) step by step from the last stage
to the initial stage. We study optimal control for a multistage
uncertain random system which includes both uncertainty
and randomness. To some extent, it’s a generalization of
the stochastic optimal control model and uncertain optimal
control model.

IV. BANG-BANG PROBLEM OF OPTIMAL

CONTROL MODEL

If the optimal control of an optimal control problem can be
expressed by the sign of a function, the problem is called the
bang-bang control problem. In this section, let us consider the
following optimal control problem

J(xo, 0)
N-1
= minbr E[ 2 (aix(j) + bju(j) +aNx(N)]
subject to 13)

x(j+ 1) = (F; + ojFjn; + BiF;t)x())
+(Gj + aiGjn; + B;GjT)u(j),
j=05 17“' 7N_17 x(O)Zx()?

where a; is a vector of dimension n, b; is a vector of dimen-
sion r. Note that in the model (13), the constraint domain of
u(j) is [a, b]" = [a, b] X [a, b] x --- X [a, b]. With the help
of recurrence equations, the optimal results for the optimal
control model (13) can be obtained.

Theorem 2: The optimal controls u*(k) of (13) are pro-
vided by

b, if (etg); > 0,
u;‘(k) =1{a, if (eex); < 0, (14)
undetermined, otherwise,

with e = b + (1 + axElni] + BE[w G rit1, for k =
0,1,2,--- ,N—1,j=1,2,---,r. The optimal values are

N—-1
Ty, N) =rixy, Jax, k) =r{xc+ Y i, (15)
i=k
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where

ry = an,rx = ag + (1 + o Elne] + BeE[wDF} ritr,
t = (b + (1 + aElne] + B ETTDGE ries ) u* k),

and u (k) and (bx + (1 + ax E[mi] + B E[t ]G] ri+-1); mean
the j-th elements in vectors u*(k) and by + (1 + axE[n] +
,BkE[rk])G,ZrkH, respectively, fork =0,1,2,--- N — 1.

Proof: Denote the optimal controls of problem (13) as
u*(k) = (uj(k), u(k), - - - ,u;‘(k))T, fork =0,1,2,---,N.
By using the recurrence equation (11), we have J(xy, N) =
rg,xN. For k = N — 1, by using the recurrence equation (12),
we have

J@xy-1,N —1)

T T
= max ay_Xy_1+Db u(N — 1
u(N—l)e[a,b]’{ N-1¥N-1 F Dy )

+E[ry(Fy—1 +ay—1Fy_1ny_1
+ BN Fy_1T)x(N — 1)(Gn—1 +an—1GN 1N -1

+Bv_1Gy—_1Tn—Du(N — 1))]}. (16)
We obtain
J@xn-1,N —1)
= u(N—r?fae)Ea,b]’{(aN_l + (1 4+ ay_1E[nN-1]

+ Byt Eltn—1 DF g _rn) xn—1

+ON-1+ (1 +an_1E[nN-1]

+ BV Elov—1 DGy yri) uN = D). (A7)
Let u*(N — 1) be the solution of the former equation. Denote

ay_1 =by_1+(+ay_1Elnn—11+Bv—1E[tn-11)Gy_ TN
Then

T T *
N -1} = N —1). (18
u(N_nllflE)Ea,b]r{aN*]u( )= ey )- 8)

So we can get the optimal control u*(N — 1) as

b, if (ay—1); > 0,
uf(N —1)=1aq, if (y—1); <0, (19)
undetermined, otherwise,

where (ey_1); represents the j-th element in vector oy _j.
Hence, we can get
Jxn-1,N = 1)
=(any—1+ (1 +ay_1E[nn-1]
+ Bv_ 1 Eltn—1 DF 5 _irn) T xn -1
+On-1+d +ay-1E[ny-1]
+Bv—1E[ty 1 DGy _yrvw* (N = 1), (20)

Denote
rv—1 =ay—1+ 1 +ay_1E[nn-1]
+ BN—1Eltn—11)F% _ i1, 1)
tn—1 = bn-1+ A +ay—1E[nn-1]
+ BV Eltn—1 DGy _irn) T u* (N — 1), (22)
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Then
Jen-1,N =D =ry_xy-1 +in-1. (23)
For k = N — 2, by using the recurrence equation (12), we
have
Jxy_2, N —2)

= max
u(N—2)€la,b]"

+ ,3N72E[7«'N72])F1{/_2”N7I)TxN72
+bn2+ A+ ay2E[nN-—2]+ Bn-2
E[tn_2])Gh_orn—1)Tu(N — 2)}. (24)

{an—2 + (1 +ay_2E[nn-2]

Similar to the calculation of k = N — 1, denote

ry—2=ay_+ (1 +ay_2E[ny_3]

+ By —2Eltn2DF K _orn—1, (25)
tn—2 = (bn_2+ (1 +av_2E[nn—2] + Bn—2
Eltn—2DGy_orn—1) w* (N —2). (26)
Then
N-—1
Jay 2. N =2 =rf Xy a2+ Y i (27)
i=N-2

and the optimal control u*(N — 2) is

b, if (ay—2); > 0,
uj*(N —-2)= a, if (ay-2); <0, (28)
undetermined, otherwise,

withay 2> =by 2+ (1 +ay2E[nn—2]+ Bv2E[tn-2])
G;,fer_ 1, and (ay_2); represents the j-th element in the
vector oy _». By induction, the theorem is proved.

Compared with the general optimal control problem,
we obtain the analytical expression for the optimal control
(14) of the optimal control problem (13). This type of optimal
control (14) is easy to implement compared to some optimal
controls and has a wide range of applications [25], [27].

Different from [27], we study an optimal control model
whose system matrices and control matrices are multiplied
by random sequences and uncertain sequences. The optimal
results of the optimal control model whose systems involve
both multiplicative noises and additive noises are easily
deduced based on Theorem 3.2 in [27] and Theorem 2. The
model is presented in the form of

J(x0, 0)
N-1
= min_ E[ > (@x() + bju(j) +aNx(N)]
LNty L=
subject to (29)

x(+ 1) = (Fj + ajFjn; + BiFj7)x()) + (G;
+OtjGjnj + ,BjGjrj)u(j) + mjsj,
j=05 17"‘ 7N_ 17 x(()):xO?

where m; € R™ are constant matrices, the uncertain random
variables & = f;(7;, T;) where f; are measurable functions, 7;
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are random variables and 7; are uncertain variables, for j =
0,1,---,N — 1. Moreover, the uncertain variables t;, 7;, j =
0,1,---,N — 1 are independent.

Theorem 3: The optimal controls u*(k) of (29) are pro-
vided by

b, if (otx); > 0,
u;(k) = a, if (otx); < 0, (30)
undetermined, otherwise,

with @ = by + (1 + axElm] + BE[w DG rit1, for k =
0,1,2,--- ,N—1,j=1,2,---, r. The optimal values are

Jn,N) = rixy, (31)
N—1 N—1
Jew k) =rixc+ Y ti+ Yy rimE&E],  (32)
=k i=k
where
ry =ay,ry = a; + (1 + axElni] + BE[aDF rig,

te = (b + (1 + axE[ni]
+ B E[t )G ries ) ™ (k),

and (k) and (by + (1 + ax Emic] + BeE[t))G{ ric+1); mean
the j-th elements in vectors u*(k) and by + (1 + axE[n] +
,BkE[rk])G,{rkH, respectively, fork =0,1,2,--- ,N — 1.
The proof of Theorem 3 is similar to Theorem 2, so we omit
1t.

Example 1: Based on Theorem 2, we consider the fol-
lowing optimal control problems. First, an optimal control
problem is presented as below

J (xo, 0)
9
= mE[ > (afx() + b]u(i) + afoxﬂO)}
o<i<lo /7
subject to 33)
x(j+ 1) = (F; + a;Fjn; + BiF;7)x(j)
+(Gj + oiGjn; + BGjTu(),
j=0,1,2,---,9, x(0) =xo,
where
0 =mouno) =[] 6 =[5 53],
fal7 [ 0.0736 0.8530 ]
a 0.5290 0.7858
a; —0.3651 0.4269
ay 0.5669 0.0014
a; 0.1618 —0.2906
al | =|-0.5123 0.1088 |,
al —0.6075 0.5787
ay 0.7344  0.9610
al 0.7875 0.7975
al 0.8244 0.2787
ol ] [—02119 —0.8214 ]
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TABLE 1. The coefficients of Fj.

Fi|  fn fi2 f21 f22

Fy| 0.8908 | —0.9876| 0.3471 |0.4755
Fy | 04754 0.2421 | —0.0064 | 0.1606
F> | 0.1606 0.2992 0.9096 |0.7502
F5| 03339 | —0.0003| 0.8607 |0.2635
Fy| 02635 0.5780 0.4007 |0.1541
F5| 05138 | —0.1391| 0.9235 |0.8985
Fs| 0.6511 0.2007 0.3404 |0.5410
F- | 0.1509 0.1791 0.5096 |0.5075
Fg | —0.0008 | 0.1409 0.7393 | 0.8639
Fy| 0.8639 -0.3085 0.9512 |0.3120

TABLE 2. The coefficients of Gj.

G;| 911 g12 921 g22
Go | 0.0358 0.2747 0.2704 ]0.2562
G1 | —0.7429 | 1.3979 0.4593 10.4623
Go | 0.3891 0.8152 0.5701 ]0.5823
G3 | —0.5464 | 0.4010 0.0098 |0.0731
G4 | 02718 | —0.0143| —0.4143|0.9982
Gs| 04711 0.2951 0.8801 |0.8590
Gg| 0.1914 0.0347 0.6688 |0.4786
G7| 0.1778 0.5363 0.4796 |0.8297
Gg | —0.8297 | 0.3430 0.4691 [0.5812
Gg | 0.2045 0.9136 0.4306 [0.6193
By ] [ 0.5474 —0.1692]
by 0.8020 —0.8615
b 0.0362 —0.7086
b3 0.2732  0.4704
by | | 02294 0.0845
bs| | 0.1767 —0.0487 |’
bg 0.9664 0.8507
b —0.4864 —0.8967
bg 0.1181 0.3162
| bo | | —0.9045 0.1447 |
(o] [ 0.0971 | [Bo] [ —0.0494]
o 0.0554 B1 0.0607
o) 0.0522 B> 0.0913
o3 —0.0314 B3 0.0965
as | | —0.0025 Ba| | 0.0935
as | 7 | —0.0244 " | Bs| ~ | 0.0724
o6 0.0637 Be —0.0143
o7 0.0094 B7 —0.0726
og 0.0477 Bs —0.0254
| a9 | | —0.0402 | | Bo | | 0.0071 |

The coefficients of F; and Gj are shown in Tables 1 and 2,
respectively.

The n; ~ U(-—1,1) are independent uniform random
variables and 7; ~ L£(—1, 1) are independent linear uncer-
tain variables, and we can get E[n;] = 0, E[t;] = 0, for
j = 0,1,2,---,9. Suppose that we have the initial state
x0 = (0.8143,0.2435)T . Then the optimal controls #*(j) and
optimal objective values J(x;, j) of problem (33) are obtained
by Theorem 2 and listed in Table 3.

Remark 8: In columns 2 and 3 of Table 3, the correspond-
ing states x(j + 1) = (F; + oFjc; + BiF;djx(j) + (G; +
a;jGjcj+BiGjdyu(j) with initial state xo = (0.8143, 0.2435)7,
where ¢; and d; are the realization of random variables ; and
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TABLE 3. The optimal results of problem (33).

Stage cj d; z(j) u’ J(xj,7)
0 | 0.8162 | 0.1044 | (0.8143,0.2435)7 | (1,1)T | 18.2798
1 |—0.9341]-0.8923] (0.8543,0.9936)T | (1,—1)T | 17.7337
2 | 06101 [—0.0973](—0.4418,0.1351)T | (1,1)T | 14.8247
3 [ —0.2347 05793 | (1.2007,0.8715)7 | (—1,1)7 | 15.3254
4 [ —0.2714 0.0647 | (1.4334,1.4103)T | (=1,1)T | 14.6082
5 0.4233 | 0.7430 | (0.9129,2.2190)T (1, DT | 14.9621
6 |—0.3426] 03002 | (0.9668,4.7748)T | (1,1)T | 15.4244
7 | 09497 | —0.8481] (1.7665,3.9536)7 | (1,1)T | 11.2060
8 | 0.1740 [—0.1722| (1.8078,4.5132)T | (1,1)T | 7.8475
9 |—0.3817]—0.4723| (0.1496,6.3655)T |(—1,—1)T| 2.3970
10 (—2.9880, 1.0914)T —0.2633
TABLE 4. The optimal results of problem (34).
Stage z(7) uy J(xj,7)
0 | (0.8143,0.2435)T | (1,1)T | 18.2798
1 | (0.7954,0.9250)T | (1,—1)T | 17.6339
2 [(-0.5387,0.1405)T | (1,1)T | 14.8228
3 | (1.1598,0.7678)T | (—1,1)T | 15.2385
4 | (1.3344,1.2639)7 | (—1,1)T | 14.3828
5 1 (0.7960,2.1420)T | (1, 1)T | 14.6790
6 | (0.8773,4.3988)T | (1,1)T | 14.7258
7 | (1.6801,3.8258)T | (1,1)T | 10.8960
8 | (1.6528,4.1071)T | (1,1)T | 7.3687
9 | (0.0907,5.8203)T |(—1,—1)T| 2.3574
10 [(—2.8353,0.8523)T —0.0993
uncertain variables 7, and generated by 0 < < ;1 <1,0 <

djT+1<1forj=O,l,2,~~,9.

Next, we investigate an optimal control model subject
to a multistage system without randomness and uncertainty
compared with problem (33).

J(x0,0)
9
= max E| 2afx0)+ 8]ug) + alyw10)
o<i<io /=0 (34)
subject to
x(+ 1) = Fix(j) + Gju()),
j=0,1,2,---,9, x(0) = xo,

where the matrices F;, G; and vectors a;, b;, x(j), u(j) are the
same mean as problem (33).

The optimal controls #*(j) and optimal objective values
J(xj, j) of problem (34) are obtained by Theorem 2 and listed
in Table 4.

From Tables 3 and 4, the optimal controls for problem (33)
and problem (34) are completely the same, they are illustrated
in Figure 1. But the state vectors of two problems are distinc-
tive, the state vectors of the problem (33) and problem (34)
are displayed in Figures 2 and 3, respectively. The reason for
the same optimal controls is that the expected values of the
uncertain variables and uncertain variables are zero. More
preciously, with the same initial state, the optimal values
J(x0, 0) of the problem (33) and problem (34) are identical.

Remark 9: Comparing uncertain random optimal control
problem (33) with optimal control problem (34) without
randomness and uncertainty, we see that problem (34) is
just a special case of problem (33). Similarly, we can do a
comparison between the uncertain random optimal control
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FIGURE 1. Trajectories concerning components of u(j).
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x2(j)
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FIGURE 2. Trajectories concerning components of x(j) for (33).
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)
x2(j)
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FIGURE 3. Trajectories concerning components of x(j) for (34).

problem (33) and the optimal control problem with random-
ness or uncertainty.

V. LINEAR QUADRATIC PROBLEM OF OPTIMAL
CONTROL MODEL

The linear quadratic optimal control problem is one of the
most classic optimal control problems and has been playing a
central role in modern control theory. In this section, we study
an uncertain random LQ optimal control model where the
weighting matrices in the objective function are allowed to

VOLUME 11, 2023

be indefinite. To begin with, a linear quadratic optimal control
model is introduced as follows

N—1
J(xo0,0) = min E[ > T (HAx()
u()eU(j) =0
0<j<N-—1
+ul ()Bju(j)) + xT (N)Anx(N )}
. (35)
subject to

x(+ 1) = (F; + oFjnj + BiF;7)x(j)
+(Gj + OéjGjT]j + ﬂjGj‘L’j)u(]'),
-, N —1, x(0) = xo,

j:()’l’..

where A; € R™" B; € R™" are symmetric matrices, the
noises 7; ~ U(—1, 1) are independent random variables and
7; € L(—1, 1) are independent uncertain variables, for j =
0,1,2,---,N — 1.

Since the weighting matrices Ag,Aq, --- ,An, Bo, By,
---,By_1 are indefinite, the model (35) maybe ill-posed.
Therefore, we have the following definitions.

Definition 6: The LQ problem (35) is called well-posed if
J(xg, 0) > —oo0, for any xg € R".

Definition 7: A well-posed problem is called attainable
if there exists a control sequence (u*(0), u*(1), u*(2), - -,
u*(N — 1)) such that achieves J (x, 0) for any xo € R”. In this
case (u*(0), u*(1), u*(2), - -- ,u*(N —1)) is called an optimal
control sequence.

Before giving the main results of the LQ problem (35),
some useful lemmas are presented.

Lemma 4 (Penrose [28]): Let a matrix A € R™ " be
given. Then there exists a unique matrix AT € R, which
is called the Moore-Penrose pseudo inverse of A, such that
AATA = A, ATAAT = AT, AAD)T = AAT, ATA)T =
ATA.

Lemma 5 (Penrose [28]): Let a symmetric matrix S be
given. Then (i) ST = (§M)T; (i) S > 0 if and only if
St > 0; (iii) SST = ST8S.

Lemma 6 (Penrose [28]): Let A, B, C be given matrices
with appropriate sizes, then the matrix equation AXB = C
have a solution X if and only if AATCB™B = C. Moreover,
any solution to AXB = C is represented by X = ATCB™ +
Y —ATAYBB™, where Y is any matrix with appropriate size.

The main results of the LQ problem (35) are given as
follows.

Theorem 4: Suppose the LQ problem (35) is attainable by
a feedback control law u(j) = L;x; where L; € R"™" are
constant matrices, then there exist symmetric matrices S; €
R™" gsatisfy the following constrained difference equation
(CDE)

Sj=Aj+ (1 + jo7 + 1BHF] S 1F; — M P M,

Sy =An,

PiPM;=M,, (36)
P;j=Bj+ (1 + joi + 1G] $j11G; > 0,

M;=(l+ %aj? + %ﬁ].Z)GJ.Ts,-HF,
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where P mean the Moore-Penrose inverse of Pj, forj =

0,1,2,---,N — 1. Moreover, the optimal feedback control
gain matrices are provided by
Lj=—P/M;+Y;-P/PjY; (37)

with ¥; € R"™" being any given real matrices, for j =
0,1,2,---,N — 1. The optimal values are
J(xj,)) = x] Sjx;, (38)

forj=0,1,2,---,N.

Proof: Denote the optimal controls of the LQ problem (35)
as u*(0), u*(1),u*(2),--- ,u™(N — 1). By recurrence equa-
tion (11), we have J(xy, N) = x\Syxy, where Sy = Ay.
Forj = N — 1, by recurrence equation (12), we have

Jxy-1,N = 1)

= min
u(N—-1)eUN—-1)

+u' (N — DBy_1u(N - 1)

+[Fy-1xy-1 + Gy—1u(N — D]" Sy

[Fy_1xy—1 + Gy_ju(N — 1)]

(14 0112\/_17712\7_1 + ,31%/_1'[1%/_1 + 20y 19N -1

+2BN-1tv—1 + 2en—1Bv—1nn—1TN-D}. (39)
Using the linear property of expected value with chance
measure, it holds that

Jaxy-1,N —1)

= min
u(N—1)eUN—-1)

+ul’ (N = DBy_ju(N — 1)

+ [Fy_1xy—1 + Gy_1u(N — D" Sy
[Fy—1xy—1 + Gn_1u(N — 1)] -
{1+ oy _ Elny_i] + 20en—1E[ny-1]
+EIBY Ty 1 +2Bv-1TN 1

T
E{xy_1AN-_1XN-1

T
{xy_1Av—1xn—

+2an 1 Bv—1nv—1Tn-11}}- (40)
Since ny—1 ~ U(—1,1), it obtains E[ny—1] =
0, E[n]zv_l] = % Next, let us discuss the expected value

of uncertain random variable ,3[%,_111%_1 + 2BN-1TN-1 +

20N - 1BN-1MN-1TN~1-
(1) If ay—1 = Bnv—1 = 0, it’s easy to know

By T3 +2Bn—1Tv—1 + 20N —1 Bn—1nn—1Tn—1] = 0.
(41)

(ii) If ON—_]1 = 0, /3N—1 ;é 0, we find
E[B}_yth_ 1 +2BN-1Tv—1 + 201 BN 1IN —1TN—1]

TN—]]- (42)

2
= By Elty_; +
By

1, we have | i |>

ﬁN—] |§ Byv_1
2. By Lemma 1, E[t} | + /ﬁm,]] = % Therefore,

we obtain

Because of 0 <]

E[By T8 | +2Bv—1tn—1 + 20n_1Bv—1N—1TN—1]

2112

= lﬂﬁ,l. (43)
3

(i) If ay—1 # 0, Bn—1 # O, let dy_; be the probabil-
ity distribution of random variable ny_1. Using Lemma 2,
we have

E[B} (i +2BN-1Tn—1 + 20— 1BN—11N-1TN—1]

1
24+ 2an-1yN-1
=/ :31%/—1E|:71%1—1 + ST EONCINEL TN1:|
—1 BN-1

Xd®y_1(yn-1). (44)

24200y _ 1N 2— 2oy . ..
We get | ZF2N-LIN—1 | Zov—il > 9 with conditions |

an_1 |+ | ay_1 |< landyy_i € [—1, 1]. By Lemma 1,

2 24+2an_1yN—1 _ 1
Elty_, + TTN—I] = 3. Thus

E[By_ T | +2Bv—1Tn—1 + 20n_1Bv—11N—1TN—1]
1
1
= gﬁz%,ld@N—l(yN—l)

1 >
= =Byv_:- (45)
3
Combining the above three cases, we have
E[ﬁ;%/,m%/,l +2BN—1Tv—1 + 20N —1BN—1IN-1TN 1]
1
=3 B . (46)
Furthermore, we obtain

Jxy-1,N — 1)

. T
min {xy_1AN—1XN_1
u(N—-1)eUN—-1)

+u’ (N = DBy_1u(N — 1)
1 1
+ (14 Zoy + By DIFN-1xN -1
+Gy_1u(N — D" Sy[Fy_1xn-1
+Gn-1u(N — D]}. 47)
It’s assumed that LQ problem (35) is attainable by a feedback
control u(N — 1) = Ly_1xy—1, thus
Jxn-1,N = 1)
= min{xy_[Ay—1 + Ly By-iLy-
N—1

1 1
(14 307y + BV DEN-1 + GyoaLy-)

-SN(Fn—1+Gn-_1Ly-1)]xn—-1}. (48)
Denote

Sn—1 =An—1+ LY _By_1Ly—

1 1
(4 3o+ 3BY DEN—1 + GyaLy-)

-SN(Fn-1+Gn-1Ly—-1). (49)

Then it follows from the first-order necessary conditions for
optimality that

0SN—1

Ly
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1 1
=2By_1+ (1 + gag,l + 5ﬁ,%,l>G,’¢,ISNGN_1)

1, 1o T
-Ly_1 +2(1 + 30[N_1 + 3,3]\]_1)G1\/SNFN71

= 0. (50)
Let

1 1
Py_1=By_1+(1+ 505/2\171 + 5,31%/71)

-Gl SNGy_1, (5D
_ 1, 1o a1
My =0+ Jev-1 T 3,3N_1)GNSNFN—1- (52)

Then we have Py_1Ly_1 + My_1 = 0. By Lemma 6,
the equation (50) has a solution if and only if Py_ P},
Mpy_1 = Mpy_1. Thus, we can get

{LN—I =—Pj, \My_1+Yy_1—P},_|Py_Yn_1, 53)
VYy_1 € R™*",
Substituting (53) into (49), it holds that
Sy—1 =Ay-1+ 1+ %“1%/—1 + %ﬂf;_l)F{;_l
SNFy_1 —MX_ P}, My_;. (54)
Therefore, we have
Jy—1,N — 1) =x5_ Sn_1xN—1. (55)
In the following, we assert that Sy_; must satisfy
Pn-i
=By_1+ 1+ %Ol;%/_l + %ﬂ}%/_l)G]Y\;_lsNGN—l
> 0. (56)

If not, there is a negative eigenvalue u < 0 for Py_.
Denote the unitary eigenvector with respect to u by v,

(.e., vﬁvu = land Py_1v, = pvy). Let 0 # 0 be an

arbitrary scalar and construct a control (N — 1) as follow
AN — D=0 | |2 vy —Py_ My 1xp.  (57)
According to lemmas 4, 5, by equations (47), (51), (52), (54),
the associated objective function becomes
Jxy—_1, N —=1)

= min
u(N—1)eUWN—-1)

ey My _ Py My—1xy—1

+x§_ SN_1XN_1

+2u" (N — DPN_1P},  My_1xy_
+ul’ (N = DPy_ju(N — 1)}

= min {lutN — D) +Py_,

 u(N-1)eUN-1)
My_1xy—11"Py_y
[uN — 1)+ Pl My_i1xy_1]
+x5_ 1 Syo1xn_1}

< [N = D)+ P}_ My _1xy_11" Py [&(N — 1)

+ P My_i1xy_i] + x5 Sn_1xn—1
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_1 _1
[0 | w2y ) Py_i(o | w "2 vy
+x£,_lSN_1xN_1
= o2+ x5 Sy_1xn-1. (58)

Let 0 — oo. Then J(xg, u) — —o0, which contradicts the
assumption of the theorem.

For j = N — 2, similar to the calculation of j = N — 1,
we have

J@xy_2, N —2)

= min
u(N—-2)eU(N—2)

+u’ (N —2)By_ou(N —2)

T
{xy_rAN_2XN 2

1 1
+(1+ ga%v_z + gﬁj%_z)[FNfsz,z + Gy
u(N — 2)1"Sy_1[Fy—2xn—2 + Gy_ou(N — 2)]}
= min{xy_[Ay-2 + Ly _By-2Ly->
N—-2

1 2 1 2 T
+(+ 3% -2t gﬂzxpszN—2 +Gy—2Ly-2)

“Sy_1(Fn—2 +Gy_2Ly_2)lxy_2}. (59)
Denote
T [
Sv—2 =An—2+Ly_,By_2Ly_>+(1+ FON-2
1
+ gﬁl%lfz)(FN—Z +Gy_oLy—2)"
“SN_1(Fy—2 +Gn_2Ln_7). (60)

According to the necessary conditions for first order optimal-
ity, we obtain

RAYY)
Ly
1 1
=2(By—2 + (1 + §Ol12v_2 + 5:31%/—2)G]{/—ZSN—1

1 1
-Gy_2)Ly— +2(1 + goz%,,z + 5/31%/72)
Gl _,SN_1FN_2
= 0. (61)
Then Py_»Ly_» + My_» = 0 has a solution if and only if
Py_ Py, My_y = My_, where Py_» = By_» + (1 +
%“}%/—2 + %ﬁl%/—z)GKJ—zsN—IGN—Z’MNJ (1 + %“1%/—2 +

%ﬁ}%,fz)G,(_zSN_lFN_z. Furthermore, we obtain

{LN—Z =—P}, My >+YN_2— P}, ,PN_2YN 2, ©2)
VYyN_p € RT*
and
Sn—2=Ay2+(1+ %Ol;%/,z + %51%/72)F1(/725N—1
Fy_o — MY _,Pf ,My_». (63)
So the optimal value is
Jen—2, N —2) = x\_,Sn_2xn_2. (64)
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With the similar method to N — 1, it holds that Py_, =
By + (1 + O‘N2+3'3N Z)GN SnN-1Gn—2 = 0.
By induction, the theorem is proved.

Different from [22], we study an LQ optimal model (35)
where the weighting matrices in the objective function are
allowed to be indefinite. Compared with [3] and [14],
we study an optimal control whose system matrices and
control matrices are multiplied by uniform random sequences
and linear uncertain sequences, and the effects of randomness
and uncertainty are displayed by a and 1 3B 2 respectively.
From Theorem 1 in [14] and Theorem 4, we can see that both
of them are similar in form. Then Theorems 5 and 6 can be
easily proved by the same procedures as in Theorems 2 and 3
of [14].

Theorem 5: The LQ problem (35) is well-posed if there
exist symmetric matrices S; satisfying the following LMI

condition
Ly L»
>0, 65

|:L21 Lzz] - (65)

with
1
Ly =A;+0+ a + - /3 )F Si-1F;j—S;, (66)

1
Lpo=(@1+ 5“1' + 3/31- )Fj Si11G;, (67)

1, 1
Lot = (1+ 207 + 2B)G] SjF, (68)

L =B+ (14 ~a? + 261G, (69)
22 = Dj 3%‘ 3P’ ji+1G5,
forj=0,1,2,--- ,N —1,and Sy < Ay.
Theorem 6. The following are equivalent
(i) The LQ problem (35) is well-posed.
(i) The LQ problem (35) is attainable.
(iii) The LMI condition (65) is feasible.
(iv) The CDE (36) is solvable.

Next, we provide a complete characterization of all optimal
controls. More preciously, we show that any optimal control
can be expressed in terms of the solution to the CDE (36) with
two degrees of freedom.

Theorem 7: Suppose S;(j =0, 1,2,---,N — 1) solve the
CDE (36). Then the set of all optimal controls u(j) for the LQ
problem (35) is provided by

u(j) =—(PM;+Y; — PP;Y)x; + Zj—P/ Pz, 70
j=012,--- N—-1,

where Y; € R™" and Z; € R” are any given real matrices and
real vectors, respectively. Furthermore, the optimal values are

J(xj,)) = x] Sjx;, (71)

forj=0,1,2,--- ,N —1,N.
Proof: Sufficiency. Let S;(j = 0,1,2,--- ,N — 1) solves
the CDE (36). Similar proof process as Theorem 4, we have

J @), )

2114

= min {x

1
2 2\ T
Ll o + gﬁj )F; Sj1Fjlx;

1

1 —

j+ 1+
1 1

+2(1+ 20 + 2 BDu" ()G] Sj11 Fix;

l L 5 7 .
+u’ (j)[B +(1+ +—,3')G»Sj+1Gj]u(1)

= min {x/M] P+M,x]+2u ()M jx;

u(Hev())
+u (])Pjug') +x; ijj}. (72)
Let Tj = —(Y; — P/ P;Y)) and T; = —(Z; — P/ P;Z)). Then
wehave P;T; = 0, PjT ; = 0. A completion of square implies
J (. ))
= (lr)nm {[u() + (P M+ Tjx; + T, Pj[u()
+(PFM;+ T + T2 + xS, (73)

Since P; > 0, we know that u(j) = —[(P;’Mj + Tj)x; +
T;] which minimizes the objective function J(x;, ). Fur-
thermore, the optimal values are J(xj,j) = ijijj, for
j=0,1,2,--- ,N—1,N.

Necessity. If any control sequence #(j) which minimizes
the objective function J (x;, j), thus

. . . + T .

Ty = min () + P} M) Pyfu()
+P;erxj]} +ijijj

= x] Sjx;. (74)

The above equality implies that

[a() + P Mx;)" Pjla() + P Mx;] = 0 5)
j=0,1,2,--- N —1.
As P; > 0, we know P; = C C; where C; € R™" i
constant matrix. Then, we obtam
Cjla() + P Mjx;j] = 0, (76)
which means that
Pjla()) + P Mx;] = 0. (77)
Hence u(j) solves the following equation
Pju(j) + PiP;Mx; = 0. (78)

By Lemma 6.3 with A = P;, B = I,C = —P;P Mx;, we
have the following solution of equation (78) with

u(j) = —PMx; + Z; — P} PZ;,

79
VZi e R',j=0,1,2,--- N — 1. 7

Thus the optimal control can be represented by (70).
Example 2: Based on Theorem 4, we consider the follow-
ing LQ optimal control problems. First, an LQ optimal the
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control problem is presented below

2
J(xo,0) = min E[ > T (HAx()
u(evg) | i
0<j<3

+u” ()Bju(j)) + xT(S)Aax(3)}

80
subject to (80)

x(+ D = Fj+ oFjm; + BFjTi)x()
+(Gj + BiGjn; + BiGjT1ju()),
j=0,1,2, x(0) = xo.

We study a three-stage system (80) with initial state xo =
(0.3163, —0.2279)7 . The coefficients of the dynamic system
are as follows

g [ 04315 052017 ;[ 07820 0.3403]
0= ]-0.3349 0.4768 | " "' T | -0.6957 0.1354 |
p, _ [071780.5037] . _ [0.7813 0.5816

>~ 0.3369 0.6848 | * 7 T [0.4792 0.7321 |
G _ [ 06987 —0.7249] . [0.3897 0.5288]
P = [-0.5871 0.5679 |* 7% T [0.4697 0.5721 |

And o) = 0.3, o] = —0.1, oy = 0.2, ,3() = 0.2, ,31 =
—0.1, B2 = 0.3. The n; ~ U(—1, 1) are independent uni-
formly distributed random variables and 7; ~ £(—1, 1) are
independent linear uncertain variables forj = 0, 1, 2. Finally,
the state and control weights are

A (13521 0 A _[1:5326 0
°=| 0o -03847]""' 7| o o07712)
Ao — (15879 0 Ae_ [1:3789 0
2= 0 —06423]"P 7| 0 0.7824]"

g _[08429 0 1 . [-03417 0
=1 0o 124377t T 0 —11022)

5 _ [05920 0
271 0 14328

We solve the corresponding CDE of the problem (80) stage
by stage and construct the optimal feedback control law L;.
Finally, we can calculate the optimal results.

Specially, for the CDE (36), the terminal condition is S3 =
As.

Stage 3: for j = 2, we have

1 1
Py=Br+(l+ 0+ §ﬁ2>G§ $3G,

0.9906 0.5158
= [0.5158 2.1023] =0, (81)
+ o1 [ 11574 —0.2840
Fr=Fh = [—0.2840 0.5454 |’ (82)
11
M; = (1+ ot gﬂz)GgS3F2
0.5316 0.5450
- [0.7034 0.7030] ’ (83)

1 1
$2 = As+ (1 + ze0+ 2 BIF3 S3F2 = My PIM
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(84)

| —1.1385 0.3185
| 03185 —0.2901 |"

The optimal feedback control gain is

—0.4155 —0.431 1i|

—0.2326 —0.2286 85)

L,=-P;M, = [
Stage 2: for j = 1, we have

1 1
Py =B +1+ 31 + gﬂl)GlTszGl

~1.2649 0.9415
= [ 0.9415 —2.0626} 20, (86)

+ o1 [—1.1974 —0.5466
Pr="Fr= [—0.5466 —0.7343 | ®7)

1 1
Mi=(1+ g+ gﬂl)GlTstl

—1.0486 —0.2830
- [ 1.0692  0.2908 } (88)

_ 1 1 T AT p+
51—A1+(1+3011+3,31)F152F1 M P M,

1.2719 —0.0679
- [—0.0679 0.7307 } : (89)
The optimal feedback control gain is
—0.6712 —0.1800
_ _p*t _
o =—FiM = [ 0.2120 0.0588 } - 0
Stage 1: for j = 0, we have
1 1
Py =Bo+(1+ zoo+ gﬂo)GgslGo
1.7750 0.8102
= [0.8102 2.0409] 20, o1
+ _ p—1_ | 0.6881 —0.2732
Py =Py = [—0.2732 0.5984 | 92)
1 1
Mo =(1+ 390 + gﬁO)G(’{stO
[0.3289 0.6694
~ 101375 0.6209]’ ©3)

1 1
So = Ao+ (1 + 3a0 + B0)F Si1Fo — Mg PgMo

[1.6441 0.0522
~ [0.0522 —0.1995]' G4

The optimal feedback control gain is

—0.1887 —0.2910
_ _ptM. —
Lo=~FPyMo= [ 0.0075 —0.1887i| ' ©3)
Suppose that we have the initial state xo = (0.3163,

—0.2279)". Then the optimal controls u*(j) = Lix(j) and
optimal objective values J(x;, j) of problem (80) are obtained
by Theorem 4 and listed in Table 5.

Remark 10: In columns 2 and 3 of Table 5, the correspond-
ing states x(j+1) = (Fj+a;Fjcj+ BiFjdjx(j)+(Gj+a;Gjci+
BiGidpu(j) with initial state xo = (0.3163, —0.2279)7,
where c; and d; are the realization of random variables n;
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TABLE 5. The optimal results of problem (80).

TABLE 6. The optimal results of problem (96).

Stage z(j) uw*(4) J(@(4), 1) Stage z(j) u*(j) J(x(4), 7)
0 (0.3163, —0.2279)T (0.0066,0.0454)T 0.1466 0 (0.3163, —0.2279)T (0.0071,0.0440)T 0.1454
1 (0.0668, —0.2402)T | (—0.0016,0.0000)T 0.0500 1 (0.0490, —0.1790)” | (—0.0006, —0.0002)T 0.0276
2 (—0.0229,—0.0761)T | (0.0452,0.0244)T —0.0012 2 (—0.0229, —0.0581)T (0.0339,0.0182)T —0.0008
3 (—0.0285, —0.0263)T 0.0017 3 (—0.0228, —0.0211) 0.0011
. . +1 The optimal feedback control gain is
and uncertain variables tj, and generated by 0 < 4 ;_ < P &
di+1 ) - ot~ — _
1L0< % <1forj=0.1,2,-- 9. Bi=—Plot = [ 00;171%7 00622%1}‘ (106)
Next, we investigate an LQ optimal control model subject ) )

to a multistage system without randomness and uncertainty
compared with problem (80).

J(xp,0) = min E|:
j

u(Hev()
0<j<3

+u” (j)Bju(j)) + xT(S)Aax(3)}

2
" (DAx()
=0

(96)
subject to

x(+ 1) = Fix(j) + Gju()),

j=0,1,2, x(0) = xo.

where the matrices A;, B;, F;, G; and vectors x(j), u(j) are the
same mean as problem (80).
Specially, for the CDE (36), the terminal condition is
Stage 3: for j = 2, we have

0.9740 0.4944

P> = B> + G, 8,6, = [0.4944 2.0745} =20, 067

. o1 [ 11680 —0.2784
P, =P = [—0.2784 0.5484] ©%
- e [0.5095 0.5223
Mz = Gy 83k = [0.6742 0.6738 " ©9)
82 = Ay + F§85F> — M, P M
~1.1499 03127
- [0.3127 —0.2972] (100
The optimal feedback control gain is
oy [-0.4074 —0.4225
Ly =-P,M, = [—0.2279 —0.2241} - 1oy
Stage 2: for j = 1, we have
f’] = B +G{SZG]
—1.2620 0.9386
= [ 0.9386 —2.0597} =0, (102)
¢ o1 [—1.1986 —0.5462
Py =P = [—0.5462 —0.7344] (103)
) . —1.0452 —0.2827
_nT —
My = Gy S:F1 = [ 10658  0.2905 } (104
Sl =A —i—F{S‘zFl —M{IBTMI
12721 —0.0678
- |:—0.0678 0.7295 } (105
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Stage 1: for j = 0, we have

N e
B =2y = | s oo | (108)
T L A
So = A + FIS,Fo — My Py M

= [065%9 Zonoms] 10)

The optimal feedback control gain is

—0.1841 —0.2865
0.0054 —0.1855:| ’ (11D

Then the optimal controls u*(j) = L;x(j) and optimal objec-
tive values J (x;, j) of problem (96) are obtained by Theorem 4
and listed in Table 6.

From Tables 5 and 6, the optimal controls for the prob-
lem (80) and problem (96) are distinctive due to the inter-
ference of uncertain variables and random variables. The
optimal value J(xg, 0) of problem (80) is greater than that of
problem (96). Comparing LQ optimal control problem (96)
without randomness and uncertainty, we need to pay a higher
price to meet the optimal value of the problem (80). This
phenomenon is different from that in Example 1.

Remark 11: Comparing uncertain random LQ optimal
control problem (80) with LQ optimal control problem (96)
without randomness and uncertainty, we see that prob-
lem (96) is just a special case of problem (80). Similarly,
we can do the comparison between the uncertain random
LQ optimal control problem (80) and LQ optimal control
problem with randomness or uncertainty.

IN,()I—P(_)'—M()II:

VI. CONCLUSION

Different from the separate indeterministic environment such
as the stochastic or uncertain situation, this paper consid-
ered an optimal control whose system matrices and control
matrices are multiplied by random sequence and uncertain
sequence. To solve such a model, recurrence equations were
presented based on Bellman’s principle and chance theory.
With the help of recurrence equations, the bang-bang optimal
controls for two types of multistage uncertain random sys-
tems were obtained. Then we investigated an LQ optimal con-
trol problem, allowing the weighting matrices in the objective
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function to be indefinite. Moreover, numerical examples were
given to show the effectiveness of the results obtained.
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