COMMUNICATIONS IN INFORMATION AND SYSTEMS © 2002 International Press
Vol. 2, No. 3, pp. 265-282, December 2002 004

INDEFINITE STOCHASTIC LQ CONTROLS WITH MARKOVIAN
JUMPS IN A FINITE TIME HORIZON*

XUN LIT AND XUN YU ZHOUT*

Abstract. This paper is concerned with a stochastic linear—-quadratic (LQ) control problem over
a finite time horizon with Markovian jumps in the problem parameters. The problem is indefinite in
that the cost weighting matrices for the state and control are allowed to be indefinite. A system of
coupled generalized (differential) Riccati equations (CGRESs) is introduced to cope with the indefi-
niteness of the problem. Specifically, it is proved that the solvability of the CGREs is sufficient for
the well-posedness of the stochastic LQ problem. Moreover, it is shown that the solvability of the
CGREs is necessary for the well-posedness of the stochastic LQ problem and the existence of optimal
(feedback/open-loop) controls via the dynamic programming approach. An example is presented to
illustrate the results established.

Keywords. Indefinite stochastic LQ control, jump linear systems, coupled generalized Riccati

equations, matrix pseudo-inverse, Hamilton-Jacobi-Bellman equations

1. Introduction. Optimal L.Q control is one of the fundamental problems in the
engineering field. In most literature of the LQ theory, the cost function is assumed to
have positive semidefinite state weighting matrix and positive definite control weight-
ing matrix. However, recent studies of the stochastic LQ problem [5, 2, 3] show that
when the diffusion term depends on the control the stochastic LQ problem may still
be well-posed even if the cost weighting matrices are indefinite. This interesting phe-
nomenon has to do with the deep nature of uncertainty/risk as well as its control, and
has led to applications to the financial mean—variance portfolio selection problems.
See [5] for a detailed discusion on the motivation and practical significance of the
indefinite stochastic LQ control, and [13] for a tutorial paper on its applications to
finance. The objective of this paper is to extend the indefinite stochastic LQ control
to the so-called Markov-modulated systems, namely, ones where there are jumps in

the problem parameters modeled by a continuous-time Markov chain.

The study of jump linear systems can be traced back at least to the work of
Krasosvkii and Lidskii [8]. The LQ control with Markovian jumps has been very
widely studied for the last decade; see, for example, Ait Rami and El Ghaoui [1],
Mariton [9], Ji and Chizeck [6, 7], Zhang and Yin [12], among others. Most works
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focus on the following class of LQ control problems

T
Minimize J = E{/o [z(t)' Q(t, re)x(t) + u(t) R(t, re)u(t)]dt

(1) + 2(T) Ha(T) ‘ ro = 2}
subject to dz(t) = [A(t,r)z(t) + B(t, r)u(t)dt + o(t, re)dW (t),
x(O) = 29 € R",
where r; is a Markov chain taking values in {1,--- 1}, W(¢) is a standard Brownian

motion independent of ry, and A(t,r¢) = A;(t), B(t,rt) = Bi(t), o(t,re) = o4(t),
Q(t,r:) = Q;(t) and R(t,r:) = R;(t) when r, = ¢ (i = 1,---,1). Here the matrix
functions A;(-), etc. are given with appropriate dimensions. The Markov chain 7; has

the transition probabilities given by:

WijAt—ﬁ-O(At), if 7 #£ 4,

(2) P{riyar = jlre =i} =
1+ mu At + o(At),  else,

where 7;; > 0 for ¢ # j and 7; = —Zj# Tij-

As with the traditional LQ control problems without jumps, in the literature
where the above type of problems is tackled, it is usually required that the state
weighting matrices, Q;(t), and the control weighting matrices, R;(t), be positive
semidefinite and positive definite, respectively. Also, in the existing works the dif-
fusion coeflicients are usually set as independent of the state and control variables.
To motivate our study here, let us look at an example.

ExaMpPLE 1.1. Consider the following problem

min J:E{/O ()% + R(t, 7o )u(t)2)dt + z(2)? ‘ m:i},
®) . dz(t) = dW(t),
s.t. £(0) = 0,

where r, = 1 and R(¢t,7¢) = R1(t) < 0 when t € [0,1), and r, = 2 and R(t,r¢) =
R5(t) < 0 when t € [1,2]. This problem is ill-posed since J = E{fo1 Ri(t)u(t)?dt +
ff Ro(t)u(t)®dt} + 4 — —oco as |u(t)| — +oo. Now, let us modify the problem into
the following

min J = E{ /02[:10(t)2 + R(t,ro)u(t)?]dt + 2(2)? ‘ Ty = i}7

(4) L da) = u@aw ),

where 7, = 1 and R(t,7) = Ry(t) when ¢t € [0,1), and r; = 2 and R(¢,7) = Ra(¢)
when t € [1,2]. Substituting Ex(t)? = Efg u(s)?ds into the cost function, we obtain
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via a simple calculation

J:E{ﬂlmﬂw+m3—mu@%ﬁ+ﬂfRﬂw+{3—ﬂm@fﬁ}.

Hence, the problem (4) is well-posed when Ry(t) > t — 3 and Ra(t) > ¢t — 3. In
this case, R1(t) and Ry(t) could be negative. Of course, they cannot be too negative
because the problem will be ill-posed when R;(t) < —3 or Ra(t) < —3.

The above example shows an interesting feature of stochastic systems when the
diffusion terms depend on the control. In general, we may consider problem (1) where
the diffusion coefficient o (t,r:) is replaced by C(t,r¢)x(t) + D(¢,r:)u(t). As with the
case without jumps [2], this problem is intimately related to the following system of

coupled constrained Riccati equations (¢ is suppressed)

P;+ PA; + A{Pi + CIP,Ci + Qi + Zgzl i P

—(PB; + C!P,D;)(Ri + D\P,D;)" (B.P; + D.P,C;) = 0,
Py(T) = H,
R, + D/P,D; >0, a.e. t €[0,T], fore=1,---,L

However, the third constraint of (5) is rather restrictive that will likely lead to the
non-existence of its solution even when the corresponding LQ problem is well-posed.
To handle more general indefinite stochastic LQ problems with jumps, we further
relax the positive definiteness of the term R;(t) + D;(t)' P;(t)D;(t) which enables us
to deal with the possible singularity. The generalized form of the equations (5) will
be shown to be correct for studying indefinite stochastic LQ control with Markovian
jumps, in the sense that its solvability is equivalent to the well-posedness of the LQ
problem. Moreover, we can construct all optimal controls via the solution of the
generalized Riccati equations.

The rest of this paper is organized as follows. In Section 2 the indefinite stochastic
LQ control problem is formulated, some preliminaries are given and the coupled gen-
eralized Riccati equations (CGREs) is introduced. It is shown in Section 3 that the
solvability of the CGREs is sufficient for the well-posedness of the LQ problem and
the existence of an optimal control. Moreover, we construct all the optimal controls
via the solution of the CGREs. In Sections 4 and 5 we prove that the solvability of the
CGREs is also necessary for the existence of optimal feedback controls and optimal
open-loop controls via dynamic programming approach, respectively. An example is
presented in Section 6 to illustrate the results established. Finally, Section 7 gives

some conclusions.
2. Problem Formulation and Preliminaries.

2.1. Notation. We make use of the following notation in this paper:
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M’ the transpose of any matrix or vector M;
Mt the Moore—Penrose pseudo-inverse of a matrix M;
M >0 the symmetric matrix M is positive definite;
M >0 the symmetric matrix M is positive semidefinite;
R" the n-dimensional Euclidean space;
R™™ the set of all n x m matrices;
Sm the set of all nxn symmetric matrices;
St the subset of all non-negative definite matrices of S™;
(S™)! =8"x.--x 8
l
(S Stx xS
l
C(0,T; R™™) the set of continuous functions ¢ : [0,7] — R™*™;

LP(0, T; R™*™) the set of functions ¢ : [0,7] — R"*™ such that
Jy |o)Pdt < oo (p € [1,00));

the set of essentially bounded measurable functions
¢:10,T] — R™™,;

the set of continuously differential functions
¢:[0,T] — (S™).

L0, T; R™*™)
CH0,T; (S™)

2.2. Problem Formulation. Given a filtered probability space (2, F, {F; }+>o0,
P) and a Hilbert space H with the norm || - |3, define the Hilbert space

20,75 H) — {¢() ¢(+) is an Fi-adapted, H-valued measurable process }

on [0,T] and E [} [|$(t,w)||2,dt < +oo,

with the norm

16() 172 = (E / "t w>||%dt) :

Consider the following linear stochastic differential equation (SDE) subject to

Markovian jumps defined by

(©) { dz(t) = [A(t,r)z(t) + B(t, r)u(t)dt + [C(t, re)z(t) + D(t, r)u(t)|dW (E),
z(s) = v,

where (s,y) € [0,7) x R" are the initial time and initial state, respectively, and an
admissible control u(-) is an F;-adapted, R"“-valued measurable process on [0,7T].
The set of all admissible controls is denoted by U,q = L%(0,T;R"™). The solution
z(+) of the equation (6) is called the response of the control u(-) € Uyq, and (x(-), u(-))
is called an admissible pair. Here, W (t) is a one-dimensional standard JF;-Brownian
motion on [0,T] (with W (0) = 0). Note that all the results in the following sections

can be generalized to the case with a multi-dimensional Brownian motion without any
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difficulty. On the other hand, r; is a Markov chain adapted to F, taking values in
{1,---,1}, with the transition probabilities specified by (2). In addition, we assume
that the processes r; and W (t) are independent.

For each (s,y) and u(-) € Uyq, the associated cost is

J(S,y,;‘;U(')) /
2 == TS s 1 L
—MUWHwﬂMTWm:i}

In (6) and (7), A(t,r:) = A;(t), etc. whenever r, = i, and H(rr) = H; whenever rp =
1, whereas A;(-) etc. are given matrix-valued functions and H; are given matrices,
i = 1,---,l. The objective of the optimal control problem is to minimize the cost
function J(s,y,i;u(-)), for a given (s,y) € [0,T) x R"™, over all u(-) € U,q. The value
function is defined as
(8) V(s,y,i) = inf J(s,y,i;u(")).
U(')GZ/{ad
DEFINITION 2.1. The optimization problem (6) — (8) is called well-posed if
Vi(s,y,i) > —00, V(s,y) €[0,T)xR", Vi=1,--- L
An admissible pair (z*(-),u*(+)) is called optimal (with respect to the initial condition
(s,y,1)) if u*(-) achieves the infimum of J(s,y,i;u(-)).

The following basic assumption will be in force throughout this paper.
AsSsUMPTION 2.1. The data appearing in the LQ problem (6) — (8) satisfy, for

every i,
Ai(1),Ci() € L=(0,T5R™ ™),
Bi(),Di(-) € L=(0,T;R™™),
Qi() € L=(0,T;8"),
Li(-) € L*>=(0,T;R"*"™),
Ri(-) € L>=(0,T;8™),
H, ¢ S™

We emphasize again that we are dealing with an indefinite LQ problem, namely,
Q(t), Ri(t) and H; are all possibly indefinite.

2.3. Coupled Generalized Differential Riccati Equations. Let us first re-
call the properties of a pseudo matrix inverse [10].

PROPOSITION 2.1. Let a matriz M € R™*"™ be given. Then there exists a unique
matriz MY € R™™™ such that

{ MMM = M, MMMt = Mt

(9) (MMTY = MM, (MTM) = MM,
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where the matriz M is called the Moore—Penrose pseudo inverse of M.

Now we introduce a new type of coupled differential Riccati equations associated
with the LQ problem (6)—(8).
DEFINITION 2.2. The following system of constrained differential equations (with

the time argument ¢ suppressed)

Pi+ PAi + AP + CIPCi + Qi + Y5y 7 Py
—(P;B; + C!P;D; + L;)(R; + D.P;D;)!(B.P; + D!P,C; + L.) = 0,
P(T) = H;
(Ri + D}PD;)(R; + D;P,D;)!(B{P; + D;P,C; + L)
—(B/P;+ D,P,C; + L)) =0,
R, + D.P,D; > 0, a.e. t €[0,7], i=1,---,1

(10)

is called a system of coupled generalized (differential) Riccati equations (CGRESs).
If the term (R; + D, P;D;), for every i, is further required to be non-singular, then
the CGREs reduce to the equations
P+ PA; + AP, + C{P,C; + Qi + 22:1 i P
—(PB; + CLP.D; + L)(R; + D{PD;) " (BIP, + DLP,C; + L) = 0,
P(T) = H;
Ri+D.PD; >0, ac. tel0,T], i=1,--- 1.

(11)

Another interesting special case is when R; + D,P;D; = 0 for every i, the CGREs

reduce to the following linear differential matrix system:

Pi+ PA + AP+ CIPCi + Qi+ Yy mis Py = 0,

(12)
B!P, + D;P,C; + L}, = 0,
R+ D,P,D; =0, ae.te[0,T], i=1,-- 1.

2.4. Some useful lemmas. In this subsection we collect a number of technical
lemmas that are useful in our subsequent analysis. The first one is the generalized
Ito’s formula.

LEMMA 2.1 ([11]). Let x(t) satisfy

dx(t) = b(t, x(t), r¢)dt + o(t, z(t), re)dW (),
and ¢(-,-,i) € C%([0,00) x R™), i =1,--- 1, be given. Then,

E{@(T,x(T),TT) —o(s,x(8),rs) | s = z}

(13) ::E{LT%u@mnﬂ+Fﬂuﬂmﬁﬂﬂrf”}

where
Tp(t,z,i) = %tr[o(t, 2,1) Qua(t, z,1) o (t, 2,1))

+b(t7 z, Z)/@x(t, x, Z) + Zl]:]_ 7T”§0(t, 1'7])
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LEMMA 2.2 ([2, 3]). For a symmetric matriz S, we have
(i) ST =(S")";
(i) SST = S81S;
(iii) S >0 if and only if ST > 0.
LEMMA 2.3 (Extended Schur’s lemma [4]). Let matrices M = M', N and R = R’
be given with appropriate dimensions. Then the following conditions are equivalent:
(i) M—NR'N'">0and N(I - RR") =0, R > 0;

MmN
(i) > 0;
N' R
N/
(iii) R > 0.
N M

LEMMA 2.4 ([2]). Let matrices L, M and N be given with appropriate sizes. Then

the following matriz equation

(14) LXM =N

has a solution X if and only if

(15) LLINM'M = N.
Moreover, any solution to (14) is represented by

(16) X =LINM"+85 - LTLSMMT,
where S is a matriz with an appropriate size.

3. Sufficiency of the CGREs. In this section, we will show that the solvability
of the CGREs is sufficient for the well-posedness of the L(Q problem and the existence
of an optimal feedback control. In addition, all optimal controls can be obtained via
the solution to the CGREs (10).

THEOREM 3.1. If the CGREs (10) admit a solution (Py(-), -+, Py(-)) € C*(0,T;
(8™, then the stochastic LQ problem (6) — (8) is well-posed. Moreover, the set of
all optimal controls with respect to the initial (s,y) € [0,T) x R" is determined by the
following (parameterized by (Y;, z;)):

ult) = =Sy {I(Rile) + Di(t) Put)Di(0)) (Bi(1) P.(1)

)+ Lilt))
(17) —(R;(t) + D;(t) Pi(t)D;(t)
(

)
)}X{mzi}(t%
)

where Y;(-) € L% (s, T;R™*") and z;(-) € L%(s,T;R"). Furthermore, the value
function is uniquely determined by (Py(-),---, Pi(:)) € CY(0,T;(S™)"):

(18) V(S,y,’é) = inf J(Sayvi; u()) = y/Pi(s)ya i= ]-v e 1l'
u(-)EUqa
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Proof. Let (Pi(+),--,P/(-)) € C1(0,T;(S™)) be a solution of the CGREs (10).
Setting ¢(t,x,i) = 2’ P;(t)x and applying the generalized It6’s formula (Lemma 2.1)
to the linear system (6), we have

Elz(T) Hypx(T)] — y' Pi(s)y,
= Elx(T)'F, ( )2 (T) — x(s) P(rs)a(s) | rs =i
= Efe( T( )srr) = @8, a(s),7s) | s = ]
= E{ To(t,z(t), ) i},

where

Tp(t,z,i) = o(t,z,i) +b(t,x,u,i) pi(t, z,7)
+5 tr[ (t, 2, u, 1) Qre(t, x, ) o (t, x,u,9)] + 22:1 mije(t, z, j)

' [Py(8) + Ai(8) Pi(t) + Pi(t) Ai(t) + Co(t) P()Co(t) + Xy 75 Py (1))
+2u'[B;(t)' Pi(t) + D;i(t) P;(¢)Cy(t)]x + v Dy (t) Py(t) D, (t)u.

Hence, we can express the cost function as follows
J(Sa Y, i; u())
T
(19) = y'Pi(s)y + E{/ [Co(t,z(t),re) + z(t) Q(t, r¢)x(t)

+2u(t) L(t, 1) w(t) + u(t) R(¢, r)u(t)]

From the definition of the CGRESs, we have

I‘(p(t x,0) + 2’ Q;(t)x + 2u' L;(t) x + v/ R;(t)u
= 2'[Pi(t) + Ai(t) Pi(t) + Pi(t) As(t) + Ci(t) Pi()Ci(t) + Qs(t) + Xy mi; P ()]
+2u'[B;()' P;(t) + Di(t)' P;(t)Ci(t) + Li(t) | + ' [Ri(t) + Dy(t)" P;(t) Dy(t)]u
= &/{[P;(t) Bi(t) + Ci(t) Pi(t) Di(t) + Li(t)][Ri(t) + Di(t) P;(t) Di(1)]T
(B; () Pi(t) + D;(t) P;(¢)Ci(t) + L;i ()|}
Y2 [By (1) Pi(t) + Di(t) Py(t)Cy(t) + Li(t) ) + o/ [Ri(t) + Dy(t) Pi(t) Dy (t)]u.

Now, let Yi(-) € L%(s, T; R™>™) and z(-) € L%(s, T; R™) be given for every i. Set
Gi(t) = Yi(t) — [Ri(t) + Di(t) Pi(t) Ds(1)]T[Ri(t) + Di(t) Py(t) D (1)]Yi(t),
GE(t) = 2i(t) — [Ri(t) + Di(t)' Pi(t) Di ()] [Rs(t) + Di(t)' Ps(t) Dy ()] 2i(1).

Applying Proposition 2.1 and Lemma 2.2-(ii), we have for k = 1,2,

(20)  [Ri(t) + Di(t) (1) Di()]GE () = [Ri(t) + Di(8) Py() Di(1)] TG (1) =

and

[P;(t)Bi(t) + Ci(t) P;(t) D;(t) + Li(t)]G} (t) =
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Hence,

To(t,z,i) + 2'Q;(t)x + 2u'L;(t) x + v R; (t)u
= [u+(GH(t) — Ki(t))x + GF ()] [Ri(t) + Di(t)' Pi(t) Di(t)]
fu+ (Gi(t) — Ki(t)z + GF (1),

where K;(t) = —[R;(t) + D;(t)' Pi(t)D;(t)]1[B;(t) Pi(t) + D;(t)' Pi(t)Ci(t) + Ly (t)'].
Then the equation (19) can be expressed as
J(s,y,t5u(-))
T
= y'Pi(s)y + {E/ [u(t) + (G (t,re) — K (t,1))z(t) + G*(t,r)]
[R(t,7e) + D(t,re) P(t,7¢) D(E, 1) [u(t)
H(GU () — K(tr)z(t) + G2(t, )] dt \ re = z}

(21)

where and P(t,r;) = Pi(t), K(t,7) = K;(t) and G*(¢,7;) = G¥(t) whenever r, = 1,

k = 1,2. Thus, J(s,y,4u(-)) is minimized by the control given by (17) with the

optimal value being y' P;(s)y. 0

COROLLARY 3.1. The optimal controls are obtained in the following special cases:

(i) If Ri(t) + D;(t)' Pi(t)D;(t) =0, a.e. t € [s,T] for every i, then any admis-
sible control is optimal.

(i) If Ri(t) + D;(t)'Pi(t)Di(t) > 0, a.e. t € [s,T] for every i, then there is a

unique optimal control that is given by the following linear feedback law:

u(t) = Y0y KOz ()X {rmiy (1),

where K; (t) = _[Rz (t) + D; (t)/Pi(t)Di (t)]_l[Bi (t)/Pi(t) + Di(t)lpi (t)Cz(t) +
Li(t)']-
Proof. These are straightforward from Theorem 3.1. 0

As an immediate consequence of Theorem 3.1, we have the uniqueness of the
solution to the CGREs (10).

COROLLARY 3.2. If there is a solution to the CGRFEs (10), then it must be the
unique solution.

Proof. Let (Py(-),---,P/(-)) and (Pi(-), -, P,(-)) € C1(0,T;(S™)") be two solu-
tions of the CGREs (10). Then Theorem 3.1 implies that

y'Pi(s)y =y Pi(s)y, YyeR", Vse[0,T], i=1,---,l

Hence, (Py(t),---, Bi(t)) = (Pi(t),--- , Bi(t)). 0

It is interesting to see the specialization of our results in the deterministic case
(ie., Ci(-) = Di(-) =0 for i = 1,--- ,1). Assume that R;(-) € L>(0,7;S7"), namely,
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the control weight is possibly singular. The corresponding CGREs are (¢ is suppressed )

P, + PiA; + AP, — (PiB; + Lj)R (B/P, + L)) + Qi + Y.\, mi; P; = 0,
(22) ¢ P(T) = H;
R;R[(B/P; + L)) — (B}P, + L)) =0, Vt€[0,T], i=1,-- 1.

According to Theorem 3.1, if the above equations admit a solution (Py(-),-- -, Bi(-)) €
C1(0,T;(S8™)!), then there may be infinitely many optimal controls, and any optimal

control has the following form

u(t) = = iy { IR0 B P() + Yilt) — Bi(8) ROV (D]t
+2i(t) = Ri() Ra(t)24() }x iz (),

where Y;(-) € L?(s, T; R™*™) and 2;(-) € L?(s,T; R™) for every i.

4. Necessity of the CGREs. In the previous section, we proved that the
solvability of the CGREs (10) is sufficient for the well-posedness of the LQ problem
(6)—(8) and optimal feedback control laws can be constructed based on the solution
to the CGREs (10). In this section, we shall derive the associated Hamilton—-Jacobi-
Bellman (HJB) equation by using the dynamic programming approach, and show
that the solvability of the CGREs (10) is also necessary for the LQ problem to have
an optimal feedback control. Furthermore, we will show that any optimal feedback
control law has the form (17) with z(¢) = 0.

First we give the following lemma.
LEMMA 4.1. Assume that the LQ problem (6) — (8) is well-posed. For any
s €[0,T), if there exists (Py(-), -+, Pi(-)) € C*(0,T;(S™)") such that

P+ PA; + AJP, + CIPCi + Qi + i mi Py
(23) ¢ P(T)=H;
(Ri + D.P,D;)(R; + D,P,D;)"(B.P; + D.P,C; + L})
—(B/P;+ D,P,C; + L) =0, ae tels,T], i=1,---,l.

Then (Pi(+),- -+, Pi(+)) must satisfy
R;+ D;P,D; >0, ae telsT], i=1---,l

Proof. Let A\i(t) be a negative eigenvalue of the kth matrix Ry (t) + Dy (t)' Pk(t)
Dy (t), t € [s,T). We will show that mes({t € [s,T] | A\x(¢t) < 0}) = 0, where mes
denotes the Lebesgue measure. Denote the unitary eigenvector with respect to Ag(¢)
as vy, () (i.e., va, (t)'va, (t) = 1). Define I(-) as the indicator function of the set
{te[s,T] | \e(t) < =2}, n=1,2,---. Let § # 0 be an arbitrary scalar and consider

n
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the state trajectory x(-) of the system (6) under the feedback control

(24) u(t,l‘,i) = { 6|Ak(t)|_%l7];f(t)v)\k (t) + Ki(t)x, if i =k,

z(+) be the corresponding state trajectory of (6) under the above feedback control and
let u(t) = u(t, z(t),r:). Clearly, u(-) € L%(s,T;R"™*). Now,

J(s,y,iu() = y’Pi(S)y+E{ /ST[u(t) — K(t,r)x(t)]
[R(t,70) + D(t,m4) P(t, ) D(t, 1) [u(t) — K (¢, m)x(t)]dt ] ry = z}
It follows from Mg () < 0 that
k()] I () [Ri (8) +Die(t) Po() Dic(D)]oa, (1) = =Ly ()ox, ().

Hence, we have

J(s,y.izu()) = y'Pi(s)y =0 [ I (t)dt
— y'Py(s)y — 52mes({t € [s,T] | Au(t) < —%}).
If mes({t € [s,T] | \e(t) < —1}) > 0, then by letting § — oo we have J(s,y,;u(-)) —
—oo which contradicts to the well-posedness of the LQ problem. Then mes({t €
[s,T] | Me(t) < —1}) = 0. Since

n

(25) {t € s, 7] | M(t) < o} =U,en {t e [5,T] \ Me(t) < —;}7

we conclude that mes({t € [s,T] | Ax(t) < 0}) = 0, completing the proof. 0

THEOREM 4.1. Assume that Q;(t) and R;(t) are continuous in t for every
i. In addition, assume that the LQ problem (6) — (8) is well-posed and a given
feedback control u(t) = Zizlfi(t)x(t)x{n:i}(t) is optimal for (6) — (8) with re-
spect to any initial (s,y) € [0,T] x R". Then the CGREs (10) must have a so-
lution (Py(-),---,P(-)) € CY0,T;(S™)). Moreover, the optimal feedback control
a(t) = Eizlfi(t)m(t)x{m:i}(t) can be represented via (17) with z(t) = 0.

Proof. By the dynamic programming approach, the value functions V(s,y,1)

satisfy the following HJB equations for ¢ = 1,--- 1

Vi(s,y,1) + min {y’Qiy + 2y Liu+ v Rju + [Ayy + Biu)'Vy (s, y,17)
(26) u
+35(Ciy + Dy Vyy (5,9, 1)[Ciy + Diu] + Zézl mi;V (s, y,j)} =0,

with the boundary condition

(27) V(T,y,i) =y Hiy.
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In view of the assumption of the theorem, a simple adaption to the proof of [2,

Lemma 5.1] yields that the value function can be represented as
(28) V(S7y7l) :y/Pl(s)y, 1= 17 al

for a symmetric m x m matrix P;(-). Moreover, P;(¢) is differentiable at any ¢ € [0, T].

Substituting (28) into (26), we have the equations (s is suppressed)
o (Pt P+ AP+ CIP.Cy + Qi+ X s )y
(29) + min {u/(Ri + D!P,D;)u + 2/ (P;B; + C!P,D; + Li)u} =0,
Pi(T)u: H; i=1,---,1L
By assumption, a minimizer w in (29) is given by u(s,y,1) = K;(s)y for ¢, and hence
(29) are reduced to the following equations,
v (Bi+ Pidi+ AP, + CIP.C+ Qi+ X mis Py )y
(30) +min {y’ [K;(Ri + DiP,D;)K; + 2(P;B; + C{P;D; + Li)KZ} y} =0,
Pi(T);Hi i=1,- 1.
The second term of the left-hand side of the first equation above reaches the minimum
if and only if

0
0K,

K/(R; + D\P,D;)K; + 2(P,B; + C/P,D; + Li)K,}

ie.,
(31) (Ri + DiP,D;)K; + (B,P;, + D;P,C; + L) =0, i=1,---,l
Now, we apply Lemma 2.4 to the equations (31) with
L=R;+DPD;y M=1, N=—(B.P,+ D\PC; + L), i=1,---,L.

First of all, by virtue of the assumption we know a priori that the equations (31) do

have a solution K;. Hence (15) in this case is equivalent to
(R; + D\P,D;)(R; + D,P,D;)(B,P, + D.P,C; + L.) = B.P; + D.P,C; + L.

Moreover, by (16), K; has the following form

K, = —|(Ri + D,P,D;){(B.P; + D\P,C; + L})

32
(32 +Y; — (R; + D\P,D;){(R; + DIP,D,)Y;|,  i=1,--- L.

Replacing (K1(-),---, K;(+)) into the first I equations of (30), we can see by a simple
calculation that (P;(-),---, P(-)) € C*(0,T;(S™)!) satisfies the following equations

: l
Bi+ PiAi + AiPi + CiPCi + Qi+ 325y i P
(33) —(P;B; + C/P,D; + L;)(R; + DP,D;)'
(B!P;+ D\P,C;+ L)) =0, i=1,---,1
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Noting that Lemma 4.1 implies that R; + D;P,D; > 0 for every i, we easily con-
clude that (Pi(-),---,Pi(-)) € C*0,T;(S™)!) solves (10). The representation of
(K1(-),-++ ,K,(-)) is given by (32). This completes the proof. 0

5. Open-Loop Optimal Controls. In the previous analysis we have shown
that the solvability of the CGREs (10) is equivalent to that the LQ problem is solvable
by feedback controls. In this section we further prove that the solvability of the
CGREs (10) is also equivalent to that the LQ problem is solvable by continuous

open-loop controls.

Set

Mi(t) = Pi(t) + A Pi(t) + Pi(t) Ai(t)
+Cilt) Pi(t)Ci(t) + Qalt) + -, mis Py (1),
Ni(t) = Ri(t) + Di(t) Pi(t)Di(t),

Pi()Bi(t) + Ci(t)' Pi(t) Di(t) + Li(t).

Consider the following convex set of linear matrix inequalities (LMIs) on [0, T:
M;(t) | £i(t)

Li(t)" | Ni(t)

a) (Pi() P) >0, ae. tel0,T],

BY P21 o ris

Let us show the following theorem which provides a sufficient condition for the
well-posedness of the LQ problem.

THEOREM 5.1. The L@ problem (6) — (8) is well-posed if the set P is nonempty.

Proof. Let (Py(-), -, P/(-)) € P. Setting ¢(t,z,i) = ' P;(t)x and applying the
generalized It6 formula, we have, for any admissible (open-loop) control u(-) and any
initial (s,y) € [0,7) x R",

J(s,y,5u(-)) = y'Pi(s)y + E[l’(T)’(HrT — P (T))2(T)

T
(35) +8{ [ Dottal0)r) + 20/t r)2(0)
F2u(t) Lit,re) () + u(t) R(t, r¢)u(t)|dt \ re = z}
where

Fw(t,x,i)—kx’Q‘()m+2uL(t)’x—|—uR()
= &[Bi(t) + Ai(t) Pi(t) + Pi(£) Ai() + Co(t) Bi(0)Cilt) + Qu(t) + X, mi Py ()]

+2u[§i()P()+D() (1) Ci(t) + Li(t) o + o' [Ri(t) + Di(t) Pi(t) Dy(t)]u
| M;(t) | Li(t) T
| Li(t) | Ni(t) uw |’

Thus J(s,y,4;u(-)) > y' Pi(s)y, implying V (s,y,i) > —o00,¥(s,y) € [0,T) x R".
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The following is the main result of this section.

THEOREM 5.2. Assume that B;(t), Ci(t), D;(t), Qi(t), Ri(t) and L;(t) are contin-
uous in t. Then the LQ problem (6) — (8) has a continuous optimal open-loop control
for any initial (s,y) € [0,T] x R"™ if and only if the CGREs (10) have a solution
(Pi(-),- Bi() € P.

Proof. The “if” part follows from Theorem 3.1. Let us now show the “only if”
part. Similar to Theorem 4.1, the dynamic programming approach yields that the
value function V(s,y,) satisfy the HJB equation (26) and the boundary condition
(27). Taking u(-) =@ € R™, we obtain from (29)

+{@(R; + D{P,D;)a + 2y (PB; + C{P.D; + L)} > 0,

P,(T) = H;, i=1,---,1.
This is equivalent to

yH i(s) <s>[
a | | Lis) | Nis)

PZ(T):HZ, Z:]. . ,l.

NS

1 >0, ae. s€e](0,T],

>0, ae. sel0,7T],

(36)
P(T) = H;, i=1,-,1

Applying Lemma 2.3 to (36) and noting Lemma 2.2-(ii), we have

M;(t) = LN ()T Li(t) = 0,

. NADNLOT L0~ £:(2) =0,
N;(t) >0, a.e. tE[O,T]

B(T)=Hi, i=1,---,L

Now, Let (z*(-),u*(-)) be an optimal open-loop control for (6)—(8) with respect to the
initial condition z*(s) = y. Setting ¢(t,x,i) = ' P;(t)z and applying the generalized
It6 formula, we have, as with (35),
V(s y,9)
T
(38) = v R+ B [ et 0, + 00/ Qt " 0)

+2u*(t)' L(t, re) x* () + u*(t) R(t, re)u*(t)]dt ’ rs = z'},
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where

To(t,x,1) —I—J;’Q (t)x + 20" L;(t) . + ' R;(t)u
/

| Li(t) x
| M(t) u
= x'[Mi(t) Ni(@)TLi(t) ]2 + [u + Ni()TLi() 2 N () [u + N (1) T Li(2) ]

By virtue of the relation V (s, y,i) = 3’ P;i(s)y and (38), we obtain
Mi(t) = LN Li(t) =0, i=1,--- 1,
i.e., (t is suppressed)
(39) —(P;B; + C!P;D; + L')(R; + D.P;D;)! (B.P; + D!P,C; + L.) = 0,
1=1,--- 1,
which, along with (37), implies that (P;(-),--- , Pi(+)) is a solution to the CGREs (10).
What remains to show is that any optimal control u*(-) can be represented by

(17) for some Y;(-) and z;(+). Since u*(+) is optimal, by (38), the integrand in the right

hand side of (38) must be zero almost everywhere in ¢. This implies, for every 4,

1

Ni()2 [u* (1) + Ni(6)TLi(#) 2" ()] = 0,
which leads to
Ni(Ou* (1) + N ()T Li(t)'z* ()] = 0,
or equivalently,
Ni(t)u™ () + L(t) 2" () = 0,
a.e. t € [s,T]. To solve the above equation in u*(¢), we apply Lemma 2.4 with
L=N;(t), M =1, N=—L;(t)z*(t).

Note that the condition (15) in the present case is implied by the third constraint in
the CGREs (10), hence the general solution (16) with z;(¢) = S and Y;(t) = 0 yields
that u*(-) can be represented by (17). This completes the proof. 0

Theorem 5.1 indicates that the non-emptiness of the set P is sufficient for the
well-posedness of the original LQ problem. The following result states that the non-
emptiness of the set P is necessary for the attainability of the LQ problem.

THEOREM 5.3. Under the same assumption of Theorem 5.2, the LQ problem
(6) — (8) has a continuous optimal open-loop control for any initial (s,y) € [0,T] xR"
only if the set P is nonempty.

Proof. This is seen from (36). 0
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6. An Example. In this section we give an example where the Markov chain
has two states and where the singularity of R;(t) + D;(¢)'P;(t)D;(t) (i = 1,2) occurs,
but the LQ problem is well-posed and attainable. Moreover, the example shows that

the stochastic LQ problem can be well-posed even if R;(t), i = 1,2, are negative.

Consider the following one-dimensional LQ problem

T
min J = E{/ [Q(t, r)x(t)?+2L(t, )z (t)u(t) + R(t, ¢ )u(t)?)dt
0

Toi}a

ot { dz(t) = [A(t,ry)z(t) + B(t, r)u(t)]dt + [C(t, re)z(t) + D(t, re)u(t)][dW (¢),

+Hax(T)?

where A(t,r;) = A;, B(t,ry) = By, C(t,ry) = Cy, D(t, 1) = Dy, Q(t, 1) = Q; and
L(t,r;) = L; are constants, and R(t,r;) = R;(t) when r; = i. The coefficients are
chosen such that D; # 0, B; + D;C; =0, L, =0, Q; =0, m;; < 0 for ¢ = 1,2, and
T11 # mag. Moreover, R;(t) = —D2P;(t) (i = 1,2), where P;(-) satisfies

Pi(t) = —[241 4+ C2 + 71| Pi(t) + 111 Pa(2),
(“0) Py(t) = maaPi(t) — [2As + CF + ma2] Pa(t),

P(T) = H,

Py(T) = H.

It is easy to see that (40) is nothing but the system of CGREs (10) in the present
case.
Set

a = —(2A1 + 012 +7711) and b= —(2A2 + 022 +7T22).

Then (40) reduces to

Pi(t) = aPi(t) + 11 Pa(t),
Py(t) = maaPi(t) + bPs(t),
P(T) = H,
P (T) = H.

The above equation is solvable by

Py(t)
Py(t)

VA Gi—a

11

VA ¢2—a

11

_ HeGO-T) | el [ 1

4 HeGO-T) | (atm) =G [ 1 ] ’

or equivalently,

¢i1—b Ca—b
P (t) = H€C1(t7T) CSe—(ma2+b) | Tman + He@(t*T) L (maa4b)—G1 7?'22
Py(t) va 1 va 1|’
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where

G =13[(a+b)— VA,
G2 = 3lla+b)+ VA
A= (CL — b)2 + 471799,

In fact, (; and (5 are two different real roots of the following quadratic algebraic

equation
(41) CQ—(G,—Fb)C—FClb—ﬂ'Hﬂ'gQ:O.
Moreover, the following equalities hold

{ C2*(a+71'11)'c71r1_1a =G —(ma+b), (a+m1)—C 2% = (ma+b) — (1,

11

CQ_(WZQ"‘V_b)'M:CQ—(a‘FWll), (7T22+b)—<1'@:(a+71'11)—(:1.

™22 ™22

By Theorem 3.1 and Corollary 3.1-(i), we see that the LQ problem is well-posed,
and any admissible control is optimal with the optimal cost P;(0)x3 if rq = i. Fur-
thermore, taking 71, and mes so that —V/A < (a—0b)+2m1 < VA and —VA <

(b —a) + 279 < VA, we have

(42) {CQ(Q+7T11) 3, (a+ 1

>
Ca — (m22 +b) >

Hence, if H is chosen to be nonnegative, then P;(t) (i = 1,2) will be nonnegative;
otherwise if H is negative then P;(t) (i = 1,2) will be negative. Finally, we note
that the LQ problem is well-posed even though R;(t) = —D?P;(t) < 0 when choosing
Pi(t) > 0.

7. Conclusion. This paper investigated the indefinite stochastic LQ control
with Markovian jumps. A new type of Riccati equations was introduced to iden-
tify optimal controls and calculate the optimal cost value. Certain equivalent rela-
tions were established between the solvability of the Riccati equations and the well-
posedness/solvability of the LQ problem.

The research on the indefinite stochastic LQ control has so far been limited to
the so-called full information case, namely, the state and the Markov chain are both
completely observable. In reality, however, most of the interesting cases are those of
the partial information. Partially observed indefinite stochastic L(Q control remains

an important and challenging open problem.

REFERENCES

[1] M. Arr Rami AND L. EL GHAoUL, LMI optimization for nonstandard Riccati equations arising
in stochastic control, IEEE Transactions on Automatic Control, 41(1996), pp. 1666-1671.

[2] M. AiT Rawmi, J. B. MOORE, AND X. Y. ZHOU, Indefinite stochastic linear quadratic control
and generalized differential Riccati equation, STAM Journal on Control and Optimization,
40(2001), pp. 1296-1311.



282

(12]

[13]

XUN LI AND XUN YU ZHOU

M. AiT Rami AND X. Y. ZHOU, Linear matrixz inequalities, Riccati equations, indefinite stochas-
tic quadratic controls, IEEE Transactions on Automatic Control, 45(2000), pp. 1131-1143.

A. ALBERT, Conditions for positive and nonnegative definiteness in terms of pseudo-inverse,
SIAM Journal on Applied Mathematics, 17(1969), pp. 434-440.

S. CHEN, X. L1 AND X. Y. ZHOU, Stochastic linear quadratic regulators with indefinite control
weight costs, SIAM Journal on Control and Optimization, 36(1998), pp. 1685-1702.

Y. Ji AND H. J. CHIZECK, Controllability, stabilizability, and continuous-time Markovian jump
linear quadratic, IEEE Transactions on Automatic Control, 35(1990), pp. 777-788.

Y. Ji AND H. J. CHIZECK, Jump linear quadratic Gaussian control in continuous-time, IEEE
Transactions on Automatic Control, 37(1992), pp. 1884-1892.

N. N. Krasosvkil AND E. A. LiDsSKII, Analytical design of controllers in systems with random
attributes I, II, I1I, Automation and Remote Control, 22(1961), pp. 1021-1025, 1141-1146,
1289-1294.

M. MARITON, Jump Linear Systems in Automatic Control, Marcel Dekker, New York, 1990.

R. PENROSE, A generalized inverse of matrices, Proceedings of the Cambridge Philosophical
Society, 51(1955), pp. 406-413.

W. M. WONHAM, Random differential equations in control theory, Probabilistic Methods in
Applied Mathematics, Academic Press, New York, 2(1970), pp. 131-212.

Q. ZHANG AND G. YIN, On nearly optimal controls of hybrid LQG problems, IEEE Transactions
on Automatic Control, 44(1999), pp. 2271-2282.

X. Y. ZHou, Markowitz’s world in continuous time, and beyond, in: Stochastic Models and
Optimization, D.D. Yao, H. Zhang and X.Y. Zhou (eds.), Springer, New York, 2003.



