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OPTIMAL ERGODIC CONTROL OF LINEAR STOCHASTIC
DIFFERENTIAL EQUATIONS WITH QUADRATIC COST
FUNCTIONALS HAVING INDEFINITE WEIGHTS*

HONGWEI MEIT, QINGMENG WEIf, AND JIONGMIN YONGS$

Abstract. An optimal ergodic control (EC) problem is investigated for a linear stochastic dif-
ferential equation with quadratic cost functional. Constant nonhomogeneous terms, not all zero,
appear in the state equation, which lead to the asymptotic limit of the state nonzero. Under the
stabilizability condition, for any (admissible) closed-loop strategy, an invariant measure is proved
to exist, which makes the ergodic cost functional well-defined and the EC problem well-formulated.
Sufficient conditions, including those allowing the weighting matrices of cost functional to be indefi-
nite, are introduced for finiteness and solvability for the EC problem. Some comparisons are made
between the solvability of EC problem and the closed-loop solvability of stochastic linear-quadratic
optimal control problem in the infinite horizon. The regularized EC problem is introduced to be
used to obtain the optimal value of the EC problem.
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1. Introduction. Let (Q, F,F,P) be a complete filtered probability space on
which a standard one-dimensional Brownian motion {W(¢),t > 0} is defined such
that F = {F; };>0 is the natural filtration of W(-) augmented by all the P-null sets in
F. We begin with the following n-dimensional controlled linear stochastic differential
equation:

dX(t) = [AX(t) + Bu(t) + bl dt + [CX (t) + Du(t) + o] dW(t), t >0,

(L.1) X(0) = x.

In the above, A,C € R"*"™ B, D € R" ™ are called the coefficients of the system,
b,o € R™ are called the nonhomogeneous terms, X (-) is the state process valued in
R™, and u(-) is the control process valued in R™. We call (1.1) the state equation. Let

%0,T) = {u :[0,00) x Q@ — R™|u(-) is F-progressively measurable,

T
IE/O |u(t)|2dt<oo},
%oc[ovoo) = ﬂ %[O,T],

T>0
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%0,00) = L2(0,00;R™) = {u(-) € Uc]0, 00) |E/Ooo|u(t) |2dt < oo}.

Clearly, for any u(-) € Zc]0,00) and any initial state © € R™, state equation (1.1)
admits a unique solution X (-) = X(-;x, u(-)) which is F-adapted and continuous, thus
integrable on any finite interval [0, T]. To measure the performance of the control u(-)
on the interval [0, 7], we introduce the following cost functional:

T
(12) Tr(wiu() =E [ g(X@),u(t)dr
0
where
(1.3) g(x,u) = (Qu,z)+2(Sx,u)+ ( Ru,u) +2{(q,x ) +2{p,u),

with some suitable matrices @, S, R and vectors ¢, p. Then an optimal control problem
on [0,7] can be formulated.

PROBLEM (LQqo 71). For any given x € R", find a u(-) € % [0,T] such that

(1.4) Tr(a() = nt JrGeal)

When a u(-) € [0,T] exists satisfying (1.4), we say that Problem (LQjo 1) is
open-loop solvable and u(-) is called an open-loop optimal control, the corresponding
state process X (-) = X (-;x,u(-)) is called the corresponding open-loop optimal state
process, and (X (-),u(-)) is called an open-loop optimal pair. Problem (LQ 1) is
referred to as an LQ problem on [0, 7.

It is well-known by now that under proper conditions, Problem (LQ[,r) (even
allowing b(+),o(-), ¢q(-), p(:) to be random) admits a unique open-loop optimal control
u(-) € [0,T] which has a closed-loop representation via the solution to a Riccati
differential equation; further, this coincides with the outcome of a so-called closed-
loop optimal strategy (see, for example, [18] for details). It is natural to ask what it
will be if we consider the problem on [0, c0). Namely, consider the same state equation
(1.1) with the following cost functional:

(15) Joo(@iu()) = E / " g(X(0), u(t) .

Such LQ problems have been studied in [20] (see the references cited therein as well
for some details) with b, 0, g, p replaced by globally square integrable F-progressively
measurable processes b(-),o(:),q(-), p(:) on [0,00) and the homogeneous system, de-
noted by [A,C; B, D] is stabilizable, by which we mean that there exists a matrix
O € Rm*"  called a stabilizer of [A, C; B, D], such that the homogeneous closed-loop
system

16) { dXo(t) = (A+ BO)X,(t)dt + (C + DO)Xo(t)dW (t),  t>0,

XO(O) =,

admits a unique solution Xo(-) € LZ(0, 00; R™). Now, in the case that b, o are constant
vectors, and not all are zero, the (global) integrability condition is not satisfied. Con-
sequently, even if [A, C; B, D] is stabilizable, the state X (¢;z, u(-)) will not approach
to zero as t — oo. Thus, the corresponding cost functional will not be well-defined
in general. Hence, the corresponding LQ problem is not well-formulated in the tradi-
tional way.

In this paper, we are going to formulate an LQ problem with the state equation
(1.1) and a quadratic cost functional which is closely related to the original (1.5). We
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will develop a theory for that kind of LQ problem. So that our procedure can be
carried out, throughout the paper, we will assume the following.
(H1) The matrices A,C € R"*™ B, D € R™*"™ satisfy the following:

(1.7) O[A,C; B, D] = {© € R™*™ | © stabilizes [A,C; B, D]} # 0.

When (H1) holds, we call any pair (©,v) € ©[A,C; B, D] x R™ an admissible
closed-loop strategy (see [20] for a similar notion) and define

(1.8) U={u:R" > R™|u(z) =0x+v, (0,v)€ O[AC;B,D]xR"},

which is the set of all outcomes of the admissible closed-loop strategies. Any u(-) € U
is also called a linear feedback control, or a closed-loop control. In what follows, we
will identify u(z) = ©x 4+ v with (0, v), via which one has

(1.9) U= ©[A4,C;B,D] x R™.

It is clear that for any (©,v) € U, the closed-loop system

(1.10)
{ dX(t) =[(A+ BO)X(t) + Bv+bldt + [(C+ DO)X(t) + Dv + o]dW (t), t > 0,

X(0) ==,

has a unique solution X (-) = X(-;z,0,v) on [0,00). Although it is not necessarily in
L2(0,00;R™), we will show (in the next section) that the following holds:

(1.11) sup E|X (t;z,0,v)|? < oco.

t>0

Hence, for any A > 0, the so-called Abel mean type functional can be defined:

(1.12) J2 (2;0,v) = IE/ e Mg(X(t7,0,0),0X (t;2,0,v) +v)dt, (0,v) € U.
0

Consequently, one could try to find a (6,,v,) € U such that

(1.13) JX(2;0),7y) = (@%E)erJgo(x;G,v).

It is natural to further ask what happens if we send A — 0 (trying to recover the
solution to the original problem in some sense). Since under (H1), only (1.11) is
guaranteed, we could not expect the limit limy_,o+ Ji‘o(x;@,v) to exist and to be
finite. It turns out that the following exists:

(1.14) Joo(z;0,v) = lim M2 (2:0,0)2E(0,v)  V(0,v) €U

A—0t

with some function £ : U — R, independent of x € R", called an ergodic cost function.
Hence, we could formulate the following optimal control problem.

PROBLEM (EC). Find a pair (©,0) € U such that

1.1 0,0) = inf .
(1.15) £(0,v) (6{3)€U5(97v)
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We call the above an ergodic optimal control problem. Any pair (©,7) € U
satisfying the above is called an optimal strategy of Problem (EC). Note that when
this happens, we have

_ 1. - 1
(1.16) JX (2;0,7) = XS(G’ v)+o (/\) , A— 0.

Note that, in general, (-, -) could be complicated. Therefore, a direct approach to
such a problem is difficult. Hence, we would like to find an equivalent form which could
be easier to handle. To this end, we take a different viewpoint. For any (0,v) € U
and x € R, the solution X(-) = X(-;2,0,v) of (1.10) is a homogeneous Markov
process. By (1.11), {X (¢)|t > 0} is tight. Moreover, X (-;x,©0,v) is a Feller process,
by which we mean that © — E[h(X (t; z,©,v)] is continuous for any bounded contin-
uous function h(-) and ¢ > 0. Hence, by [14] and taking into account the linearity
of the state equation, we see that X (-;z,0,v) admits a unique invariant measure
7% indicating the dependence on (0, v) € U. That is to say if the initial state X (0)
follows the distribution 7%, then for each t > 0, X (t) follows the same distribution
7©v_ In the next section, we will show that

(1.17)
Joo(2;0,0) = lim AJ2 (z;0,0) = £(O,v) = / g(x, 0z 4+ v)7® ¥ (dx) Vo € R™.

A—0t

In this paper, we are going to investigate Problem (EC). The main novelty of this

paper can be briefly summarized as follows:

(i) Under the condition that the homogeneous system [A, C; B, D] is stabilizable,
we rigorously formulate the ergodic optimal control problem by means of
invariant measure.

(ii) The finiteness and solvability of Problem (EC) will be discussed and sufficient
conditions for these notions will be obtained, in terms of algebraic Riccati
equation/inequality.

(iii) Comparison will be made between the results of Problem (EC) and the clas-
sical LQ problem in the infinite horizon [0,00). It turns out that the al-
gebraic Riccati equation for the solvability of Problem (EC) is the same as
that for the closed-loop solvability of the classical LQ problem. Hence, to
ensure the solvability of Problem (EC), one could just look at the closed-loop
solvability of Problem (LQ), which is further equivalent to the open-loop
solvability of LQ problem. However, we point out that the solvability of
the classical LQ problem in an infinite horizon is not necessary for that of
Problem (EC).

(iv) We find a general sufficient condition (not just present some particular ex-
amples) for the uniform convexity of the cost functional for the stabilized LQ
problem. The condition allows either 2 or R to be negative to some ex-
tent. Combining this with (iii), we obtain a set of sufficient conditions for the
solvability of Problem (EC).

(v) When Problem (EC) is merely finite, by introducing the regularized EC prob-
lem, we find a general scheme to find the optimal value of Problem (EC).

Study of deterministic LQ problems can be traced back to the works of Bellman,

Glicksberg, and Gross [4], Kalman [13], and Letov [16] in the late 1950s and early
1960s. Investigation of stochastic LQ problems was initiated by Wonham [23] in 1968.
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See [5, 2] and references cited therein for some other follow-up works. In all these
classical works, the classical positive-definiteness condition

(1.18) R>0, Q—-S'R'S>0

has been taken for granted for a long time. In 1977, Molinari found that for the
deterministic LQ problem, @ could be a little negative (see also [25] for a more general
case in Hilbert spaces). In 1998, Chen, Li, and Zhou [6] further found that for the
stochastic LQ problem, even R could be a little negative; see [24, 7, 1, 11, 17, 12, 18,
20], for many further developments.

On the other hand, the ergodic control problem for general stochastic diffusion
rather than linear-quadratic ones has been investigated in the book [3] (see also the
references cited therein). The main approach is to analyze the so-called stationary
Hamilton—Jacobi equation (see section 3.6.2 there). To guarantee the well-posedness
of the stationary HJB equations, most of the results in [3] require that the diffusion
of the system is nondegenerate and the cost functional is inf-compact (or called near-
monotone in [3]). When @ >0, S =0, R=1,q =0, p =0 (so that the classical
positive semidefiniteness condition (1.18) holds), Guatteri and Masiero [9, 10] studied
the LQ ergodic control problem with random and stationary coefficients. The char-
acterization of the ergodic optimal cost and control were given through a backward
stochastic Riccati equation. In our study, (1.18) is significantly weakened. It is worth
pointing out that sometimes both @ and R can be negative. A detailed discussion
will be carried out in section 4.

The rest of the paper is arranged as follows. In section 2, we present some pre-
liminary results, including the derivation of the ergodic cost function by means of
invariant measure. Section 3 is devoted to the study of Problem (EC). Sufficient
conditions will be obtained for the finiteness and the solvability of the problem, re-
spectively. In section 4, we will make a formal comparison between the solvability
of Problem (EC) and the closed-loop solvability of the corresponding classical LQ
problem in the infinite horizon. Also, a sufficient condition is introduced so that the
cost functional of the stabilized LQ problem is uniformly convex with respect to the
control. This will lead to the solvability of Problem (EC). Section 5 is concerned with
the finiteness of Problem (EC). The optimal value of the cost function is obtained via
the regularized ergodic problem. The general one-dimensional situation is considered
in section 6. Final concluding remarks are collected in section 7.

2. Preliminaries. In this section, we will present some preliminary results. We
introduce some spaces.

L(R™) = {£: Q = R"™ | £ is F-measurable, E[¢|” < o0},  p>1.

Cy(R™) = {h: R™ = R | h(:) is continuous and uniformly bounded} .

2.1. Estimates of the state process. In this subsection, we will briefly discuss
the stabilization of the homogeneous system [A, C; B, D] and its consequences. For
any © € O[A,C; B, D], the homogeneous closed-loop system (1.6) admits a unique
solution X¢(-) € L2(0,00;R™). Denote

F(©)=(A+BO)+ (A+BO)" +(C+ D) (C+ DO) € S,
where S™ is the set of all (n X n) symmetric (real) matrices. Then by It&’s formula,

we obtain

d

= (EXo®)F) = E(FO)Xo(t), Xo(t)), t>0.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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There exists an orthogonal matrix ® = ®(0) such that
PTFO)® =A=diag(A,..., ), AL >Adg> o>\,

with Aq,..., A, being all the eigenvalues of F(0). Consequently, by letting Xy =
®" X, we have

d_ ~ - -
%E\Xo(t)ﬁ = E (AXo(t), Xo(t)) -
Hence, by Xo(-) € L2(0,00;R™), we have Xo(-) € L2(0,00;R™), and it is necessary
that Ay, <0, k=1,2,...,n. If we denote
—A(0O) =max{\,...,\y} = maxo(F(0)),
then

E|Xo(t)|]> < Koe *® 22 vt > 0.
Here, the constant Kg > 0 depends on © through ®(0), and A(©) > 0 depends on
© and intrinsically depends on [A4, C; B, D]. We also note from the above that
(FO)z,z) = (PAD " z,2) < —\(O)|® z|? = —\(O)|z|>.
The following lemma is concerned with the estimate (1.11) and beyond.

LEMMA 2.1. For any strategy (©,v) € U and x € R"™, the closed-loop system
(1.10) admits a unique solution X (-) = X (-;x,0,v) such that

(2.1) supE|X (1)|> < K(1 4+ |=?).
>0

Hereafter, K > 0 stands for a generic constant which can be different from line to
line. Moreover, let (0,v) € U, T € R", and let X(-) be the corresponding solution of
(1.10); then

(22) EIX(t) - X()]> <e

A (©)vA(®)] N ~ 0
SR P K (u-BP 10 -BF)  vezo0
for some K = Ko , g5 >0, which is continuous in (@,v,@ﬁ)'

Proof. Let (©,v) € U and z € R™. It is standard that the closed-loop system
(1.10) admits a unique solution X () = X (-;2,0,v). Since O stabilizes the system,
by It6’s formula, there exist A > 0 and Lo depending on © such that

% (EIX(t)[*) < =AE|X ()] + Lo.

Grownwall’s inequality implies (2.1) directly. Next, let X(-) = X(-) — X(-). Similar
to the above, we see that

d A(©,6 .
2 exmr) < -2 Vmx@p 1 Lon0.0)
where Ly can be calculated explicitly by
Lo(t;©.,8)
2 N o R A
= @w(v —0)+B(©-0)X(t)+ (C+DO)'[D(v—7)+ D(© — 0)X(t)]?
A A\ = K Iy o ~
+1D(w )+ DO ~ O)X (N < 51+ O) (jo 3 +|X(1) |0 — &)
A(©)
K _ 0. 2Lo(©) ~ ~
< —@1+1e |lv=0*+[1|z|*Vv = -0 =L 0,0).
)\(@)( ©17) |lv—7] (I | X©) | | 0(©,0)
Again Gronwall’s inequality implies (2.2). |
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2.2. Invariant measures. In this subsection, we will review some results on
invariant measures. For any Euclidean space RY, let .Z(R?) be its Lebesgue o-field,
and

P,y (RY) = {I/ : Z(RY) — [0,1] | v is a probability on Z(R), / |z|?v(dz) < oo} .
RY

For p1, pe € P2(R"™), we define

W2(‘u,1, /.LQ) = inf { (/ |$1 - x2|21/(d$1, dl‘g))
R2n

v(dz1,R™) = py(dzy), v(R", dxg) = ug(dxg)} .

2

v € Py(R?"),

(2.3)

The above is called the Wasserstein-2 metric (or simply wa-metric), under which
P5(R™) is a complete metric space (see Theorem 6.16 in [22]). For a random variable
&, we denote law(€) to be the distribution of £. By the definition of wq, we have

(2.4) wi(law(¢), law(n)) < E[¢ —n* V& ne LE(Q4R™).
The following proposition gives an equivalent condition of convergence under the
Wasserstein-2 metric (see [22]).

PROPOSITION 2.2. Let pg, pn € Po(R™). Then
k—o0

if and only if px weakly converges to p and

lim \m|2,uk(dx):/ || pu(der).
R® R®

k—o0

We know that for any closed-loop strategy (0©,v) € U, the unique solution map
x+— X(-;2) of (1.10) is a stochastic flow [15] which can be uniquely characterized by
its transition probability p(t, z; dy), where

p(t, z; dy) = P(X(t; x) € dy), (t,z) € [0,00) x R".

We have the following lemma.

LEMMA 2.3. For any closed-loop strategy (©,v) € U, let p(t,x;-) be the transi-
tion probability of the stochastic flow X (t;x) of (1.10). Then there exists a unique
invariant measure w such that

(2.5) tlim wo(p(t,z;-),m) =0 v € R™.
—00

Moreover, if (O, vx) € O[A, C; B, D|xR™ converges to some (0,v) € O[A, C; B, D] x
R™, then 9% converges to 7V in the wo-metric.

Proof. We want to show that given any x, {p(¢,z;-) : t > 0} is Cauchy, as t — o0
in (Z2(R™),wy) with a same limit for any x. To prove this, we let ¥ be the set
of couples (¢,) such that ¢ and 1 are bounded continuous with ¢(y;) + ¥ (y2) <

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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|y1 — y2|%. Using the Kantorovich’s duality (see Theorem 5.9 in [22]), for to > t; > 0,
and z1,x2 € R™, we have

w3 (p(t, 13 -), p(ta, 223 )

= sup (/n o(y1)p(ty, z1; dyy) + /Rn w(yz)p(tmf@;dm))

(p,h)ev

= sup (/ <P(y1)p(t1,ar1;dy1)+/ w(yz)/ p(t1,z;dyz)p(tz—tl,wz;dZ))
(pp)ew \Jrn n n

< / Ptz — tr,22:d2) | sup ( / n)p(tr, v dys) + w<y2>p<t1,z;dyz>>
" (p)ew \Jrr R"

< / pts — t1, s d=)wl(p(tr, 21; ), plt1, 2 )
S/ E|X (t1;21) — X (t1;2)|°p(ta — t1, z0;d2)

A(

)
<e~ 2@“/ lz1 — 2*p(ts — t1, 20;d2).

In the last two steps, we have used (2.4) and (2.2). By letting to > t; — 00, we see
that {p(¢,x;-) : t > 0} is Cauchy (ast — 00) in (H2(R™), w2) with some limit 7. Note
that 7 is an invariant measure which is independent of the choice of . Moreover, if
7' is another invariant measure, then for any h € C,(R™), one has

[ ) = [ w) [ itz @
= [ b [ wlan @) = [ wr).

Rn

In the second equality, we take t — oco. This proves that m = #n/. Thus the invariant
measure 7 is unique.

Finally, if (O, v;) € O[A,C; B, D] x R™ converges to some (0,v) € O[A,C;
B,D] x R", by (2.2), we can see that wy(7®% % 79v) — 0. The proof is
complete. O

2.3. The ergodic cost functional. In this subsection, we will prove the claim
(1.17). A similar proof for the average in time can be found on page 19 in [3]. Here we
present the whole proof for the reader’s convenience. Let us restate it as the following
proposition.

PROPOSITION 2.4. For any x € R™, (0,v) € O[A,C; B, D] x R"
(2.6) lim A\J2 (z;0,v) = / g(z, 0z +v)7® (dx).
A—0+

Proof. Let (©,v) € U be fixed, and let X (-) = X(-;£, 0, v) be the solution of the
closed-loop system (1.10) with the initial state £ € R™. We introduce

(2.7) VE(G) = )\E/ e MI(X(s;€) € G)ds, GeF,
0
which is called the occupation measure of X (-;£). Then, with u(z) = Oz + v, we have

M (& ul) = )\/oo e MEg(X (t:€), u(X (t;€)))dt :/ g(z, u(@))v}(dz).
0

n
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We want to prove that Vf\(dl’) converges to m weakly as A — 0.
Note that under closed-loop strategy (0,v), X(-;¢) is a homogeneous Markov
process. Thus, we may let ¢°(t, z; dy) be its transition probability, i.e.,

¢tz dy) =P(X(s+1;€) € dy, X (s;€) = x).

Now, for any continuous bounded function f : R™ — R, one has

S(t, @y dy)vs (dz) = (t, ooe_’\s s; x)ds
[t [ afaapsan = [ 1) [ dtaai [T e 1o € dod
= e S(t, a; 85 z)ds
3 [ gwE [ [ maniise e

=A f(y)JE/ e MI(X(t+ s;€) € dy)ds

R™ 0

o [ 1w [T e e pds 3 [ [ eI € dyas
Rn 0 R™ 0
=M f(y)l/f\(dy) —AeMt f(y)IE/ efASI(X(s; &) € dy)ds.
Rn R" 0

For any fixed ¢ > 0, letting A — 0T, we see that the second term on the right-
hand side will go to zero. Since Vf\ is tight (because X(t;&) is tight), any sub-
sequence has a weakly convergent subsequence with a same limit 7. Note that
T fon f (y)q*(t, z; dy) is continuous, by the Feller property, and then for any ¢ > 0,

[ 1w [ aadpetan = [ sma)

This verifies that 7 is an invariant measure. By the uniqueness of the invariant
measure 7% which has been proved in Lemma 2.3, 7 = 7%. This shows that 1/§
converges to ™" weakly. Note that by Proposition 2.2 and Lemma 2.3, it follows that

/ |x|2u§\(daz) :)\/ e_/\SIE\X(t;{)\st%/ lz]27"(dx) as A — 07,
n O RTL

As a result,

joo(ac,u()) = /\ligh )\Jjo(g;u(-)) = lim g(m,u(x))uf\(dx) = / g(z,u(x))r"(dx).

A—=0t Jrn n

This verifies our claim (1.17). |

Under (H1), for any u(-) € U, we may also introduce the following so-called Cesaro
mean type cost functional:

~ T
(28) Tr(asu() = g Ir(u) = 7 [ a(X@O.ule)i

If we introduce the corresponding occupation measure

P4 (dx) = %E / X0 € oy,
0

then, with a similar argument (details can be found in Theorem 3.1.1 of [8]), one has

(29)  lim %JT(w;U('))Z lim g(a?»U(w))V%(dw):/ g(x, u(z))m" (dzx).

T—o0 T—o0 JR™ n
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3. Ergodic optimal control problem—finiteness and solvability. In this
section, we investigate the ergodic optimal control problem. For convenience, let us
recall the problem as follows.

ProBLEM (EC). Let (H1) hold. Find a (-) € U such that

(3.1) E(u(-)) = inf E(u(")) =8.

u(-)€eU

Note that under (H1), U # 0. Hence, there will be a strategy u(-) € U such that
E(u()) is finite, which implies & < oo. Adopting the usual terminology of optimal
LQ problems, we introduce the following.

DEFINITION 3.1.  Problem (EC) is said to be finite if & > —oo. If there (uniquely)
exists a u(-) € U satisfying (3.1), Problem (EC) is said to be (uniquely) solvable. In
this case, u(-) is called an (the) optimal strategy of Problem (EC).

For simplicity, if u(x) = Oz + v, we also write £(0,v) = E(u(-)). Recall that
(32)  £@.0)= [ g0+ u)r®dr)  ¥(O.0) € OLA,CiB,D] xR

Therefore, in the case that

oo s=((§ TG0 2(() () wremereese

for some K > 0, one will have
(3.4) £(O,v) > -K Y(©,v) € ©[A,C; B, D] x R",

leading to the finiteness of Problem (EC). Note that (3.3) is equivalent to the following:

s (@) ()er(@ )

We refer to the above as the classical positive semidefiniteness condition. Apparently,
condition (3.5) is too restrictive. As a matter of fact, by assuming (3.5), one does
not make use of the compatibility of g(z,©x + v) and the related invariant measure
79:¥(-). On the other hand, we recall that in standard stochastic LQ theory [6, 18, 19,
Q or R is even allowed to be a little negative (therefore (3.5) fails) within a certain
extent, still keeping the corresponding problem to have optimal controls. This inspires
us to explore the possible relaxation on (3.5) below.
Note that for any (©,v) € ©[A, C; B, D] x R™, one has
(3.6)

9(z, 0z +v)

(8 %) (o) (o)) 2((0) (05))

=(Qz,z)+2(Sz,0zx+v)+(R(Ox+v),0x+v)+2(q,z)+2(p,0x +v)
—(Q+ST0+06TS+0 ROz, z)+2((S+ RO)x,v)+ (Rv,v)
+2(q+0"p,z)+2(pv)

ST T 0)- Q) {0 0)
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Thus, we obtain the following representation of function £():

(3.7) £(O,v) = /HK(Q +5T0+0TS+0TRO)z,2)+2((S+ RO)x,v)

+(Ru,v)+2(q+0OTp,xz)+2(p,v)|7®"(dx).
The above representation is not good enough since it does not show how the com-
patibility among the coefficients of the control system, the weighting matrices of the

cost functional, and the invariant measure can help us to relax the classical condition
(3.5). The following lemma gives us a nicer representation of £(0,v).

LEMMA 3.2. Let (H1) hold. For any (©,v) € ©[A,C; B, D] x R", let 7 be
the corresponding invariant measure. Then for any I € S™, the ergodic cost function
E(-,-) admits the representation

s O <M@“<) ()> #O(da) + 2(B T+ Do +p.0)
+(Hao> Non

where 1y ; € R™ is the solution to the linear equation

(3.9) (A+BO) 1y + b+ (C+ DO) Mo +q+0"p=0,
and Me 11 is given by
M Qo1 (BTII+DTHIC + $)T + ©T(R+ DTIID)
OM =BT+ DTIC + S+ (R+ DTIID)O R+ DTIID '
with
(3.10) Qomn =1I(A+ BO) + (A+ BO) I + (C + DO) 'TI(C + DO)
+5T0+0TS+0"TRO + Q.

If, in addition,
(3.11) R+D'IID >0, #(B'Il+D'IIC+S) C#(R+ D'IID),
holds and the algebraic Riccati inequality

(3.12) Qu=lA+ATII+CTIIC+Q
—(B'TI+D'TIC+S)"(R+D'ID)(B'TI+ D'IC + S) >0

holds, then Mg > 0, and

(3.13) Mo, 1 < Mo n VO € ©[A, C; B, D],

provided

0o =—(R+DTIID) (BTl + DTIIC + S)

(3.14) +[I— (R+D'IUD)(R+ DTIID)]A € ®[A,C; B, D)

for some A € R™*™,

Representation (3.8) has an advantage that except the first term, the other terms
on the right-hand side are independent of 7% (dx).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 03/04/21 to 5.198.137.25. Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

OPTIMAL ERGODIC CONTROL OF LQ PROBLEM 595

Proof. For © € ®[A, C; B, D], let 7 be the invariant measure. If we let X (- ;&)
be the solution of (1.10) with the initial state & having the distribution 7€ (-), then for
any t > 0, X (t) will have the same distribution 7©-¥(-). Thus, for any (I, 1) € S*xR",
t— E[(TIX(t), X(t)+2(n,X(t))] stays as a constant. Hence, by It6’s formula, we
obtain (¢ will be suppressed)

0= & (B (TIX (1), X (1)) +2E (n, X(1)))
=E(II[(A+ BO)X + Bv+b], X ) +E (11X, (A + BO)X + Bv+b)
+E(II[(C+ DO)X + Dv+0],(C+DO)X +Dv+o0)
+2E<n,(A+B®)X+Bv+b>
E([I(A+ BO)+ (A+ BO) I+ (C + DO)'TI(C + DO)]|X, X )
+2E<[BTH+DT (C+ DO)|X,v)
+2E (TIb 4 (C 4+ DO) 'lo + (A+ BO) 0, X )+ (D 'TIDv,v)
+2E<BT77+DTH0,U>+<Ha,a>+2<n,b>
=E([A+ AT+ CTIIC + (IIB + C1ID)©
+0"(B'I+D'IC) + 6" DTIIDOX, X )
+2E([B'T1 + D'TI(C + DO)|X,v)
+2E(ITb + (C 4+ DO) 'Tlo 4 (A4 BO) ', X )
+(DIDv,v) +2E (B "n+ D Mo, v) + (Ilo,0) +2(n,b)
=E(Qon—(S'©+60"S+0"RO+Q)X,X )~ (Rv,v)
+2E([B'T1 + D'TII(C 4+ DO)|X,v)
+{((R+ DIID)v,v) +2E (IIb + (C + DO) "o + (A + BO) ', X )
+2(D'o + B n,v)+ (o, ) +2(n,b)
=E(QonX,X)—E(0,v) + 2E([Ly + (R+ D'IID)O]X,v)
+2E(IIb + (C + DO) Mo + (A+ BO) 'n+q+ 0p, X)
+{((R+ D'IID)v,v)+2(D Mo + B n+ p,v) + (Mo, o) +2(n,b),

where Ly = BTII 4+ DTIIC + S. This implies that

£0,v) =E(QonX,X)+2E([Ly+ (R+ D'IID)O]X,v)
+2E(Ib + (C + DO) Mo + (A+ BO) 'n+q+6"p, X)
+{((R+D'MD)v,v)+2(D ' Tlo + B n+ p,v)
+(Ho,0)+2(n,b).

(3.15)

Taking 1 = 7, 1, the solution of (3.9), we have

E£(0,v)

=E(QonX,X)+2E([Lx+ (R+D'IID)OIX,v)+ ((R+ D'ID)v,v)
+2(B" g, + Do+ p,v) + (o, 0) + <779n7 )

:/ [<Q@Ha; x)+2([Ly + (R+ D'ID)BJz,v)+ (R+ D'IID)v,v) |7 (dx)
+2(B gy + Do+ p,v) + (o,0) +2(ng 1, b) -
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This is (3.8). Now, let IT € S™ satisfy (3.11). Then there exists a Ay € R™*™ such
that Ly = (R + DTIID)Ap, which leads to the following:

Li®+ ©'Lp+ 6" (R+ D'IID)©

=Af(R+D'IID)®+ ©"(R+ D'IID)An + ©' (R+ D'TID)©

=(An+ ©)" (R+D'IID)(An + ©) — A (R+ D'IID)(R+ D 'TID) (R + D'TID)An
=[©+4(R+D'ID)'Ly]"(R+ D'ND)[® + (R+ D'NID) L] — L (R+ D' 1D) L.

Hence,
Qon=MA+ATII+C'IIC +Q
~Li(R+D'ID) Ly + (An + ©)" (R + D'IID)(An + ©)
=Qu+[0+ (R+D'ID) Ly (R+ D'ID)[O + (R + D"IID)" Ly

with Qr defined by (3.12).

Qu=TA+A"II+CIIC+Q — Ly (R+D'IID) Ly
(3.16) =NA+A' I+ C'IC+Q
—(B'II+D'HC + S)"(R+D'ID)(B'II + D'TIC + §).

Also,

(3.17)

Me

_ (T (An+©)" (Qen— (An+©)T(R+ DTIID)(Ar + ©) 0 I 0
—\o I 0 R+D'OD) \An+© I

An+©)T\ (Qn 0 I 0
I 0 R+D'IUD)\Ap+© 1I)°

Consequently, in the case that (3.11)—(3.12) hold one has Mg 1 > 0. Further, if we
let ©¢ be defined by (3.14), then, noting Ly; = (R + D TIID)Ay, we have

I
N
o~

(3.18) (R+ D'IID)Oy = —(R+ D'IID)(R+ D'ID)"(R+ DTIID)Ay = —Ly;.
Hence,

(3.19)
Qo — Qoo
=L (©-00)+(©-60) Ly+ 0" (R+D'ID)O — 6] (R + D'IID)O,
= L}(©—6¢) + (0 —6y) L + (6 — 6y) " (R+ D'IID)6
+0g (R+D'IID)(© — 6p) + (6 — ©p) ' (R+ D'TID)(O — 6y)
=0 -0y (R+D'IID)(O© -0y >0 VO e R™*",

This proves (3.13). O
Now, for given IT € S, the set of all @g of form (3.14) is denoted by Y[II], i.e.,

Y[ ={—(R+ D'IID) (BT + D'IIC + S)

(3.20)
+[I - (R+D'ID)!(R+ D'IID)JA | A € R™*"}.
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In the case that R + DTIID > 0, Y[II] is a singleton. Also, we see that for any
O¢ € T[], noting (3.18),

Qoo =TMA+ AT+ CTIIC + Q + L1600 + O4 L + ©4 (R + D'IID)6,
—TA+ AT+ CTIC + Q — LL(R+ D'TID) Ly = Q.

Next, we note that for any © € ©O[A, C; B, D], we know that system [A+ B0, C'+ DO]
is asymptotically stable. Therefore,

A+BO+(A+BO)" +(C+DO)'(C+ DO) <0,

which leads to the invertibility of A+ BO©. We are now ready to present the following
result.

Next, we present a finiteness and solvability theorem for Problem (EC), recalling
(3.20) for the definition of Y[IIp].

THEOREM 3.3. Let (H1) hold.
(i) Let IIp € S™ solve the following algebraic Riccati inequality:
(3.21)
oA+ ATl 4+ CT1II,C + Q

— (B + D'I,C + S) " (R+ D'TyD) (B TIy + D'I,C + S) > 0,
R+D'IyD >0, #(B'Iy+ D'TyC +S) C Z(R+ D'ID).

Let (©g,m0) € T[Ig] x R™ such that

(3.22) BTny+D'yo + p e Z(R+ D'y D),
' (A + BOy) "o + Tpb + (C + DOg) "Tlyo + ¢ + O] p € Z(Qe, 11, )-

Then £(+) is bounded from below uniformly on U and Problem (EC) is finite.
(ii) Let IIy € S™ solve the following algebraic Riccati equation:
(3.23)
oA+ ATl 4+ CTTI,C + Q

— (B'Ily+ D'I,C + S)(R+ D'11,D)! (BT, + D II,C + S) = 0,
R+D'IyD >0, #(B'lly+D'I,C+S)C Z(R+ D'I,D).

Let (¢, o) € {Y[lly] N O[A, C; B, D]} x R™ such that

B+ D" Myo + p € Z(R+ D'TD),
(3.24) { Mo 00 T p ( oD)

(A + BOyg) "o + b + (C + DO) "o + ¢+ O] p = 0.

Then Problem (EC) is solvable with (O, ¥g) being an optimal strategy, where

(3.25)
Tp = —(R+D'IyD) (D "Moo + B 7o+ p) + [I — (R+ D '1yD) (R + DI, D)'|v,

for any v € R™.
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Proof. (i) Taking II = Iy, n = 1o in (3.15), making use of (3.19), and noting
Op € Y[Ip] (having property (3.18)),

3.26
(g(e), v) =E(Qom,X,X)+2E([B'Ily+ D'I,C + S+ (R+ D'I,D)O] X,v)
+2E (Mph + (C + DO) Moo + (A+ BO) 'y +q+ O7p, X))
+{((R+ D yD)v,v)+2(D o + B no + p,v) + (o, 0 ) +2 (n0,b)
=E(Qo,m,X, X ) +2E ((A+ BOg) 1o + Iob + (C + DOg) Ty + g+ 4 p, X )
+E{((R+ D'TyD)[(® — 00)X +v],(© —0p)X +v)
+2E (D oo + B o+ p, (0 = 09)X +v) + (Tgo, 0 ) +2 (10, b) .
Now, by our assumption, Qe, i, > 0, together with (3.22), we see that

(3.27)
E(6,v)

1 1 2
—E|Q4, 1, X +1Qb, mi,)? {(A4+ BOO) o + Tob + (C + DOy) Moo + ¢ + OF p}|

1 1 2

+E|(R+ DTHoD)¥((6 — 00)X + vl + [(R+ D o)1 {DTHoo + BTno + o}
3 2

- [ng,no} {(A+ B6©¢) " no + b+ (C + DOy) "Moo + g + O p}

1 2
—|[(R+ D'1,D)"]* {DTHOU+BTn0+p}( + (Hoo, 0 ) +2{no,b) .

By dropping the first two terms on the right-hand side, we obtain (i).

(ii) We point out that in the above, the choice of (Ilg,79) does not change the
value of £(©,v). Now, for the current case, we take (O, n9) = (O, 70) in (3.27) with
7o being the solution to the second equation in (3.24) and note Qg, 17, = 0. Then
(3.27) becomes

(3.28)
£(6,v)

1 — 2
=E ‘(R +D'TIyD)2 [(© — ©9)X + v+ (R+ D'1yD) (D oo + B i + p)] ‘

1 2
— ‘ [(R+D'I,D)'|* {D oo + B o +p}‘ + (Igo, 0 ) +2 (70, b)
1 2 _
> — ’[(RJFDTHOD)T]z {DTH00+BTﬁO+p}‘ + (Ilgo,0 ) +2 (7o, b) = E(Oy, V),

proving (ii). |

For later convenience, we introduce the following.

(H2) Let (H1) and (3.21)—(3.22) hold for some II; € S™ and some (O¢,10) €
T[Ho] x R™.

(H3) Let (H1) and (3.23)—(3.24) hold for some IIy € S™ and some (Og,7j) €
{Y[Iy) N ®[A, C; B, D]} x R™.

Then, according to Theorem 3.3, we have that Problem (EC) is finite if (H2) holds
and solvable if (H3) holds. The following corollary is concerned with the classical
positive-definite case.

COROLLARY 3.4. Let (H1) hold and

o) (2 )0
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Then Problem (EC) admits an optimal strategy (é,ﬁ) given by the following:
= —(R+D'IID)""(B'Il + D'IIC + S) € ®|A, C; B, D],

— —[(A+BO)T] b+ (C + DO)Tlo + ¢+ O ),
—~(R+D'IID) (BT + D"lio + p),

<) ) @)

where 11 is the solution to the algebraic Riccati equation
A+ AT+ CTIC +Q
—(B'I+D'IC+S) (R+D'ID)"Y(B'I+D'IC + S) = 0.
In this case,
& =E&(0,0) = (llo,o)+2(7,b) — (R+ D'ID)?,7).

4. Comparison with standard LQ problems. In this section, we recall some
results on classical LQ problems in the infinite horizon [0, 00) (see [20, 21] for details),
with certain improvements, and make some comparisons between these results and
results of ergodic problems presented in the previous section.

Consider the following linear controlled SDE:

i1 dX(t) = [AX(t) + Bu(t) + b(t)]dt + [CX (t) + Du(t) + o(t)|dW (t), t > 0,
(4.1) X(0) ==,
with the cost functional

~

Joo(z3u(")) = E/OO(<QX(t),X(t)>+2<SX(t),U(t)>+ (Ru(t),u(t))
(4.2) !
+2(q(t), X)) +2(p(t),u(t)))dt.
Let (H1) hold and assume in addition that
(43) b()a O'('),(](') € L]%‘(Ov OO;R“), P() € L]%‘(Ov OO;Rm)'
Then the set of admissible controls
(44)  Yal0,50) = {u() € Z[0,50) | X(-32,u()) € L2(0,00,R™)}

is nonempty, and Jao (2; u(-)) is well-defined for each u(-) € 4]0, 00). Therefore, the
following (nonhomogeneous) LQ problem on [0, c0) is well-formulated.

PROBLEM (LQ)s. For given z € R™, find a u(-) € %aal0,00) such that

(4.5) Joo(z50(+)) u(.)e%ﬁ[om) Joo(z5u(+)).

Any u(-) € %40, 00) satistying (4.5) is called an open-loop optimal control. When
such a control exists, we say that Problem (LQ)o is open-loop solvable at € R™.
If Problem (LQ)o is open-loop solvable at every z € R™, we simply say that the
problem is open-loop solvable.

An important special case is that

(4.6) b(-) =o()=4q()=0, o()=0.
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When the above holds, the problem is said to be homogeneous. We denote the corre-
sponding state process by X°(-) = X9(-; 2, u(-)), the cost functional by J (z;u(-)),
and the problem by Problem (LQ)% . It is not hard to see that the admissible control
sets aq]0,00) for any nonhomogeneous problems (with condition (4.3)), including
the homogeneous one, are the same.

DEFINITION 4.1. (i) Any element (©,v(-)) € U[0,00) = O[A,C; B, D] x % [0, x0)
is called a closed-loop strategy of Problem (LQ)oo-

(ii) Problem (LQ)x is said to be closed-loop solvable if there exists a (©,9()) €
U0, o) such that

Joo(x;0,0(+)) = inf joo x;0,v(+)).
@6,00) = nf  T(@6.u())

The following result is essentially found in [20].

THEOREM 4.2. Let (H1) and (4.3) hold. Then Problem (LQ)s is closed-loop
solvable if and only if the following algebraic Riccati equation admits a solution P €
S”L‘.

PA+ATP+CTPC+Q
(4.7) —(B"P+D"PC+S)"(R+D"PD)(B"P+D"PC+S) =0,
R+D'PD>0, #B'P+D'PC+S)C %R+ D'PD),

such that for some A € R™*",

—~(R+D"PD)Y(B"P+D"PC +S)

(4.8) +[I_(R+DTPD)T(R+DTPD)]AEG[A;C§B)D]’

and the following backward stochastic differential equation (BSDE) admits an adapted
solution (n(-),¢(+)) € L&(0, 00; R™)?%:
(4.9)
dn(t) = —{[A ~B(R+D'PD){(BTP+DTPC+ )] n(t)
+[C —DR+D"PD)(BTP+D"PC+ 8)]"¢(t)
+Pb(t)+[C — D(R+D"PD)!(B"P+D"PC + 5)]" Po(t)
+a(t) = [(R+ DTPD) (BTP + DTPC + 8)|Tp()}dt + ()W (1), t >0,

such that
(4.10) B'n(t)+D"¢(t)+D " Po(t)+p(t) € Z(R+D' PD), a.e. t € [0,00), a.s.

In the above case, any closed-loop optimal strategy is given by the following:
(4.11)
©0=—(R+D"PD)Y(B"P+D"PC+8)+[I —(R+D"PD)(R+ DTPD)]A,
() = =(R+D"PD)'[BTy(-) + DT(() + D" Po(") + p(-)]
+[I - (R+D"PD)(R+ D" PD)Jv(-)

for some A € R™*™ and v(-) € LZ(0, 00; R™).
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Note that (3.23) is the same as (4.7), which means that the major condition under
which Problem (EC) is solvable is the same as that for the closed-loop solvability of
Problem (LQ)s. Moreover, with the expression © given in (4.11), BSDE (4.9) can
be written as

dn(t) = — {(A+BO) " n(t) + (C + DO)((t) + (C + DO) Po(t) + Pb(t)
+q(t) +OTp(t)} dt + C(t)dW (t), t>0,

Hence, formally, if in the case that b(-),o(:),¢(:), and p(-) are all constants and the
above BSDE has a constant solution (7, 0), then one has

(A+BO) "+ (C+DO)'Po+Pb+q+0"p=0,
which coincides with (3.9). With the above, we also have
v=—(R+D"PD)Y(B"y+D"Po+p)+[I - (R+D"PD)(R+D"PD)Jv,

(4.12)

which coincides with the expression for 7y in (3.25). The above formal comparison
shows that Problems (EC) and (LQ)o intrinsically match. Of course, this formal
comparison does not lead to a rigorous “equivalence” proof between two problems.

Comparing Theorem 3.3(ii) with Theorem 4.2, one can check the major solvabil-
ity condition (the solvability of the algebraic Riccati equation) of Problem (EC) by
checking the same condition for Problem (LQ)oo, which is easier since the latter is
relatively easier to handle than the former. We point out that Theorem 4.2 only
gives an equivalence between the closed-loop solvability of Problem (LQ)., and the
solvability of the algebraic Riccati equation (4.7) such that (4.8) holds and BSDE
(4.9) has an adapted solution satisfying (4.10). It does not give conditions under
which such a set of conditions can be fulfilled. In particular, it does not provide
any useful information on conditions guaranteeing the solvability of the algebraic
Riccati equation and strictly beyond the classical positive semidefiniteness condition
(3.5). We now, therefore, would like to take a closer look at sufficient conditions
that ensure the solvability of the algebraic Riccati equation. We emphasize that
the conditions should be strictly beyond the classical positive semidefinite condition.
In other words, we want to include situations in which either @ or R is negative
definite.

We know that Problem (LQ)o is a minimization problem of a quadratic func-
tional on some Hilbert space. Thus the most natural sufficient condition is the uni-
form convexity of the functional. Clearly, such a condition is nothing to do with
the nonhomogeneous terms b(-),o(+), (), p(-) and the initial state . Hence, we need
only to consider the homogeneous state equation with zero initial condition (denoting
Ao = A+ BO and Cg = C + DO),

{ng’(t) = [Ae X (t) + Bu(t)] dt + [Co X (t) + Du(t)] dW(t), t>0,
(4.13) o
Xy (0) =0,

and the cost functional

(4.14)

TEO(0;0()) = E/O [(QeXS (1), XS (1)) +2(SeX( (t),v(t) ) + ( Ru(t), v(t))] dt,
with

Qo=Q+S5"0+0'S+0"RO, So =5+ RO.
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The LQ problem associated the above is referred to as the stabilized LQ problem.
Suppose © € O[A, C; B, D] is so chosen that the following holds:

(4.15) J2%9(0;v()) > OE /OOO lo(t)|2dt Yo(-) € %[0,00)

for some 6 > 0. Then from [20], the corresponding homogeneous LQ problem admits
a unique open-loop optimal control (for any initial condition), which is equivalent to
the closed-loop solvability of the problem. Hence, the corresponding algebraic Riccati
equation admits a solution P € S™:

0=P(A+BO)+(A+BO) P+ (C+DO) PC+DO)+Q+S'©+60'S+ 0RO
—[B"P+D"P(C+DO)+S+ RO (R+D"PD)'[B"P+D"P(C+ D)+ S + RO
=PA+A'P+C'PC+Q—-(B'P+D"'PC+S) (R+D'PD)""(B"P+D"PC+8),

with R+ DTPD > §I, and

—~(R+D"PD)'[B"P+D"P(C + DO) + S + RO)]
= (R+D'"PD)"YB"P+D'"PC+S)-0¢c®[A+ BO,C+ D6;B, D),

which means that
—(R+D"PD)"Y(B"P+D"PC + S) € ®[A,C; B, D].

Hence, in this case, conditions of (ii) in Theorem 3.3 hold and therefore Problem (EC)
is solvable.

Now, we come to the question, When can condition (4.15) be verified by an easily
verifiable assumption, without assuming the classical positive-definiteness condition
(3.29)7 The following gives a sufficient condition which is inspired by a result from
[19].

LEMMA 4.3. Let (H1) hold and let © € O[A, C; B, D], Qo € S™ with Qo > 0 such
that the solution 11 to the Lyapunov inequality

(4.16)
II(A+BO)+(A+BO) 'I+(C+DO) 'TI(C+DO)+ST0+0 'S+ O0TRO+Q—-Qy >0

satisfies

R+D'IID —[IIB+(C+DO)'TID+S" + ©'R]"

(4.17)
- Qy'MB+(C+DO)'TID+S" + ©"R] > 61

for some 6 > 0. Then (4.15) holds.

Proof. Let Xo(-) = X§(-;0,v(-)) be the solution to (4.13). Let II € S™ such that
(4.16)—(4.17) hold. Observe the following:

d (I1Xo(t), Xo(t))
= [((I(A+ BO) + (A+ BO) I + (C + DO) "II(C + DO)) Xo(t), Xo(t))
+2([BTII+ DTII(C + DO)|Xo(t),v(t)) + ( D IIDv(t),v(t) )] dt + [ - - |dW ().
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=B [ {{[0+570+ 0TS+ O RO+II(4+BO)+ (4+BO) NI
0

+(C+DO)TII(C + DO) — QO} Xo(t), Xo(t)> +(QoXo(t), Xo(t))
+2([S+ RO + BTII + DII(C + DO)| Xo(t), v(t)>+ (R + DTIIDYu(t), v(t) >}dt
E

o0 1 _1 2
{!Qg Xo(t) + @ M7+ O R+ B+ (CT + D) Dlu(t)|
+((R+DTID — [S+ RO + BTl + DTII(C + DO)]Q; "

ST+ OTR+I"B+(C"+ 6D D)) v(t),v(t)) }dt
> 5E/OOO lu(t)[dt.

This proves (4.15). O

The above result gives some compatibility conditions among the coefficients of
the state equation and the weighting matrices in the cost functional that ensure the
uniform convexity condition (4.15). Let us take a closer look at (4.16) and (4.17).
Let us assume R < 0 (or R > 0 fails). Since O[A,C; B, D] # ), we may find a
O € O©[A,C; B, D] so that [A + BO,C + D] is stable. Hence, one can find a II > 0
so that

(4.18) (A + BO) + (A+ BO) T+ (C + DO) 'I(C + DO) < 0.

Note that the choices of ©,II are independent of the weighting matrices @, .S, R of the
cost functional. Therefore, under the condition

(4.19) A(R) C (D),

taking into account (4.18), if necessary, replacing II by AIl for A > 0 large, we may
have the following;:

(4.20) R+ DTIID > 261

for some § > 0. Then we can find a large Q¢ > 0 such that (4.17) holds. Having the
0,11, Qo given, we see that if @ > 0 is sufficiently positive, the (4.16) will be true.
This very rough analysis shows that R < 0 could be compensated by the sufficient
positiveness of @ and the condition (4.19). Unfortunately, the above argument does
not apply to the case @ < 0. However, when @) < 0, one should expect certain
compensation from the sufficient positiveness R. To see this, let us recall (3.21) which
is rewritten here:

(4.21)

oA+ ATy + CTT,C + Q

— (B'y+D'yC +S)"(R+D'yD) (B"y+ D' C + S) >0,
R+D'IyD >0, #(B'Hy+D'C+S)C ZR+ D'D).

Again, we look at the following two interesting cases:
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Case 1. Let R < 0 (or R > 0 fails). Pick a IIy € S™ with IIy > 0 so that
(4.22) R+ DT'IIyD > 41
for some 0 > 0. For this, we still need (4.19). With such a IIj, if @ > 0 is sufficiently
positive, then
oA+ AT, + CTI,C + Q — (BT + D' I,C + S) ' (R+ D 1,D) "
(B'Io + D'I,C + S) > 61,
will hold, which is the form of (4.21) under condition (4.22). This means that when

R <0, as long as @ is sufficiently positive, conditions of Theorem 3.3(i) are satisfied.
Case 2. Let Q < 0 (or @ > 0 fails). If we can find a II; € S” such that

A+ AL +CTILC >0 or A+ AL +CTILC < 0,

then we can find an « (« is negative if in the above the second inequality holds) and
R > 0 such that the first inequality in (4.21) holds for IIp = ally. Next, if R is
positive enough, we will have the second inequality in (4.21).

From those observations, we see that conditions of Theorem 3.3(i) can be verified
even if one of () and R is negative definite. Also, Case 2 suggests to us that when
R > 0 is sufficiently positive, then we may take some 6 > 0 and check the condition
(4.21) with R replaced by R — dI. If such a condition is satisfied, then Problem (EC)
will be solvable. We will present results relevant to this in the following section.

5. Optimal value and regularization of ergodic problem. Note that under
(H2), Problem (EC) is merely finite and may not be solvable. A natural question is to
ask how to find a proper minimizing sequence of strategies. The key observation here
is that the regularized ergodic problem is solvable under (H2). Thus we can proceed
a standard scheme to find the optimal strategy of the regularized Problem (EC) and
then let the regularization parameter become small. To achieve this, let us first refine
Theorem 3.3(i). We introduce the following hypothesis, which is a part of (H2).

(H2)’ Let (H1) and (3.21) hold.

Let us again look at the homogeneous problem associated with (4.13)—(4.14) for
some O € O[A, C; B, D]. We have the following result.

PROPOSITION 5.1. Let (H2)" hold. Then for any (©,v(-)) € U[0, 00),
(5.1) J2O(0;0(-)) > 0.
Proof. Let P € S™ and we apply Ito’s formula to ( PX$(-), XO(-)).

0= E/Ooo (P [Ae X (t) + Bu(t)] , X (1)) + (PXS (t), Ae X (t) + Bu(t))
+ (P [Co X3 (t) + Du(t)] ,Co XS (t) + Du(t))] dt
= E/OOO [((PAe + ALP + CEPCe) XO (), X$ (1))
+2((B"P+D"PCe) X§(t),v(t)) + (D PDu(t),v(t))] dt.
Hence,
72000 = [ [((Qe + PAa + ATP+ C3PCa) XE(0). X3 (0)

+2((Se +B"P+D"PCeo) X§(t),v(t)) + (R+ D" PD)uv(t),v(t))] dt.
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Let P € S™ satisfy (3.21). Then
% (Se+B'"P+D'"PCo)=%#(S+B"P+D'"PC+ (R+D'PD)®)
C#R+D'PD).
Hence, we may complete the square to obtain
JLO(0;0())
E/OOO K(Q@ 4 PAe + ALP + CIPCq
— (Se+BTP+DTPCo)' (R+DTPD)! (So+BTP + DTPc@)) XO(t), X(?(t)>
+ ‘(R +DTPD): (v(t)+ (R+DTPD)" (Se + B"P+ D"PCo) X$(t)) H dt.

Note that
Qo + PAo + ALP +CJ PCo
—(So+BTP+DTPCe) (R+DTPD) (So+ BT P+ D' PCo)
=Q+S'0+0'S+0"RO+PA+BO)+(A+BO)'P
+(C+DO)'P(C+DO)—[S+RO+B'P+D"P(C+DO)"
-(R+D"PD)'[S+ RO+ B"P+ D'"P(C + DO)]
=Q+PA+ATP+CTPC
—~(S+B"P+D"PC)"(R+D"PD)!(S+B"P+DTPC) >0.
Hence, (5.1) follows. |
Now, for any § > 0, we denote Rs = R+ 61, and
gs(x,u) = g(z,u) + 8lu* = (Qu,2) +2 (Sz,u) + (Rsu,u) +2(q,x) +2(p,u).

Then, correspondingly, we introduce the regularized ergodic cost functional
(5.2) Es(O,v) = / (9(x, 0z +v) + 6|0z + v|*) 7 (dx)

and introduce the following optimal control problem.

PrOBLEM (EC)s. Let (H1) hold. Find a (©,v) € U such that

E5(0,7) = inf &(© = 8.
6( 11}) (OI,E)EU 5( 7U) &

LEMMA 5.2. Let (H1) hold. If & is finite, then
(5.3) &= lim &,

6—0+

which is true if (H2) holds. In particular, this is true if g is bounded below.

Proof. Tt is easy to see that & < &5. Next, let (O, vr) € U be a minimizing
sequence of £(+) such that

1
& < E(Ok,vg) E/ g(x, Opx + vi)m(da) < & + T k>1,
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where 7, is the invariant measure corresponding to (O, v;) € U. Then

1
& > E(Op,vg) — z = / g(x, Opx + v )T (dx) —

(5.4) o ) - 1
= 513& <<§5 - 5/n |Orz +’Uk27Tk(dl')) -z = 513& & — T
Here we have used the fact that [p, [#|?m(dz) < co. Then, one has
&> 5@4— & > &,
proving (5.3). d

The LQ problem with R replaced by Rjs is called Problem (LQ)so,5. The corre-
sponding cost functional reads

~ ~

Joos(x;u(-)) = Joo(z; u(-)) + OE /OOO |u(t)|2dt Vu(-) € %aal0, 00).

Hence, by Proposition 5.1, the cost functional of the corresponding homogeneous
problem satisfies the following:

oo

T2G050()) = TLO0 )+ [ fu(oPa > 6 [ lo(o)Par v(,v()<UD, ).
0 0

Hence, Problem (LQ)o,s is uniquely closed-loop solvable. Consequently, the following

algebraic Riccati equation admits a solution Pis:
(5.5)

PsA+ ATP+CTPC +Q
~ ~ T ~ -1 ~ ~
_ (BTP5 +DTBC + S) (R,; n DTP5D> (BTP5 +DTBC + S) —0
with
—~ ~ -1 ~ ~
(56)  8s=—(Rs+D"BD) (BTP+D'PC+S)€O[AC;B, D

Then applying Theorem 3.3(ii), we have the optimal strategy of Problem (EC)s given
by the following;:

O5 = — (R(; n DTIS(;D)A (BTJ% +DTBC + S) ,
(5.7) Vs = — (R5 + DTJ%D) - (BT% + D" Pso + p) ,
711 T
s = — [(A + Bé(;) ] {ﬁ5b+ (C + D@g) ?50 +q+ é(sp}
with the optimal value
Es =Es (ég,ﬁ;) = <ﬁ50’,0> + 2 <ﬁ5,b> — <<R§ + DTﬁgD) 55,55> .

Now we can present the approximation theorem for the value of Problem (EC), whose
proof is obvious.
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THEOREM 5.3. Let (H2) hold. Then Problem (EC) is finite with
&= lim € ((:)5,65) — lim & ((:)5,65>
5—0t 5—0t

= lim [<]350,a> + 2 (s, b) — <(Ra + DTﬁéD) %ﬁaﬂ ;

=0t

(5.8)

i.e., (Os,05) € U is a minimizing sequence of Problem (EC). Moreover, if (©5,7s) has
a convergent subsequence with limit (©,v) € U, then Problem (EC) is solvable and
(©,0) € U is an optimal strategy.

To conclude this section, we point out the steps to obtain the optimal value of
Problem (EC) as follows:
Step 1. Consider homogeneous control system [A, C; B, D] with cost functional

~

Joo,5 (x5 u(-)) = E/OOOKQX(t% X(8)) +2(S5X(1),u(t)) + (Rsu(t), u(t) )]dt.

By [20], we know that the closed-loop and open-loop solvability are equivalent. Given

(H2), such a problem is solvable and we can find an optimal strategy ((:)5, 0) e U.
Step 2. Consider the nonhomogeneous controlled system

dX(t) = [(A + B@5> X(t) + Bv+ b} dt + [(C + Dé(;) X(t) + Dv + a] AW (t)
with the cost function v — &;(@5, v), i.e., find an optimal U5 € R™ such that
€5 (85.75) = inf & (85.v).

Step 3. Let § — 0" and obtain & = lims_, g+ 55(@5,65).
Note that we cannot apply such a method to Problem (EC) directly, since the
first step is not necessarily going through under (H2) if Rs is replaced by R.

6. Examples. In this section, we will present two one-dimensional examples to
illustrate our results.

Ezxample 1. Consider the following one-dimensional controlled SDE:
dX(t) = [AX(t) + u(t) + bl dt + [CX(t) + o] dW (t)
with cost functional rate
g(x,u) = Q2 + 2Szu.

Note that we assume B =1, D = R = p = ¢ = 0 in such an example. We can see that
R+ DTPD = 0 and the classical algebraic Riccati equation does not hold. Through
a direct calculation which will be presented in the appendix, we list all the possible
cases in Table 1, where

(61) Vo = —

(2(A+ ©)+C?) <Sb (Q + 250)Co )
2[Q — S(2A + C?)] 2(A+ ©) +C?

We will see that our assumption (H2) corresponds to Case I and CSb+ (Q —
2AS5)0 = CS(b+Co) = 0in Case II. Observing Case I, we can see that S(24+C?) < Q
is sufficient for finiteness. Therefore, if S(24 + C?) < 0 is negative, @Q is allowed to be
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TABLE 1
Finiteness and solvability of Problem (EC) with R =D = 0.

CSb .
2
S(2A+C?) +(Q — 248)0 Finite Solvable
_ (©,ve) is optimal
I <Q =0 Yes for any © € ®[A, C; B, D]
#0 Yes No
_ Any (©,v) € ©[A,C; B, D]
I =Q =0 Yes xR™is optimal
#0 No No
111 >Q No No

negative, even if R = 0. This is the case if the system [4, C] is stable (which implies
2A+C? < 0) and S > 0. In such a case, S(24+ C?) gives a lower bound for @ so that
Problem (EC) is finite. It is more surprising that as long as 24+ C? # 0 with S having
the opposite sign, then S(24 + C?) < 0, which allows @Q to be negative. Hence, S has
a contribution to the finiteness of Problem (EC). For example, if A = B = C =1,
D =0, then we may allow

(CS? ‘S];) - <:} _01) ’ g(x,u) = —a® — 2zu.

Therefore, the function g(z,u) is even unbounded below. This shows that our as-
sumptions assumed in Theorem 3.3 are much weaker than one could imagine.

Now we try to use Theorem 3.3 to conclude the finiteness and solvability of
Problem (EC). We can compare our results with Table 1.

Case 1. S(2A + C?) < Q. From (H2), we take a Il = —S, then

(2A + CHy + Q > 0;
Z (I + S) € %(0);
0>0.

One can see that (IIp,n9) = (=95, 0) can guarantee (H2). Thus our theorem says that
if R=0and @ > S(2A + C?), & is finite.

Casell. S(2A+C?) = Q. Note that (H3) requires us to take [Ty = —S, 19 = 0, and
Co+b = 0. Thus our theorem states that Problem (EC) is solvable if Q = S(2A+C?)
and Co +b = 0. This corresponds to CSb+ (Q —2AS)o = 0 in Case II from Table 1.
We also can see that such case is a special class of (H2).

We can see that Problem (EC) is solvable in the case C'Sb+ (Q —2AS)o =0 in
Case T where (H3) is not fulfilled. Therefore (H3) is not necessary for solvability of
Problem (EC).

Now we will present how the regularized problem approximates Problem (EC).
First let us assume S(24+C?) < Q. As stated previously, (H2) is verified by I1yp = —S
and ny = 0. We write

24 4 C?

a=Q—-SQ2A+C?% and B= 5

The algebraic Riccati equation is written

(2A+CHP+Q -6 1 (P+9)? =0,
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which admits two solutions,

P=-S+§3++0a+ 6202

Then

O =0 -S+8+t\ba+82p2+S) =+ latp

We have to select © to stabilize the system, i.e.,

QS:‘ﬂ‘\/W and ]35:_S+55+\/m.

Then it follows that

s = —(A—=B— Vo ta+ )" (=S +d8+ba+6282)(b+ Co);
U5 =0 YA =B —/0"1a+B2) Y (=S + 68+ da+0282)(b+ Co).

As a result, as § — 0T,

&5 = ﬁ502 + 2bns — 55}%
= —(S+B8+\da+6232)0?
—2b(A — B—by/6La+ B2)7H =S + 58+ da + §282) (b + Co)
e [(A — B =/ Ta+ )N (=S + 68 + /o + 6282) (b + Ca)r

. S%(b+ Co)?
Q—S(244+C?)
This verifies the approximation procedure in Theorem 5.3.

From Table 1, we know that when CSb + (Q — 24S)o0 = 0 (e.g., b = 0 = 0),
Problem (EC) is solvable. We can see that since a@ > 0, ©; blows up with a rate
of v/6—1. Hence the convergence of ((:)5, Us) is unnecessary for solvability of Problem
(EC) where the sufficiency is stated in Theorem 5.3.

In the case a = Q — S(2A + C?) = 0 and b + Co = 0, one can see that © and v
are bounded and the limit is an optimal strategy. This coincides with our results in
Theorem 5.3.

IfQ—-SR2A+C?) =0and b+ Co # 0, & — —oo. The problem is not finite
essentially.

— So? =¢.

Example 2. In this example, we will deal with the case D # 0. We consider a
one-dimensional SDE

dX(t) = (AX(t) + Bu(t) + b)dt + (CX (t) + Du(t) + o)dW (¢)

with g(z,u) = Q22 + 2Szu+ Ru® + 2qx + 2pu. We use the following notation in this
example only:

a=D"?B+CD)*> - (24+C?), ~y=D?D?R(B+CD)—-S)?,
B=Q—-D22A+C?)R—-2D"%S - D 2R(B+CD)|(B+CD).

We can see that (H1) is equivalent to @ > 0 and © € O[A,C; B, D] if and only if
|D?0 + (B + CD)| < y/a|D|. The results for finiteness using (H2) and solvability
using (H3) are presented in Table 2, where

0. =-D"*B+CD)— |D|"'Va-sgn{[S— D ?R(B +CD)]} ¢ ®[A,C; B, D].

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 03/04/21 to 5.198.137.25. Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

610 HONGWEI MEI, QINGMENG WEI, AND JIONGMIN YONG

TABLE 2
Finiteness and solvability of Problem (EC) with D # 0.

I B—2/ay >0 Solvable
B=~=0and
1 Bno— D 'Ro+p= Ano+q— D 2R(b+ Co) = 0 for some ng Solvable
111 v7#0, B-2y/ay=0, agd Finite
g+ O«p+ b+ (C+ DOL)ol(y/v/a— D ?R) € Z(A + BO.)

Denote A = DS — D72R(B + CD)). Then

52 Q+ D *R(Dya— B—CD)? + 2D ?S(Dya— B —CD) if A <0;
_ 9 o —

Q+ D *R(Dya+ B+ CD)* —2D7?S(Dya+ B+ CD) if A>0.
We can see if the third term is positive, Problem (EC) can be solvable even if @ and
R are all negative. For example, if A=B=C =D =1, then « =1 and

D™ '[S—D?R(B+CD)] =S —-2R <0,
B—2yay=Q+ R(-1)*>+ 25(-1) =Q + R—2S >0,

provided, say, Q = R = —1 and S = —g. According to the above, we have the solv-
ability of the corresponding Problem (EC). Interestingly, in the current case, we have

T 1 _5
(@5)=(3 ) sw=-r s

Both @ and R are negative!

7. Concluding remarks. In the paper, we have explored the ergodic optimal
control problems for linear systems with quadratic costs. Compared to the previous
works on similar problems, we deal with a class of ergodic control problems allowing
the weighting matrices of the cost functional to be indefinite. We have presented suffi-
cient conditions for finiteness and solvability of the ergodic control problem. Compar-
ing Problem (EC) with the classical LQ problem on [0, c0), we see that the algebraic
Riccati equation in the condition for the solvability of the former coincides with that
for the latter. Further, we have found a general sufficient condition under which the
quadratic cost functional of the stabilized LQ problem is uniformly convex, which will
lead to the closed-loop solvability of the LQ problem and therefore the solvability of
Problem (EC). Moreover, when the problem is merely finite, we find a way of finding
the optimal value of the problem by solving a sequence of regularized ergodic prob-
lems. Examples for one-dimensional cases showed that conditions that we have found
for the solvability of Problem (EC) are sufficient but not necessary (see the discussion
on Cases I and IT in Example 1). The difficulty of finding equivalent conditions for the
solvability of Problem (EC) is probably due to the fact that the ergodic cost function
£(0,v), involving invariant measure, is not a convex function of (6, v). We hope to
report on the investigation of this in the near future.

Appendix. In this appendix, we briefly carry out some calculations for our
examples.

Calculation for Example 1. Tt is easy to see that U = {u(x) = Oz 4+ v : 0 <
—%}. Take u(xz) = Oz + v € U. By Itd’s formula, with simple calculation, we
obtain the first and the second moment of the invariant measure,
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b+
MmTTare

B 2(b +v)? B o? n 2Cao(b+v)
MTRATO) + A+ 0) 24+0)+C2  (A+ O)2(A+ ©)+ 2

Then,
,Q—SR2A+C?) (b+v)?  20b+w) (Q+ 280)Co
EO ) = o)+ A+ 0 (4t 0) (Sb 2(A 1 @)+02)
(Q + 250)0?
S 2(A+ ©) 402

Recall that A+ © < 0 and 2(A + ©) + C? < 0.
(1) If S(2A+ C?) > Q, the coefficient of the quadratic term is negative. Problem
(EC) is not finite.

(2) If S(24 + C?) = Q, then
2(b+v)

£(0:0) = 7y S+ Co) -

(Q + 250)02
2(A+ 0)+ 0%

If b4+ Co = 0, the problem is solvable and any admissible strategy is optimal. If
b+ Co # 0, the problem is not finite.
(3) Assume S(2A + C?) < Q. Since v can be taken arbitrarily, it follows that

h(®) = irl}fg(@,v)

- 2(A + ©) + C? (SH (Q + 250)Co >2 _(Q+ 250)0?
- 2(A+ 9)[Q - S24+ C?)] 2(A+ ©) +C2 2(A+ ©) +C2
_ [2(A+ ©)+0%S2(b+ Co)>  CaS(b+ Co)
T 24+ 0)Q-S2A+C?)] A+ ©

[Q— S(2A+ C?)]o? 2(A+ ©) + C?

o o 2
A+ O 12 A+ @) 7

where the minimum is attained at

. — 2(A+ ©) +C? b+ (Q+ 250)Co
7 T2lQ - S(24+ C?)] 20A+©)+C2)°
One can see h(0) is bounded from below. Thus the problem is finite if 2A5+SC? < Q.
Now we want to look at when it is solvable. Note that
B S2(b+ Co)?
Q— S(2A+ C?)

h(—o00) = — So?.

We solve the inequality h(©) < h(—o0). This is equivalent to

(24 +Q®)_E~ (C; 2 f (,SS)JF Co)  5CeS(b+ Co)2A(A+ ©) + 2
—[Q — S2A + CHo?2(A+ ©) + C?

< S (b+Co)*[2(A+ ©) + C*P? N C?5%(b+ Co)?[2(A+ ©) + C?

= Q — S(2A+ C?) Q- S(2A+C?) '
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Straightforward calculation yields that

C282(b+ Co)?

[2(A+ ©)+C? (QS(2A+02)

+ 2CoS(b+Co) +[Q — S(2A + 02)]02) > 0.

Note that the second term is a perfect square and 2(A+ ©)+C? < 0. It holds for some
© < A+C?/2if and only if the second term is 0, i.e., CS(b+Co)+[Q—S(2A+C?)]o =
0. In this case, any admissible strategy is optimal. Otherwise, the problem is finite
but not solvable.

Proof of Example 2. (1) Finiteness. (H2) is equivalent to that there exist © €
T[P] and g such that

7.1

| \%/[P] =(2A+C*)P+Q — [P(B+CD) + S|(R+ D*P)'[P(B+CD) + S] > 0;
#(P(B+CD)+5S) C Z(R+ D*P);
R+ D?*P>0; DPo+ B+ p € Z(R+ D*P);
(A+BO)ng +q+ Pb+ ©p+ (C + DO)Po € Z(¥[P)).

Note that for P > —D72R,

V[P] =[(2A+C?) = D*(B+CD)*)(P+ D™ *R) — DS _pD+_ ji(f; D

+Q— D ?(2A+C*)R—2D (S — D™2R(B + CD))(B + CD)
= —a(P+D?R)—y(P+D2R)"' +5.

If v = 0, ¥[P] is decreasing of P. Thus we need 5 > 0. If 3 > 0, we can select
aP=—-D"2R+§ for small §. Then (7.1) holds. If 3 = 0, (7.1) is equivalent to
P = —D72R and there exists an 7y such that Bny + DRo — p = 0 and Any + q —
D72R(b+ Co) = 0.

If v # 0, ¥[P] has a maximum (3 — 2,/ay and the maximum point is taken at
P, =+/v/a =D 2R > —D~?R. Then Problem (EC) is finite if 8 —2,/a7y > 0.

If v # 0 and 8 — 2,/ay = 0, take P, = \/y/a — D™2R > —D 2R, the fifth line
of (7.1) is equivalent to

g+ Pb+ O,p+ (C+ DO,)P.o € Z(A+ BO,),

0, = —D‘Q\/f K\/Z - D‘2R> (B+CD)+ S}

=-D3(B+CD)—|D7'|a-sgn(S — D2R(B + CD)).

where

We also notice that |[D20, + (B + CD)| = |D|\/a. Such O, ¢ ©[A,C; B, D].

(2) Solvability. Note that the sufficient condition (H3) for solvability requires
(LQ)(;o to be solvable; we can directly take Theorem 7.2 (especially the (7.15) in
the proof) from [20] which presents an equivalence characterization. Then the result
follows directly by verifying (3.24). If g — 2,/ay > 0, (3.24) holds naturally. If
B =~ =0, we have to take P = —D~2R. Then (3.24) is equivalent to there existing
an 7y such that Bng — D™'Ro +p = Ang +q— D 2R(b+ Co) = 0. The proof is
complete. 0
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