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Abstract—1In this paper, we study the optimization of the
discrete-time stochastic linear-quadratic (L.Q) control problem
with conic control constraints in infinite horizon. Stochastic
control systems can be formulated as Markov decision problems
(MDPs) with continuous state spaces and therefore we can
apply the direct-comparison based optimization approach to
the total rewards optimization problem. By utilizing the state
separation property, we successfully derive the performance
difference formula. Based on it, the optimality condition and the
stationary optimal feedback control can be obtained. We show
that the optimal control policy is a piece-wise affine function
with respect to the state variables. Our work provides a new
perspective in LQ control problems. The direct-comparison
based approach is applicable to both linear and nonlinear
systems. Based on this approach, learning based algorithms can
be developed without identifying all the system parameters.

I. INTRODUCTION

In this paper, we study the total rewards optimization
of the discrete-time stochastic linear-quadratic (LQ) control
problem with conic control constraints in infinite horizon.
In an LQ optimal problem, the system dynamics are both
linear in state and control variables, and the cost functional
is quadratic in these two variables [1]. Because of the elegant
structure, the LQ problem has always been a hot issue in
optimal control research. Since the fundamental research on
deterministic LQ problems by Kalman [2], there have been
a great number of researches on it; see [1], [3], and [4].

This paper is motivated by two recent developments in
LQ optimal control and Markov decision problems (MDPs).
First, the constrained LQ problem is significant in both
theory and applications, such as the no shorting constraint
in portfolio, and upper/lower bounds for control variables.
However, because of the constraints on state and control
variables, it is hard to obtain the explicit control policy by
solving the Riccati equation [1]. Recently, there are some
promising researches about constrained LQ optimal control
problems, such as [1], [5], and [6].

On the other hand, as we know, stochastic control prob-
lems can be viewed as Markov decision problems; see [7]
and [8]. Therefore, the constrained stochastic LQ control
problem can be formulated as an MDP. On this side, a
direct-comparison based approach has been developed in
the past years to the optimization of MDPs [7]. With this
approach, optimization is based on the comparison of the
performance measures of the system under any two policies.
It is intuitively clear, and it can provide new insights, leading
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to new results to many problems, such as [9], [10], [11],
[12], and [13]. In this paper, we show that the special
features of the constrained stochastic LQ optimal control
make it possible to be solved by the direct-comparison based
approach, leading to some new insights to the problem.

In this paper, we consider the total reward MDP problem
in infinite horizon. Through the direct-comparison based
approach, we first derive the Poisson equation and the
Dynkin’s formula by utilizing the state separation property
of the system structure. Then we successfully derive the
performance difference formula. Based on it, the optimality
condition and the stationary optimal feedback control can be
obtained. We show that the optimal control policy is a piece-
wise affine function with respect to the state variables. Our
work provides a new perspective in LQ control problems.
The direct-comparison based approach is applicable to both
linear and nonlinear systems. In addition, without identifying
all the system parameters, this approach can be implemented
on-line, and learning based algorithms can be developed.

The paper is organized as follows. Section [[I}introduces an
MDP formulation of the constrained stochastic LQ problem;
some preliminary knowledge on MDP and the state separa-
tion property is also provided. In Section we derive the
performance difference formula; based on it, the optimality
condition and the optimal policy can be obtained. In Section
we illustrate the results by a numerical example. Finally,
we conclude the paper in Section [V]

II. PROBLEM FORMULATION

In this section, we study the infinite horizon discrete-
time stochastic LQ optimal control problem, in which the
conic control constraints are also considered; see [1], [6].
For simplicity of parameters, we consider a one dimensional
dynamic system with a multiplicative noise described by

vy = Az Bu(zg) + [Av + Buy(2)]&, (1)

for time | = 0,1,---. By denoting R (R,) as the set of
real (nonnegative real) numbers, in this system, A € R and
B € RY™ are deterministic values; z; € R is the state
with xg being given; and u; € R™ is a feedback control law
at time [. For each [, & denotes an independent identically
distributed one-dimensional multiplicative noise, satisfying a
normal distribution with mean 0 and variance o2, > 0.
Now we consider the conic control constraint sets (cf. [1])

Cl = {ul\ul (S ﬂ, Hul S Ri}, (2)

forl =0,1,---, where H € R"*"™ is a deterministic matrix;
and F; is the filtration of the information available at time .



Let C; C R™ be a given closed cone; i.e., au; € C; whenever
u; € C; and o > 0; and u; + v; € C; whenever u;,v; € C.

The goal of optimization is to minimize the total reward
performance measure in a quadratic form:

L—1
in nt"l(z) = lim E Z1u/R =z2] (3
min x im z; +u; Ru)|zg ==z
! nt (z) e [E(Q l l o ] 3
(s.t) {zy,w} satisfies (I) and (Z) for { =0,1,---,

where @ € R, and R € R"*™ are deterministic. Here we
denote the transpose operation by a superscript “I"™, such as

u/". And {u;} denotes the control sequence {ug,uy, - }.
For a stationary control law w; = u(z), at time [ =
0,1,---, the constraint can be written as

C:={uluecR™, HuecR}}.
Therefore, the performance function of (3)) is
*(z) = Qz* + u"Ru. 4)

Then the above stochastic control problem can be viewed
as an MDP with continuous state spaces. More precisely,
u(z) plays a similar role of actions in MDPs, and then the
control law u is the same as a policy.

Consider a discrete-time Markov chain X := {z;}°, with
a continuous state space on R. The transition probability can
be described by a transition operator P as

<Phxx>;:jghunf%dmI» )

where P(dy|x) is the transition probability function, with
x,y € R; and h(y) is any measurable function on R.

The product of two transition functions P;(B|z) and
P,(B|x) is defined as a transition function (P P,)(B|x):

uuwmw:é&wmamm,

where z,y € R, B € B.

For any transition function P, we can define the kth
power, k = 0,1,---, as P = I,P! = P, and P* =
PP*1k = 2,.... Suppose that the Markov chain X
is time-homogeneous with transition function P(B|z),z €
R, B € B. Then the k-step transition probability functions,
denoted as P**)(B|z),k = 1,2, --, are given by the 1-step
transition function defined as P"")(B|z) = P(B|z) and

P®)(B|z) ::/P(dy|x)Pk_1(B|y), k> 2.
R
For any function h(x), we have

(PU)@) = [ h)PY dyl) = PP )h(a),
R
That is, as an operator, we have Pk = P(P(kfl)).
Recursively, we can prove that P(¥) = P¥,

Because &; is an independent Gaussian noise, given the
current state x; = x, under the stationary control u(x), y =
2141 satisfies a normal distribution with mean p, = Az +

Bu(z) and variance o7, = [Az + Bu(z)]?0>. Then we have
the transition function of this system as follows,

1 _ (y — ,uy)2
\/ﬁoy exp{ 7205 tdy. (6)

In order to derive the explicit solution of the constrained s-
tochastic LQ control problem, [6] gives the following lemma
for the state separation property of the LQ problem,

Lemma 1 (State Separation [6]): For any x € R, the
optimal solution for problem at time [ is a piecewise
linear feedback policy

% K*IEZ,
u(e) = {—K*xz

P(dylx) =

if Z] Z 0,

7
if 2, <0, @

for [ = 0,1,---, where £ := {K € R"HK € R}
associated with the control constraint sets C;’s; K*,K* €
KC, are the optimal values of two correspondent auxiliary
optimization problems; and the superscript “x” corresponds
to the optimal control. O

Based on (7) in Lemma [I] the stationary control can be
written as u(z) = Kzl,>9 — Kzl,-0, where 15 is an
indicator function such that 15 = 1 if the condition B holds
true and 15 = 0 otherwise; and K, K € K. Applying this
control, the system dynamics (I}) becomes

41 = Crily >0+ Cxily, <o

+ [Cai150 + Caila, <o), ®)
for [ =0,1,---, where
C=A+BK, C =A-BK. ©)

Moreover, the performance measure (3) becomes

L-1
n(z) = Lh_{Y;C E[Z le21m120 + Wx12111<0\$0 =z,
1=0

where W = Q+ KT”RK and W = Q + KTRK. Therefore,
the performance function @) becomes

f(x) = Wal,so + Wall, . (10)
It is easy to verify that W and W are positive semi-definite.

With the dynamic programming approach, the total reward
performance (3) of the system is discussed in [6]. In this pa-
per, we will show that the direct-comparison based approach
provides a new perspective for this problem, and the results
can be extended easily. In the next section, we will derive
the optimal policy for the LQ problem.

III. OPTIMIZATION OF TOTAL REWARDS

In this section, utilizing the state separation property, we
derive the performance difference formula which compares
the performance measures of any tow policies, and then
derive the optimality condition and the optimal policy with
the direct-comparison based approach.



A. Performance Difference Formula

Denote Wy = W and W, = W. Then we have the
performance function as f(z) = Woz?1,>¢ + Woz?1,<o.
From @), (6), (8), and (I0), the performance operator is

(Pf)(z) = Wiz?1s30 + Wiz? 1<, (11)

where

Wy = (a1W0 + G2WO)CQ7 Wy = (CL1WO + aQWO)C’Q,

and

a —U¢( )

§ (1+0%)2(2), (12)
7o(-

1 1
az = D+ (+0%)e(—), (13)
with ¢(-) as the probability density function of a standard
normal distribution. We can verify that a; and as are both
nonnegative constants, with a; +ag =1+ o2,

Continuing this process, we obtain

(PEf) (@) = Wia®lozo + Wia’loco,  (14)
where
Wi = (a1 Wi—1 + a2 Wi—1)C?,
W, = (aﬂ/i/k_l + QQWk_l)é2.
We set Wi = max(Wy, Wp). In order to ensure the

stability of the system, [6] gives some assumptions. Here
we assume max(C?,C?) < 1/(1+ 0?) < 1. Then we have

Wi < (14 0%)F(C*)FWg, Wi < (140%)F(C*)F W,

Therefore, we have

lim Wk =

k—+o00

lim Wk =0.

k—+o00

15)

We denote Gy, := Y°F_ W, and Gy := Y1 W;. Based
on the above claims, we obtain that Gy and G, would
converge when k — +o00. Thus we denote

G:= lim GKszk, G:=

K—+oco

lim Gg = ZWk

K—+oo
Based on the definition of total rewards @ we have
77(56) = éx21$20 + C_'»"332196<O-

By (14) and (I3), we have

Jim (PEf)(x) =0.

(16)

Then we have proved that the closed-loop system is L2-
asymptotically stable, i.e., lim; o F[(z;)?] = 0. Therefore,
the total rewards 7(x) exists, that is a piecewise quadratic
function with positive semi-definite matrices G and G.

Now, we define the discrete version of generator, A for
any function h(z),z € R, such that

Ah(z) == (Ph)(z) — h(z). (17)

Taking h(z) as n(x), and by the definition of n(x) in (3),
we have the Poisson equation as follows,

An(z) + f(z) = (18)
By (@) and (T7), we obtain the Dynkin’s formula as
K-1
E{)_ [Ah(zy)llzo} = E{h(zx)lzo} — hlzo).  (19)
k=0

Now we consider two policies u,u’ € Uy, with two
Markov chains in the same state space R, with P, f,n, A, F,
and P, f',n/, A’, E', respectively. Let z(, = xo. Applying
the Dynkin’s formula on X’ with h(z) = n(x) yields

E{ZAn

Noting that 1’ (x¢) = limg_,00 E o {E'[f (x)]|z0}, and
limg o0 E'{n(zK)|xo} = 0 due to asymptotical stability.
Then by ([20), we obtain the performance difference formula:

Jzo} = E'{n(zx)llzo} — n(zo).  (20)

K-1
—n(zo) = lim

K—oo
k=0

' (o) E'{(A'n+ f')(a})|zo}. (1)

B. Optimal Policy

Based on the performance difference formula @]) we
have the following optimality condition.

Theorem 1 (Optimality Condition): A policy u* in C is
optimal if and only if
AU 4 U >0 =AY Y 4+ fY Vu e C. (22)
From (22)), the optimality equation is:
rl?eircl{A“n“* + /' =0. (23)

Proof: Firstly, the “if” part follows directly from the per-
formance difference formula @]), and the Poisson equation
(18).

Next, we prove the “only if” part: Let u* be an optimal
policy. We need to prove that (22) holds. Suppose that this
is not true. Then, there must exist one policy, denoted as u’
such that does not hold. That is, there must be at least
one state, denoted as y, such that

PY" (y) + £ (y) > P (y) + £ (y).

Then we can create a policy @ by setting @ = u’ when
z =1, and @ = u* when x # y. We have n* > 77“/. This
contradicts to the fact that u* is an optimal policy. (]

Based on the optimality condition, the optimal control u*
can be obtained by developing policy iteration algorithms.
Roughly speaking, we start with any policy ug. At the kth
step, k =0,1,---, given a piecewise linear policy ug(z) =
Kzl,>0 — Kzl,-9, where K, K € K, we want to find a
better policy by . We consider any policy u(x). Setting

()

h(x) = n*(x) = Ga? 1.>0 + G2%1,.0, by , and
, we have
(PYn")(x) z(alé + azé)(A + BK)%QLQO

+ (1G + a2G) (A — BK)%2%1,.o. (24)



where a1 and ay satisfy equations (I2) and (I3)), respectively.
Then, from (@) and (24), we have

i () = arg{min [P ) () + f(2)])
= Kk+1$1m20 — Kit121,<0,
with

Kk+1 = arg Ilgli%[alézé + asC?G + Q+ KTRK],

€

K = arg IIéliI]%[CLlCQG +a2C*G +Q + KTRK],

€
where C' = A+ BK, and C = A — BK.

It can be seen that if the policy ug(z) is a piecewise
linear control, then we can find an improved policy uy1(z),
which is also piecewise linear. Moreover, if Ky = K and
Kii1 = K, ie., ugy1 = uy, then the iteration stops. The
policy uy, satisfies the optimal condition (23)) in Theorem

and therefore is an optimal control.
Therefore, we can obtain the optimal policy as follows,

(25)

u(r) = K'21,>0 — K*2l.<o,
where
K* = arg geir’%[alézé* +asC?G* +Q + K RK], (26)
K* = arg gleir)%[alc_’zé* +a2C?G* + Q + KTRK]. (27)
Moreover,
G* = Ir{neirlé{alé'zé* +axC?G* +Q + K'RK}, (28)
G* = Irélei%{alc%i* +aC?G* + Q + K'RK}. (29)

The original problem (3)) is transferred to two auxiliary op-
timization problems (26) and (27). Under the optimal control
u* in , the closed-loop system is L2-asymptotically
stable. From , with the initial condition ¢ = x, we know
the optimal total reward performance of this system is

n*(x) = G*I21w20 + G*2?1,.0, (30)

where G* and G* satisfy and , respectively.
Policy iteration can also be implemented on-line, the
performance (potential) can be learned on a sample path
without knowing all the transition probabilities. In on-line
algorithms, the computation of policy evaluation is O(n),
where n is the length of a sample path. Besides, [6] also
provides some algorithms for calculating the optimal policy.

IV. SIMULATION EXAMPLE

In this section, we use a simple example to illustrate the
optimal policy for the constrained LQ control problem (3).
We consider a stochastic LQ system with x¢g = 15, m = 3,
A =0.8,and B = (—0.35,0.18,0.25). The cost matrices are

1.2 06 04
R=[06 1.8 02], and Q=12
04 02 24
For time | = 0,1,---, the variance of & is o2 = 0.25.

We consider the conic constraint u > 0. By applying

Theorem the stationary optimal control is uj(z;) =
K*lexlzo — K*xllml@, for [ = 0,1,---, where K* =
(0.574,0,0)7, K* = (0,0.250,0.270)", G* = 2.773 and
G* = 3.473. Furthermore, the optimal total reward perfor-
mance is 7* (zo) = G* 221,450 + G*221,, <0 = 623.987. It
can be observed that =] converges to 0 fast and this closed
loop system is asymptotically stable.

V. CONCLUSIONS

In this paper, we apply the direct-comparison based opti-
mization approach to study the total rewards optimization of
the discrete-time stochastic linear-quadratic control problem
with conic control constraints in infinite horizon. We derive
the performance difference formula by utilizing the state
separation property. Based on it, the optimality condition
and the stationary optimal feedback control can be obtained.
The direct-comparison based approach is applicable to both
linear and nonlinear systems. The results can be extended to
the cases of non-Gaussian noises and average rewards easily.
In addition, without identifying all the system structure
parameters, this approach can also be implemented on-line,
and learning based algorithms can be developed.

Finally, this work focuses on the discrete-time stochastic
LQ control problem. Next step, we can investigate continu-
ous cases. Besides, since the constrained LQ problem has a
wide range of applications, we hope to apply our approach in
more areas, such as dynamic portfolio management, security
optimization of cyber-physical systems, financial derivative
pricing, in our further research.

REFERENCES

[1] Y. Hu and X. Y. Zhou, “Constrained stochastic LQ control with
random coefficients, and application to portfolio selection,” SIAM
Journal on Control and Optimization, vol. 44, no. 2, pp. 444-446,
2005.

[2] R. E. Kalman, “Contributions to the theory of optimal control,” Bol.
Soc. Mat. Mexicana, vol. 5, no. 2, pp. 102-119, 1960.

[3] B. D. Anderson and J. B. Moore, Optimal Control: Linear Quadratic
Methods, Courier Corporation, 2007.

[4] J. Yong, “Linear-quadratic optimal control problems for mean-field
stochastic differential equations,” SIAM Journal on Control and Opti-
mization, vol. 51, no. 4, pp. 2809-2838, 2013.

[5] J.J. Gao and D. Li, “Cardinality constrained linear quadratic optimal
control,” IEEE Trans. Autom. Control, vol. 56, no. 8, pp. 1936-1941,
2011.

[6] W. P. Wu, J. J. Gao, D. Li, and Y. Shi, “Explicit solution for con-
strained stochastic linear-quadratic control with multiplicative noise,”
IEEE Trans. Autom. Control, submitted for publication.

[71 X.R. Cao, Stochastic Learning and Optimization: A Sensitivity-Based
Approach. New York: Springer, 2007.

[8] M. L. Puterman, Markov Decision Processes: Discrete Stochastic
Dynamic Programming, New York: Wiley, 1994.

[9]1 K. J. Zhang, Y. K. Xu, X. Chen, and X. R. Cao, “Policy iteration
based feedback control,” Automatica, vol. 44, no. 2, pp. 1055-1061,
2008.

[10] X. R. Cao, “Stochastic feedback control with one-dimensional degen-
erate diffusions and nonsmooth value functions,” IEEE Trans. Autom.
Control, vol. 62, no. 12, pp. 6136-6151, 2017.

[11] X.R. Cao, and X. W. Wan, “Sensitivity analysis of nonlinear behavior
with distorted probability,” Mathematical Finance, vol. 27, no. 1, pp.
115-150, 2017.

[12] L. Xia, “Mean-variance optimization of discrete time discounted
Markov decision processes,” Automatica, vol. 88, pp. 76-82, 2018.

[13] X.S. Ye, R.B. Xue, J.J. Gao, and X. R. Cao, “Optimization in curbing
risk contagion among financial institutes,” Automatica, submitted for
publication.



	Introduction
	Problem Formulation
	Optimization of Total Rewards
	Performance Difference Formula
	Optimal Policy

	Simulation Example
	Conclusions
	References

