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Abstract— This paper is a compendium to a tutorial session
in the 2023 IEEE Conference on Decision and Control (CDC)
by the same authors listed here and carrying the same title.
The session (as well as this paper) addresses variations around
the basic linear-quadratic—-Gaussian (LQG) control paradigm,
identifies the underlying challenges in such extensions, and
discusses some of their resolutions. The paper is organized
into four main parts, each one corresponding to a presentation
by one of the authors, as the section titles indicate. The first
part discusses stochastic control and stochastic games under
nonstandard (or nonclassical) information structures, which
have elements of signaling and incentive designs, including also
variations around the celebrated counterexample in stochas-
tic control due to Witsenhausen. The first part also covers
information transmission limitations in control, and rational
expectations models arising in economics. The second part
considers variations to stochastic LQ Nash and Stackelberg dif-
ferential games, deriving explicit equilibrium policies expressed
by Riccati equations. The third part describes approaches
to solving nonstandard LQ control problems to characterize
their feedback-type optimal controllers under three different
settings, namely (i) irregularity, (ii) delay state equations, and
(iii) asymmetric information structures. The last part provides
open-loop and closed-loop solvability analyses for LQ control
problems, establishing relationships between forward-backward
stochastic differential equations, the optimality condition, and
(differential/algebraic) Riccati equations.

I. INTRODUCTION

Since the late 1950’s, Linear-Quadratic-Gaussian (LQG)
theory (also known as stochastic linear-quadratic (LQ) con-
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trol theory) has been the dominating paradigm for feedback
control design for linear stochastic systems under noisy
state measurements with Gaussian statistics and quadratic
performance index [1], [12], [15], [16], [22], [24], [35], [37],
[38], [50], [103], [120], [122]. Its salient feature of separation
of estimation and control, allowing the optimal controller
to be one of the optimal linear-quadratic-regulator (LQR)
solution with simply the state replaced by its conditional
mean generated by the Kalman filter (or Kalman-Bucy filter),
made the optimal design easily implementable. Furthermore,
the optimal controller can be implemented by simply solv-
ing the associated (differential or difference or algebraic)
Riccati equations, instead of solving complex Hamilton-
Jacobi-Bellman PDEs (in the continuous time) or Bellman
difference equations (in the discrete time).

Various applications of the LQ control framework can be
found in economics, finance, engineering, and sciences. For
specific applications, we refer the reader to [1], [15], [16],
[331, [34], [37], [38], [47], [51], [59], [103], [120], [122],
[133], and the references therein. To list a few, the stochastic
LQ pollution level control problem was studied in [33], and
[133] considered the stochastic LQ mean-variance portfolio
optimization problem. The stochastic control problem of
electric water heating loads was studied in [51], the stochas-
tic power adjustment problem of wireless communication
networks was considered in [47], and the stochastic LQ
problem for queuing systems was considered in [59].

Most of the progress on LQ problems has been built on a
number of standard conditions (or assumptions), namely 1)
“Regularity”, that is, the parameters of the state equation and
the associated Riccati equation for designing the controller
are required to be sufficiently regular, and the parameters
in the cost function need to be sign-definite matrices; 2)
“Finite dimensions”, that is, the system under consideration
is described by ordinary differential equations and with no
time delays in most cases; and 3) “Symmetry”, that is,
the feedback information used by different controllers (in
a distributed control problem) is consistent. Questions were
naturally raised as to whether the earlier-mentioned attractive
and appealing features of the LQ theory are retained when
such standard conditions or assumptions are violated, or
when one takes variations around the basic model.

To capture general variations in LQ control problems,
we may consider the cases of “irregular” (singular control),
“infinite dimensional systems” (partial differential/time-delay
systems) or “asymmetry in information” (decentralized or
distributed control). An early paper that brought to the
attention of the control community the vulnerability of the
LQG-based design to a modest variation in the standard



symmetric information structure assumption, or in other
words the assumption that the controller has access to full
memory on the measurements it receives, was the one
by Witsenhausen [111], who produced a counter-example
showing that linearity of the optimal controller does not
always hold with such variations around the basic LQG
model. Specifically, Witsenhausen addressed a 2-stage scalar
LQG problem, showing that if the control at stage 2 does not
have access to the measurement of the control at stage 1, then
the basic linearity property of the standard LQG solution
breaks down, and the optimal solution (which exists) is then
nonlinear (even though its closed-form optimal structure is
still not known).

There are also other nonstandard assumptions or informa-
tion structures in LQ problems that have been considered
in the literature, such as: (i) having distributed control
inputs with decentralized information, (ii) having bandwidth
constraints (or probabilistic constraints) and/or sporadic fail-
ures on the channels that carry state information to the
controller(s) and/or controller inputs to the plant (generally
known as networked control), (iii) the plant or the channels
carrying information being vulnerable to adversarial attacks
(that is, worst-case designs, captured via the framework of
zero-sum dynamic games), and (iv) having multiple agents
with non-aligned objectives interacting over a network (that
is, a nonzero-sum differential/dynamic game framework).
These classes of LQ problems (hereafter referred to as
nonstandard LQ problems) are very complex, with each
one requiring a different set of tools for their analyses and
synthesis of appropriate optimal solutions (or policies, in a
broader framework). Some of these will be discussed in this
survey article.

Accordingly, we address in this paper selected nonstandard
deterministic and stochastic LQ problems, discussing the
underlying challenges and some of their resolutions. The
paper is organized into four main parts, along the lines of
the presentations of each author in the 2023 CDC tutorial
session.!

The first part (Section II) studies LQ problems under
nonstandard (or nonclassical) information structures, where
issues of signaling and incentive designs arise; it also
discusses in this context the counterexample (in stochastic
control) due to Witsenhausen and some variations around
it. This first part also covers information transmission limi-
tations in LQ problems caused by communication channels
being unreliable or bandwidth-limited. In addition, it covers
extensions to mis-aligned objectives (that is, game problems)
and variations on rational expectation models in economics.
The second part (Section III) considers several generaliza-
tions to multi-criteria LQ problems (particularly stochastic
LQ Nash and Stackelberg differential games), addressing
the “irregularity” condition and deriving the corresponding
equilibrium policies expressed by Riccati equations.

The third part (Section IV) describes approaches of solving

'In the paper, by necessity different notations and terminologies will be
used in different (sub)sections, but this difference will have minimum to no
impact on the delivery of the main contents.

LQ control problems to characterize their feedback-type op-
timal controllers under three different nonstandard settings,
namely (i) irregularity condition, (ii) delay state equations,
and (iii) asymmetric information structures. The last part
(Section V) provides open-loop and closed-loop solvability
analyses for LQ control problems, establishing relationships
between forward-backward stochastic differential equations,
the optimality condition, and (differential/algebraic) Riccati
equations. The paper ends with some concluding remarks,
and an extensive list of references.

II. VARIATIONS AROUND THE STANDARD LQG MODEL
(BY TAMER BASAR)

As we have mentioned in the Introduction, and as is well
known in the broad community that deals with decision-
making under uncertainty (not only control), the LQG model
(linear systems dynamics driven by control and Gaussian
independent increment noise process, where the control has
access to state information over a linear Gaussian channel,
and with a performance index that assigns quadratic positive
costs to the state and the control over the decision horizon)
admits a very appealing and easily implementable optimal
solution, where the optimal controller is the one of the
LQR (which is deterministic version of the LQG) with only
the state replaced by its least-squares estimate, generated
by the Kalman filter which is a dynamic system of the
same dimension as the system state, driven by the associ-
ated innovation process. This is true for both discrete- and
continuous-time formulations, and finite as well as infinite
decision horizons, with the implementation requiring the
solutions of two (uncoupled) Riccati equations (discrete-time
or continuous-time or algebraic, as appropriate). Stripping
away the details, one important property of the optimal
solution is that at any point in time the optimal controller
is a linear (affine if random quantities have nonzero means)
function of all the past measurements made, with each
past measurement appropriately weighted; in other words,
the solution requires access to full memory. Of course,
the Kalman filter conveniently prevents the “storage” from
growing with time, by generating the least-squares estimate
through a dynamical system of fixed dimension.

In this section we discuss several variations around that
basic model, which relax the modeling assumptions made in
different directions, such as bringing restrictions on memory,
allowing measurement channels to fail sporadically, and
the decision variables being controlled by different agents
with misaligned interests (that is multi-criteria game for-
mulations, including incentive design problems)-all in the
linear-quadratic setting. To convey the message(s) in simplest
possible settings without much clutter of notation, we stay
with discrete-time formulation, with two decision makers,
scalar quantities, but of course with dynamic information,
which still provides a rich landscape.

A. Restricted Memory

We start with the following two-stage stochastic control
or equivalently two-agent dynamic stochastic team problem,



where all quantities are scalar: A Gaussian random variable,
x, with mean zero and variance o2 is to be transformed into
another random variable, uy = ~o(x), which is transmitted
over a Gaussian channel, ¥y = wug + w, with zero-mean
additive Gaussian noise w of variance 03), the output, vy,
of which is to be further transformed into another random
variable, u1 = 71 (y). The objective is to choose the transfor-
mations g and 7; in such a way that a performance index,
Q(x, ug,u1), quadratic in x, ug, and uy, is minimized in the
average sense. That is, we seek the pair v* := (7, ~;) such
that

J(") :mvinJ(*y) = J", (I.1)
where
J(7) =E[Q(z,v0(x), 1(y))] (I1.2)

with expectation, E[-], taken over the statistics of = and
w, which are assumed to be independent. Furthermore, the
minimization is over the space of all Borel-measurable maps,
that is both policies (decision rules) vy and ~y; are taken to
be Borel-measurable maps of the real line onto itself.

This is a stochastic decision problem with what is known
as nonclassical information, because the information to be
used by the decision rule, 71, of the second agent depends on
the action, ug, of the first agent (and thereby on the decision
rule of the first agent), but the second agent does not have
access to the information of the first agent (that is, x). If
we view it as a single-agent problem where the agent acts
twice, then it is one where the agent is memoryless, that is it
does not remember what it had observed at the earlier stage.
As such, these problems belong to the realm of inherently
difficult decision problems for which a systematic solution
process does not exist, one of the main reasons being that
due to loss in memory, a sequential decomposition is not
possible.

Note that if the second agent also had access to z, then y
would provide useless information, and we would essentially
have a deterministic problem, admitting a linear optimal
solution (linear in x) for both agents (assuming that () is
strictly convex in the pair (ug,u). If the first agent did
not have perfect access to x, but observed it over a noisy
channel, such as yo = x + wg, where wq is another zero-
mean Gaussian random variable, independent of the others,
and if gy was also accessible to the second agent (that
is, u1 = v1(Wo,y),u0 = 70(yo)), then this fall within
the setting of LQG, and hence optimum ~y; and o would
be linear in their arguments (again assuming the earlier
strict convexity condition). But with the memory restriction
as above, linearity of the optimal policies is no longer a
foregone conclusion, and as we discuss below it very much
depends on the structure of Q.

We now consider different instances of this class of prob-
lems, corresponding to different choices of the performance
index (), some of which admit explicit, relatively simpler so-
Iutions while some others do not. Hence the message will be
that it is not only the nonclassical nature of the information
structure but also the structure of the performance index that

contributes to the difficulty in solving these problems.
Let us start with the most general quadratic structure for
Q in terms of the 3 scalar variables (z, ug, u1);

Q(z,u0,u1) = couo)® +c1(u1)? +auour +bozug + by zus,

where a,bg, b1, cg,c1 are scalar parameters. Note that we
have not included a quadratic term in x since it is not relevant
to (enter into) the optimization problem faced by the two
agents. Our focus here in three different sets of choices of
these parameters, with each set leading to an intrinsically
different optimization problems with totally different features
and requiring totally different solution techniques:

Set 1 (WIT):

{er = Lo = 1+ ko, ,bo = —2ko, b1 = 0,a = =2},
where ko > 0 is some parameter.” This leads to the following
special structure for Q:

Qw (. ug,u1) = ko(uo — 2)* + (u1 — uo)>. (I1.3)

Set 2 (GTC):
{01 =1,¢c9g = kg,,b1 = —2,a = —O}, where ko > 0 is
some parameter.’ This leads to the following special structure

for Q:
QGTc (@, uo, ur) = ko(uo)® + (u1 — x) + bouow, (I1.4)

Set 3 (ZSG):

{61 = 1,80 = 1+k0,,b0 = —Qko,bl = O,a = —2},
where ko < 0 is some parameter.* This leads to the following
special structure for ):

QW(m,uo, ul) = ko(’do —.’L‘)2 + (’LL1 —U0)2 , kg < 0. (IL5)

Note that since ko < 0, here the roles of the agents (players)
have changed. Now u is the maximizing variable, while uq
is still the minimizing variable. This makes the problem a
zero-sum game with the natural solution concept being one
of saddle-point equilibrium. Hence, (II.1) is replaced here
with

J(v0,71) < J(0,71) < J(vg5 M), (1L.6)

where J(v,75) =: J* is the saddle-point value.

We now discuss the solutions to these three different
classes of problems, all variations to the general two-agent
LQ decision problem formulated at the beginning of this
subsection, in the same order as they are listed.

1-WIT:

This is essentially the Witsenhausen counterexample (WC)
mentioned earlier in the paper, which is a 2-stage LQG
control problem with no memory for the controller [111]. It is

2Here c¢; = 1 is just normalization. Our discussion on the nature of the
solution to WIT will actually apply to a much larger set, where @ is strictly
convex in the pair (uo, 1) and a # 0, that is ¢; > 0, 4c1co > a® > 0.

3Here again ¢ = 1 is just normalization. Our discussion on the nature
of the solution to GTC will apply to a much larger set where the only
requirement is that @ = 0 and Q is strictly convex in the pair (ug,u1),
that is both ¢1 and cg be positive.

“Here again c¢; = 1 is just normalization. Our discussion on the nature
of the solution to ZSG will again apply to a much larger set, where ¢; > 0
and a # 0. Note that it is not required that co > 0.



an invertible linear transformation that takes WC to the form
given here, and the two formulations are equivalent as far as
the optimal solution goes, as shown in [20] and [13]. Note
that the interpretation in this reformulation is that the first
agent (controlling uy) wants to stay as close to x as possible,
while the second agent (controlling u) wants to stay as close
to the action of the first agent, ug, as possible. Witsenhausen
has shown in [111] that the optimal solution to this problem
exists, but the optimum decision rules are not linear. For the
latter, he has shown that there exist nonlinear policies which
outperform the best linear ones. A class of such nonlinear
policies introduced by Witsenhausen, and further improved
upon by Bansal and Bagsar [20] is

uy = Yo(r) = esgn(z) + Az,
71(y) = Elesgn(x) + Azy],

where € and )\ are parameters to be optimized over (in [111]
the values are picked as A = 0 and € = o0,, and some
asymptotics are studied). Clearly, if ¢ = 0, this class of
decision rules will be linear, since E[Az|y] will be linear for
each )\, however when ¢ # 0, the decision rules at both stages
will be nonlinear. For further discussion on this problem on
progress made since 1987, see [127].

U1

2-GTC:

The second special structure introduced above arises in
communications- (with by = 0)-optimum transmission of a
(Gaussian) random variable from a source to a destination
over a noisy channel, for least squares estimation of that ran-
dom variable at the destination, which involves optimum de-
signs of an encoder (u() and decoder (u1). More specifically,
here the second agent’s objective is to estimate the random
variable x in the minimum mean square (MMS) sense, using
a measurement that is transmitted over a Gaussian channel
where the input to the channel is shaped by the first agent
who has access to z and has a soft constraint (koIE[(ug)?])
on its action. The version of this problem, where the soft
constraint is replaced by a hard power constraint, E[(ug)?] <
k, is known as the Gaussian Test Channel (GTC), and in
this context 7o is the encoder and 7, the decoder, whose
optimal choice is clearly the conditional mean of x given y,
that is E[z|y]. The best encoder for the GTC can be shown
to be linear (a scaled version of the source output, ), which
in turn leads to a linear optimal decoder. The approach here
(which is in fact the only one known to apply to this problem)
is to obtain bounds on the performance using an inequality
from information theory involving channel capacity and rate
distortion function, and then showing that the bound can be
achieved using linear policies. This can be applied to the
generalized version formulated here (with by # 0), leading
to the following solution:

*

2, (I.7)

x
_ sgn(bp)osVar

a* + o2,

Yo (z) —sgn(bo)

1y) = Elzlyl = y, (L8)

where a* is the unique positive solution of the polynomial
equation

[2kov/a — |bolos] [ + 02) = 202 02V (I11.9)

Details can be found in [20], [13], and [127]. Extensions to
the case of multiple channels between the two agents can be
found in [19].

Remark I1.1 The main difference between the two problems
WIT and GTC is that Q) in the former has a product term
between the decision variables of the two agents while in
the latter it does not. Hence, it is not only the dynamic
(nonclassical) nature of the information structure but also
the structure of the performance index (cost function) that
determines whether linear policies are optimal in LOQG multi-
stage decision problems.

The third special structure is similar to WIT but with the
roles of the two agents being conflicting, which is captured
by ko being negative; as indicated earlier this constitutes a
zero-sum game with uyp now maximizing. First note that if
Yo is linear in x, say vo(x) = aa for some parameter «, then
the ~; that minimizes J is also linear (and unique), being
the conditional mean of ax given y. Hence,

22

acoy

Yo(r) =ar = n(y) =

o202 + o2 Y-
Conversely, if v, is linear in y, say v1(y) = Ay for some

parameter A, then provided that

ko < —(A—1)2, (I1.10)

which makes Q¢ strictly concave in ug,> the o that maxi-
mizes J is also linear (and unique). Hence,
ko
-
ko — (A —1)?
For these policies to constitute a saddle point, we have to
find a pair («, A\) which simultaneously solve

ny) =\ = (@)=

A= 2a220926
a?02 4 02
ko
a = ———
ko + (A —1)2

while satisfying the constraint (II.10).

Following these lines, it has been shown in [13] that the
game has a unique saddle-point solution as long as ko < 0,
and the saddle-point policies are linear:

ko

ko + (A* = 1)2
where A\* is the unique solution of the polynomial equation
f(A) =0 in the interval (max(0,1 —+/—ko), 1), where

FO = (02 /020 [ko — +(1 = A?]* + k(1 = A) = 0.

Now uniqueness of the linear saddle-point solution in the

Yo () = r, 7(y) =y

SIf the condition (I.10) is not satisfied, then for the given 1, the player
who chooses ug can make the value of J arbitrarily large.



class of general Borel-measurable policies (and not only
linear) follows from the ordered interchangeability property
[16] of multiple saddle points, since the optimum response
of each player to an announced linear policy of the other
player is unique, as indicated above.

Extension to noisy access to x:

If ugp has access to noise corrupted version of x, that
is w = 7v(2), 2 = x + v, where v is a zero mean
Gaussian random variable, independent of x and w, then
the difficulty in obtaining the optimum solution to WIT is
naturally still there. For GTC and ZSG, on the other hand,
optimum solutions exist and the corresponding policies are
still linear. Details can be found in [13]. An important point
to be made here is that in these two classes of problems
(GTC and ZSG) certainty equivalence does not hold, that
is the solution is not of the type where one first solves the
deterministic version of the problem and then replaces the
random variables with their conditional mean values at the
solution point. On the other hand, one would normally expect
certainty equivalence to hold if the information structure is of
the classical type, that is (in this case) the agent acting at the
second stage has access to not only his private information y
but also z. This is indeed the case with team problems (which
then become standard LQG stochastic control problems), but
not necessarily for stochastic zero-sum games which feature
many pitfalls; for details we refer to [4] and [3].

Two extensions to GTC:

For the second setting, GTC, discussed in this subsection,
one important extension would be to have the channel be-
tween the two agents (encoder and decoder) to be susceptible
to adversarial action under some second moment constraint,
that is in addition to the Gaussian channel noise there is also
a jamming input to the channel, which could be correlated
with = (or z in the extended version). This then becomes
a 3-player zero-sum game, where the original two agents
(encoder and decoder) form a team (with still nonclassical
information) who minimize the objective function, whereas
the jammer (as the third agent) maximizes the same under a
hard constraint or a soft quadratic constraint attached to the
objective function. The solution concept is as in ZSG, that
of saddle point with the team of encoder-decoder playing
against the jammer. It has been shown in [5] that the saddle-
point solution for this quadratic decision problem is still
linear for the encoder-decoder pair, while for the jammer the
maximizing policy is to inject a zero-mean Gaussian noise,
possibly correlated with x (or 2).

A second extension to GTC involves a multi-stage formu-
lation which entails a joint design of the control policy and
the measurement process. Consider the scalar discrete-time
plant

T+l = Pn@n +Un + U, n=0,1,...

along with the scalar measurement
Yn =hp +w,, n=0,1,...,

where {v,} and {w,} are i.i.d. Gaussian random variables,

with zero mean and independent of each other as well as of
the Gaussian initial state xo. The variable u,, is the control,
allowed to depend on the present and past values of y, and
h,, is another decision variable (the sensor structure), which
has to be designed as a function of the current value of
the state, x,, and possibly also of the past values of y,
and this design has to be picked optimally, along with the
control, so as to minimize the expected value of a stage-
additive quadratic cost function. This is a dynamic decision
problem that features nonclassical information because u,
and h,, can be seen as the actions of two agents with the
decision of one affecting the information of the other, who
however do not share information. Employing the GTC result
sequentially, as well as sequential rate distortion theory,
this nonclassical stochastic control problem can be shown
to admit a linear optimal solution (for both u, and h,)
[21]. Its continuous-time version (again scalar) also admits a
linear optimal solution [14], where now the continuous-time
Gaussian test channel with feedback is employed. None of
these results admit easy extensions to multivariable systems,
where optimum solutions (if they exist) will in general not
be linear.

B. Rational Expectation Models

Rational expectation models feature special types of state
dynamics that are driven by expectations of the future based
on current information or by control that is designed as a
result of optimizing a cost function that has multi-step future
value of the state. These dynamic models are called “forward
looking”, because the future behavior depends explicitly on
the expectations the agents have on the future itself (as
it happens in the stock market); and they are also called
“rational expectations models”, because the expectations on
the future outcomes are (or should be) formed on some
rational basis. For a background on such models, and for
details of the results given in this subsection, we refer the
reader to [10]. Perhaps the simplest such model is described
by the scalar difference equation:®

Yt = ayi—1 + 0B 1y 1 + €, (IL11)

where ¢ and b # 0 are constant parameters, {e;} is a
sequence of independent zero-mean random variables with
finite variance, and E;_1y:11 := Elys1|n:] is the condi-
tional expectation of ;.1 based on some information, 7,
available at time ¢. The subscript ¢ — 1 is used to capture
the assumption that this information 7, is based on the past
is based on the past values of the relevant state (of, say, of
the economy), that is {y;—1,%:—2,...} =: y'~1. A common
assumption is to let , = y'~!; but other formulations are
also possible, such as n; = 2t~ where z; denotes some
“noisy” measurement on y;:

2t =Y + &, (IL.12)

OWe use here notation more in line with the literature on rational
expectations, such as the one adopted in [10], with state denoted by y
instead of the common control usage of z, but this should not create any
confusion as the material here is self-contained.



with {&;} being another sequence of independent, zero-mean
random variables with finite variance.

The basic question addressed particularly in the economics
literature, rephrased in the above context, is whether there
exists a (unique) stochastic process {y:} that satisfies (IL.11)
for all ¢ of interest. It actually turns out that the solution
is actually not unique, which motivated a control-theoretic
approach to the problem, as introduced in [10]. We replace
(II.11) with the controlled state equation:

Y¢ = ayi—1 + buy + €, (I1.13)

where {v;} represents an aggregate decision variable, chosen
under the information restriction that vy = ~;(n;), for some
Borel-measurable function 7,—the policy variable. Connect-
ing this with the earlier formulation, a rational choice for
~: would be to pick it so that v is as close to E[ys4117]
as possible. A cost function that would capture this over a
horizon (0,77 is

T
J() =D E[(n(ne) —war)’lp’,  (AL14)
t=0

where p € (0,1) is a discount parameter. The gaol here is
to minimize J() by properly choosing v := {~o,...,vr},
where the time horizon could also be infinite. Let us further
take the underlying statistics of the random variables to
be Gaussian. This is clearly a dynamic policy optimization
problem with LQG structure, but not of the standard type.
Still, its optimum solution can be shown to exist (whenever
ab < 1/4), is unique, and linear in the information available
to the controller. In the perfect state measurement case, the
optimum controller is linear on the most recently available
value of y and the most recently applied control. In the noisy
measurement case, the most recently available value of y is
replaced by its conditional mean. The finite-horizon optimal
controller has a well-defined limit as 7' — oo, which is
the stationary, stabilizing optimal controller for the infinite-
horizon problem (valid for both perfect and imperfect state
measurements). These results also admit comparable exten-
sions to the more general case where both the state process y
and control v are vector-valued; details can be found in [10].
There are also extensions (and substantial ones) to forward-
looking models where the original uncontrolled dynamics
(IL.11) has an additional control input that aims at driving
the dynamics to a target value using an appropriate quadratic
cost function [9].

A second type of model with conditional expectations in
the cost:

A second type of variation around the LQG, of the
nonstandard type, which also has explicit dependence on
conditional mean (as above) has been addressed in [8].
The problem involves active learning, and is motivated
by a macro-economics model of credibility and monetary
policy, incorporating asymmetric information between the
private sector and the monetary authority. The former is
a passive player who simply forms conditional (rational)

expectations of the current inflation rate, which constitutes
the surprise component of the policy maker’s (the monetary
authority) objective function. The policy maker attempts to
maximize the objective function by choosing a control policy
which also affects the information carried to the passive
player whose rational expectations in turn influence the
performance of that policy. More precisely (deviating a bit
from the notation of [8], to be somewhat consistent with
the above, particularly by turning the original maximization
problem into a minimization one), the underlying multi-
stage stochastic decision-making (control) is formulated as
follows (again staying with the scalar version): Minimize,
over v := {%0,...,7r}, a Borel-measurable function, the
objective functional

T
J(v) = ZE[%(W)Q + 2 (Elugln] —ug)lpt,  (L15)
t=0

where p € (0,1) is again the discount factor, u; =
Ye(ne, ), t = 0,1,... is the control variable, 1, = y'~! :

{y0,.-.,yt—1}, {x+} is the state process generated by
Tip1 =aTt+ce+ e ,t=0,1,..., (II.16)
and {y;} is the measurement process generated by
Y =ur + & . (IL.17)

The random variables g, {€;}, {£;} are Gaussian, indepen-
dent, with zy having nonzero mean, and others having zero
mean. Finally, ¢, is a nonzero scalar.

We note that the control {u;} enters the problem not
through the state equation (II.16), but through the message
(or measurement) process (II.17), and the cost function
(II.15) to be minimized. The presence of the conditional ex-
pectation term in (II.15) makes this a nonstandard stochastic
dynamic optimization problem of the first type considered in
this subsection; furthermore, the problem is what is known
as non-neutral since the choice of {u,;} has a direct effect on
the content of the information carried by the measurement
process (I1.17) regarding the state process {x:}, as it has
been the cases of WIT and GTC in Subsection II-A.

No standard approach of stochastic control can be applied
to this nonstandard dynamic stochastic optimization problem
to obtain its solution, and even to prove its existence. An
indirect approach has been developed in [8], which relates the
original single-person optimization problem to a sequence
of nested zero-sum games, for which existence of a unique
saddle-point solution has been shown (under some specific
conditions), with one of the policies in the saddle-point pair
being the policy that minimizes J(y). One of its unique
aspects of this approach is the demonstration of the utility
of the powerful machinery of saddle-point equilibria even in
problems which are neither formulated as, nor can directly
be converted to, zero-sum games. Uniqueness here follows
from the ordered interchangeability of multiple saddle points
(as in the case of ZSG problem of Subsection II-A, since it
turns out that proposing linear solutions for this game lead
to unique responses. Finally, as already hinted just now, the



minimizing solution to (II.15) is linear, and actually in the
form

ue = Ye(zy,me) = Ly (e — Elze|me]), t =0,1,...,

where {L;} can be computed off-line. For the infinite-
horizon problem (that is, as 7" — oo) this sequence con-
verges, providing the stationary minimizing solution to J(7)
with T' = oo. Details can be found in [8].

C. LQG Control and Zero-Sum Games with Channel Con-
straints

We consider in this subsection two other types of varia-
tions around the LQG model, brought about by restrictions
on the communication or information transmission channels.
One of these (which most of the discussion below will
pertain to, and in discrete time) is probabilistic failure of
measurement channels, governed by Bernoulli processes. The
second one captures a different type of restriction on the
transmission channels, which is a constraint on the band-
width, necessitating quantization schemes to be developed.

Now, for the former type of restriction, we will in fact
consider the more general formulation of a zero-sum dynam-
ical game where the linear evolution of the state is driven by
the controls of two players (agents) with totally conflicting
objectives. More precisely, state’s evolution is described by

Tey1 = Axy + Bug + Dy + Fw,, t=0,1,..., (I1.18)
and the measurement equation is
yt:ﬁt(HJTt—‘rth), tZO,l, s (ng)

where zp is a zero-mean Gaussian random vector; {w;}
is a zero-mean Gaussian process, independent across time
and of zg; and {8;} is a Bernoulli process, independent
across time and of o and {w;}, with Probability(8; = 0) =
p, Vt. This essentially means that the channel that carries
information on the state to the players, which is noisy, fails
with equal probability p at each stage, and these failures are
statistically independent. A different expression for (II.19)
which essentially captures the same would be

yt:Btth—&—th, t:071, 5 (HZO)

where what fails is the sensor that carries the state informa-
tion to the channel and not the channel itself. In this case,
when 5; = 0, then this means that the channel only carries
pure noise, which of course is of no use to the controllers.

Now, if the players are aware of the failure of the channel
or of the sensor when it happens (which we assume to be
the case), then the control policies for the players are

Uy = :U’t(yta/gt)7 = 07 17 ceey (1121)

where {~,} and {y, } are measurable functions of appropriate
dimensions; let us denote the spaces where they belong
respectively by I and M.

Ut = 7t(ytaﬁt) )

The quadratic performance index for the players in this

game is taken as
T—1
(o) =E { >l ff + Al - mdt} (1122)
t=0
with u = v(-),v = pu(-), where the expectation is over the
statistics of o, {w;} and {f;},. Further, |2[3, := 27 Qu,
@ is non-negative definite matrices, and A > 0 is a scalar
parameter. Note that any objective function with nonuniform
positive weights on u and v can be brought into the form
above by a simple rescaling and re-orientation of u and v
and a corresponding transformation applied to B and D,
and hence the structure in (I.22) does not entail any loss of
generality as a quadratic performance index. .
The problem of interest is to find conditions for existence
and characterization of saddle-point strategies, that is (y* €
T, u* € M) such that

JOp) < I pt) < J(ypt), Vyel,ue M.
(IL.23)
We do not provide here the complete solution to this
problem, but just a few comments on several special cases;

(i) By taking F' and G to be orthogonal to each other, one
captures the special case (more common in LQG) where
the system and measurement noises are independent.

(i) If D = 0, then the maximizing player is no longer
present in the game, and this then becomes a stochastic
control problem with intermittently failing measure-
ment channel; for the solution to this problem, see
[48], where it is shown that the optimum controller
is of the certainty-equivalent type, with the state in
the LQR solution being replaced by its best estimate
given the channel failures; the paper also solves the
problem where transmission of control signals to the
plant is also done over channels that intermittently (and
independently) fail, in which case an adjustment to the
Riccati equation of LQR needs to be made.

(iii) If further (that is in addition to D = 0) p = 0, that
is if the channel never fails, then what we have is the
standard LQG setting.

@iv) If p = 0 but D # 0, then we have a standard
stochastic zero-sum dynamic game of the LQG type,
which has been discussed in [4], (see also [3]) showing
that the appealing certainty equivalence and separation
properties of LQG do not hold in the entire parameter
space.

(v) Finally, if H = I and G = 0, we have the case
where the players have intermittent access to perfect
state measurements, which has also been discussed in
[3]; it has been shown within the context of a 2-stage
scalar problem, existence of a saddle point depends on
the value of p (it should be less than a certain threshold,
that is the failure probability should not be high) as well
as on \ (it should also be relatively small, that is not a
heavy toll on the effort level of the minimizer).

The second type of variation we mentioned in the opening
paragraph of this subsection entails bandwidth constraints,



necessitating appropriate quantization of signals before they
are are inputted the transmission channels which could be
links (in a control system) from sensors to controllers as well
as from controllers to the plants. The main question that is
raised (and is relevant) in this context is the design of the
best (optimum) quantization schemes and the corresponding
policies so that given the bandwidth constraints optimum
system performance is obtained (for, for example, an LQG
system). The turn of the millennium has witnessed rapid
growth in the number of papers that have contributed to this
topical area; these developments, until circa 2013, have been
discussed in a comprehensive way in the book by Basar and
Yiiksel [127], One of the results from this period addresses
rate requirements for state estimation in discrete-time linear
time-invariant (LTI) systems where the controller and the
plant are connected via a noiseless channel with limited
capacity [125], establishing (using information-theoretic ar-
guments) the existence of optimal variable-length and fixed-
length quantizers and construction of such optimal quantizers
under three different stability criteria (namely, monotonic
boundedness of entropy, asymptotic stability of distortion,
and support size stability). It turns out that the uniform
quantizer is, in addition to being simple, quite efficient
in linear control systems. Another set of results, this time
involving continuous-time stochastic LTI systems (driven
by Brownian motion) and communication takes place over
noisy memoryless discrete- or continuous-alphabet channels,
featuring noise in both the forward channel (connecting
sensors to the controller) and the reverse channel (connecting
the controller to the plant) [126]. One of the main messages
is that for stability of the closed-loop system, it is necessary
that the entire control space and the state space be encoded,
and that the reverse channel be at least as reliable as the
forward channel.

D. Multi-criteria Variations

Another variation from the LQG framework entails going
from single agent (single controller) formulation to multiple
agents (controllers, players) each having a different objective
to optimize, with each objective function depending not only
on self decisions/actions but also on the decisions of (at least
a subset of) other agents. Within the natural noncooperative
framework, this brings us to the setting of nonzero-sum
dynamic games, where either Nash equilibrium or Stackel-
berg equilibrium is adopted as a solution concept depending
on whether the mode of decision making is symmetric
(Nash equilibrium) or asymmetric/hierarchical (Stackelberg
equilibrium) [16]. Even within the linear-quadratic-Gaussian
framework such a departure from single criterion to multiple
criteria brings along many challenges particularly under
asymmetric information among the players, since each player
would be second-guessing others, trying to decipher the
information that others have from their actions, which could
be useful in improving his performance—a process that leads
to an infinite recursion—still an active area of research. A
special case of such problems where there are only two
players, and with totally conflicting goals (that is the setting

of zero-sum games) does not exhibit all these challenges
because of some appealing properties of saddle-point equi-
librium (SPE), as we have seen earlier in this section. For
games that do not have the zero-sum structure, even with two
players, these appealing properties of SPE disappear when
it comes to Nash or Stackelberg equilibrium. Even multi-
player problems with a single objective function would lead
to a nonzero-sum game when the players do not see the world
the same way and have different subjective probabilistic
descriptions of the underlying random variables; see [7] for
extensive discussion and analyses of games with multiple
probabilistic models.

In this subsection we focus on one class of multi-criteria
hierarchical (Stackelberg) stochastic decision problems with
dynamic information, that arises in incentive designs, which
presents its own challenges. Perhaps the simplest such prob-
lem with two agents that captures the intricacies of dynamic
Stackelberg games (also known in this context as incentive
design problem) is the following: There are two agents (play-
ers), leader (L) and follower (F'), with action variables, uy,
and up, respectively. Consider three second-order random
variables, (z,y, z), with a known joint distribution (such as
Gaussian, known to both agents). L and F' have different
objective functionals, Qr(z;ur,ur) and Qr(x;ur,ur),
respectively. The follower has access to the realized value
of 2z and the leader has access to (y,z,ur), that is the
information structure of the game is n;, = {y,z,upr} for
L and np = {z} for F, so that u;, = ~r(ny) and
up = vr(nr), where v, and ~yp are policies for L and
F, picked as general measurable maps, belonging to appro-
priately constructed policy spaces, I'z, and I'r, respectively.
Let J.(vr,vr) and Jg(vr,vr) denote the expected val-
ues of Qr(x;vL(nL),vr(nr)) and Qr(z;yL(nL), vr(nr)),
respectively, with expectations taken over the statistics of
(z,y,z). This thus defines the normal form of the under-
lying game over the product strategy space I';, x I'p. The
Stackelberg solution one seeks is a pair (v; € I'pys € T'r)
that satisfies:

Jo(vp,VF) -

(I1.24)
where Rp(vp) is the optimum reaction set of the follower
to L’s policy 7y, that is

JL(vp,vr) = inf sup

sup
yLel'L yrERR (L)

YFERF(7*)

Rp(ye) ={yr € U'r s yr = arg min Jp(yz, B)},

" (I1.25)
and v € Rp(vyj). This is a pessimistic version of the
Stackelberg equilibrium, where L takes the worst element
out of the reaction set Rp, which is the most appropriate
one if this set is not a singleton. The other extreme would
be the optimistic one where in (I1.24) sup is replaced by
inf, which relies too much on a cooperative behavior by
F. For a large class of problems, however, as also partially
discussed below, and fully in [6], Rp(7} ) is a singleton, and
hence these different views on the Stackelberg solution do
not arise. Particularly, let us assume that all variables take
values in appropriate-dimensional Euclidean spaces, and the



cost functions (1, and QF are each jointly continuous and
strictly convex in the pair (u;,ur) (as a special case, and
more in line with the general theme of this paper, we can
take @1, and @ to be general quadratic in their arguments).

Direct Approach:

Assuming that Rp(vz) is a singleton for each v, € ',
a direct approach toward obtaining the Stackelberg solution
would entail the following steps:

(i) Obtain the unique optimum response by F' to vr:
Rp ('7L)~
(ii) Minimize Ji(vr, Rp(yL)) over v, € T'r: unique
minimizer 7.
(iii)) Combining (i) and (ii), the Stackelberg equilibrium is
(e = Rr(7L)-
The challenge in this direct approach lies in the computation
of Rp(vr), since Jg(yr,vr) is structurally dependent on
~1, (for example, even with quadratic ) if the dependence
of v.(nL) on up is nonlinear, minimization in (i) will no
longer be quadratic; it could further be discontinuous in up,
which would lead to further difficulties in the minimization
of Jr). Hence, this direct approach, though looking simple
and straightforward on the surface, meets unsurmountable
difficulties, necessitating the development of an indirect
approach, as discussed next.

Indirect Approach:

We first note an obvious but important and consequential
observation regarding a lower bound on the Stackelberg
cost of L. Toward this end, let us first introduce the static
information set 7j;, = {y, z}, and denote the corresponding
generic policy for L using this static information by fr. and
the corresponding policy space by F. Then, we have

Jio(fr,vF)
(I11.26)

inf JL(’)/L,’)/F) = inf
YLETL,YFETFR fLEFL,yrElF

< JL(Vi,vF)

where the equality follows because the minimum value of
Jr, with full cooperation of the two agents is the same
regardless of whether L has access to ur or not, since L has
access to the measurement of F. In the case of a quadratic,
strictly convex ()7, and with zero-mean Gaussian statistics,
this cooperative (team) optimization problem admits a unique
minimizing solution, where minimizing fy, is linear in (y.2)
and vr linear in z. We now have the following steps that
lead to the Stackelberg equilibrium in view of the property
(IL.26):

(1’) Find the optimum (team) performance for L with full
cooperation of F' over the space of policies Fy x I'p:
(fz7 /ﬁ?) = argmin s, ) Jr(fr,vF)-

(i) This generates a rich set of policies (v4,~%) in 'z, x
I'r leading to the same cost value for L, where 7% sat-
isfies the side condition ~: (v, z;up = v%) = fi(y, 2),
with one such class of policies being . (y, z;up) =
It (y, 2)+g(ug— fh(2)), where g vanishes at the origin.

(iii’) Finding such a g then completes the solution to the
Stackelberg game, where using the incentive design
~v1(y, z;ur) induces F' to respond in such a way that

his optimum policy, 7%, turns out to be the one most
favorable to L.

It has been shown in [6] that such an incentive design with
g taken as a linear function (or linear operator) exists for a
large class of problems (even those where (1, and () are not
necessarily quadratic), where the main tool used is the Hahn-
Banach Supporting Hyperplane Theorem. This approach and
construction can also be extended to stochastic games with
multiple hierarchies and partial dynamic information [11].

III. ADVANCES IN LINEAR-QUADRATIC STOCHASTIC
DIFFERENTIAL GAMES (BY JUN MOON)

Since the seminal paper of Fleming and Souganidis in
[39], stochastic differential games have been playing a
central role in mathematical control theory, as they can
be applied to model the general decision-making process
between interacting players under stochastic uncertainties.
Two different types of stochastic differential games can be
formulated depending on the roles of the interacting players.
Specifically, when the interaction of the players can be de-
scribed in a symmetric way, it is called the Nash differential
game. On the other hand, the Stackelberg differential game
can be used to formulate the nonsymmetric leader-follower
hierarchical decision-making process between the players.

This section provides an overview of some recent results
on stochastic LQ Nash and Stackelberg differential games.

A. Stochastic LQ Nash Differential Games with Random
Coefficients

Consider the linear stochastic differential equation driven
by the Wiener process W = (W1,...,Wp):

da(t) = [A(t)z(t) + Bi(t)ui (t) + Ba(t)us(t)]dt (1IL1)
+ zp:[ai(t) + D;(t)z(t)]dW;(t), t € [0,T],
i=1

where x € R™ is the state with z(0) = a, u; € R™ is the
control of Player 1 and uy € R™? is the control of Player
2. In (II1.1), the coefficients satisfy A : [0,T] x Q — R™*™,
By : [0,T] x Q — R™™ By ¢ [0,T] x Q — Rrxmz2,
and D; : [0,T] x Q@ — R™*™ for ¢ = 1,...,p, which are
uniformly bounded in (w,t) € € x [0,T] and {F;}i>o0-
adapted stochastic processes. Also, o; € L%([0,T];R"),
i = 1,...,p. The set of admissible controls for Player ¢,
i = 1,2, is defined by

Ui = {u;(-) = Fi(-)z() + i (") |
F; € Cx([0, T]; R™*™) and ¢; € L%([0, T];R™)}.

The diffusion term in (III.1) consists of both state-
independent and state-dependent parts. The state-independent
part corresponds to o;(¢t)dW;(t), which can be viewed
as additive noise in (III.1). The state-dependent part is
D;(t)x(t)dW;(t), which is state multiplicative noise. Note
that from [122, Theorem 6.16, Chapter 1], for any (uy, us) €
Uy X Us, (II1.1) admits a unique strong solution for any fixed
initial conditions.



We consider here the zero-sum game setting with a
quadratic objective functional to be minimized by Player 1
and maximized by Player 2:

1
J(uy, uz) = 5E[|x(T)|?VI (I11.2)

T
+ [ DB + (O, iy ~ leae)r, )]

where M : Q — S%, is an uniformly bounded (in w € )
Fr-measurable symmetric random matrix, and S : [0, 7] x
Q—S%), R : [0,T] xQ —S™, Ry : [0,T] x Q — S§™
are symmetric uniformly bounded in (w,t) € Q x [0,7]
and {F; };>o-adapted matrix-valued stochastic processes. As-
sume R; € S;"(j, 1 =1,2, i.e., they are symmetric uniformly
positive definite for (w,t) € Q x [0,T].

As already mentioned, in (II1.2), Player 1 chooses u; € U
to minimize it, while Player 2 selects us € Us to maximize
the same objective functional, making (IIL.2) the cost for
Player 1 and the payoff for Player 2. We could refer to this
problem as an LQ stochastic zero-sum differential game (LQ-
SZSDG) with random coefficients, where the corresponding
stochastic state equation includes both additive and state
multiplicative noises.

The objective of this subsection is to characterize a feed-
back Nash equilibrium (equivalently, saddle-point equilib-
rium) of the LQ-SZSDG. Specifically, from [16], the pair
(1, u2) € Uy X Uy constitutes the Nash equilibrium of the
LQ-SZSDG if it satisfies the following inequalities:

J(ur,u) < J(uy,u2) < J(uy,u2), (I11.3)

for any u; € U; and us € Us. Note that in (II1.3), J(’Ul, ’17,2)
is the optimal game value of the LQ-SZSDG (if it exists). We
characterize the explicit Nash equilibrium and the optimal
game value of the LQ-SZSDG.
We introduce the stochastic Riccati differential equation
(SRDE): for t € [0,T7,
dP(t) = —[AT(t)P(t) + P(t)A(t) + S(t)
—P(O)By () Ry () BY (1) P(1)
+P(t)Ba(t) Ry (t) B (¢)P(t)]dt
=X [DF O P@®)Di(t) + Qi(t)Di(t)
+D] (NQi(1)]dt + Y7, Qu(t)dWi(0),
P(T)= M.

(IIL.4)

The n-dimensional linear backward stochastic differential
equation (BSDE) with random coefficients is (for ¢ € [0, T])
ds(t) = —[A(t) — Bi(t)Ry (t)B] (t)P(t)
+B,(t)Ry N (t) By ()P (1)] " s(t)dt
=Y (D () P(t)oi(t) + Qi(t)oi(t)
+D [ (t)ri(t)]dt + 357 ri(8)dWi(2),

(I1L.5)

s(T) = 0.
Theorem III.1 Consider the LQ-SZSDG with random
coefficients  with (Il.2) and (IIl.1). Suppose that
(Pa Qla ey Qp) € C}—([Oa T]7 Sgo) X E%_—([O,T],Sn, e ?S")

is the solution of the SRDE in (Ill.4) and (s,r1,...,1,) €

LZ(QC([0,T;R™) x LZ([0,T};R™,...,R™) is the
solution of the BSDE in (IIL.5). Then the Nash equilibrium,
(uf,ud) € Uy X Us, satisfying (II1.3), can be written as

{u (t) = =Ry (1) B] (1) P(t)x(t) — Ry (6B ()s(t),

us(t) = Ry ' (1) By (t)P(t)a(t) + Ry ' (t) By (t)s(t).
(I1L.6)

Moreover, the corresponding optimal game value of the LQ-
SZSDG under (111.6) is given by

1 T
J(utul) =E 5\aﬁp(o)+aTs(0)+/ A(t)dt}, (I11.7)
0

where  A(t) = % P ol (t)P(t)oi(t)
ol Ori(t)  —  3sT(O)BUORT (OB (t)s(t)
38 () Ba()Ry ' (1) B (t)s(t).

Note that (IIL.5) is a linear BSDE, which admits a unique
solution due to [122, Theorem 2.2, Chapter 7], provided
that the SRDE in (IIL.4) admits a unique solution. For the
solvability of the SRDE in (IIL.4), we have the following
result from [52, Proposition 2.1]:

Proposition ITL.1 Suppose that (Bi(t)R;'(t)B] (t) —
Bo(t)Ry M (t)By (t)) is  uniformly  positive  definite
for (w,t) € Q x [0,7T), ie, (Bi(t)Ry*(t)B] (t) —
Bo(t)Ry M (t)By (t)) > 0 for (w,t) € Q x [0,T]. Then
(II1.4) admits a unique solution with (P,Q1,...,Qp) €
Cr(0,T];S%) x LZ([0,T];S™,...,S"),

Remark IIL.1 (i) Ifall the coefficients in (III.1) and (111.2)
are deterministic, then it is easy to see that Q; =
r; = 0. In this case, the SRDE corresponds to the
deterministic RDE in LQ stochastic differential games
with deterministic coefficients studied in [68], [94].

(ii) Let Ro(t) = p2I with uw > 0. Then as p — oo,
Theorem III.1 is reduced to the one-player stochastic
optimal control problem with random coefficients in
[101, Theorem 3.2] and [27]. Under this limit, the
SRDE admits a unique solution in view of Proposition
1.

(iii) The condition in Proposition IIl.1 can be checked
easily, since it depends only on the system and cost
parameters. To solve (IlIl.4) and (IIL5), numerical
computation is essential. There are various numerical
approaches for solving BSDEs.

+
+

More detailed results on the LQ differential game studied
in this subsection can be found in [69].

B. Stochastic LQ Nash Differential Games for Mean-Field
Type Systems

Stochastic differential equations (SDEs), in which the ex-
pected values of state and/or control variables are included in
the drift and diffusion terms, constitute a class of mean field
SDEs (MFSDEs). The theory of MFSDEs can be traced back
to the study of McKean-Vlasov SDEs, a kind of MFSDEs,
for analyzing interacting large-scale particle systems at the
macroscopic level [49], [102]. Since then, there have been



concerted efforts on studying McKean-Vlasov SDEs and
their applications [31], [90].

Stochastic optimal control for MFSDEs and their ap-
plications have been studied extensively in the literature.
As mentioned in [26], [36], [119], the purpose of study-
ing stochastic optimal control for MFSDEs is to analyze
macroscopic behavior of large-scale interacting multi-agent
systems and reduce the impact of random effects on the con-
trolled state process. A complete solution to linear-quadratic
(LQ) stochastic optimal control for MFSDEs was obtained
n [119], where the linear feedback-type optimal solution
was obtained in terms of a Riccati differential equation. The
time-consistent optimal solution for LQ stochastic optimal
control of MFSDEs was characterized in [121]. Recently, the
linear-exponential-quadratic control problem for MFSDEs
was considered in [82], and the time-inconsistent mean-field
Stackelberg differential game was studied in [83].

Below, we provide a summary of the results in [70], which
considered the LQ mean-field (MF) zero-sum differential
game (ZSDG).

For a precise formulation of the ZSDG, consider the
following linear SDE driven by a one-dimensional Brownian
motion W:

dz(s) = [ 1(s)x(s) +
+ Blg S E[

Az(s)E[z(s)] + Bii(s)ui(s)
1(8)] + Bai(s)ua(s)
+ Baa(s)E[ua(s }

)
(s)
(s)E[
+[C1()a(s) + Ca()Ew(s)]
+ D12(s)E[ur(s)] + Di1(s)ui(s) + Daz(s)uz(s)
(s)

+ Doi(s E[uz(s)ﬂ W(s), s€[0,T],. (IL8)

Here x € R™ is state with z(0) = a, u; € R™* is control
of Player 1 and ups € R™2 is control of Player 2; W
is the one-dimensional standard Brownian motion defined
on a complete filtered probability space (2, F, {F:}i>0,P),
where {F,};>0 is the natural filtration generated by the
Brownian motion; and A;(-), B;;(-), C;(-) and D;;(-) with
1,7 = 1,2 are the coefficient matrices with appropriate di-
mensions, which are deterministic and continuous functions
on [0,7].

In (II1.8), the expected values of the state and the controls
are included, which are known as mean field of the state and
the controls. Hence, (I11.8) can be regarded as a class of mean
field stochastic differential equations (MFSDEs), which has
been studied extensively in the literature, particularly, for re-
ducing variation of random effects on the controlled process
and macroscopic analysis of large-scale multi-agent systems.

The set of admissible controls for Player i, ¢« = 1,2, is
defined by

Z/[i = {’U/l :
T
{Fi}+>0-adapted process with E/ lui(s)|>ds}.
0

[0,T] x Q@ —R™ :u,;(-)is an

Note that in view of [119, Proposition 2.6], for any uy € U

and ug € Us, the MFSDE (II1.8) admits a unique solution
satisfying E[sup, (o 7 [2(5)]?] < oc.

The quadratic objective functional for Players 1 and 2, as
minimizer and maximizer, respectively, is given by

J(’LLhUQ)

1 T

= 5E[le@ By + B+ [ (o0
L5 ey + 101 (5) e oy + B (51
o 112(5) By o) + Bl ()]s,

where Q;(-), M; € S" and R;;(-) € S™ for i,j = 1,2. In
(II1.9), Qi(-), M; and R;;(-) are the weighting matrices with
appropriate dimensions, which are deterministic continuous
(and therefore bounded) functions on [0,7]. We note that
the weighting matrices need not be (positive and negative)
definite. For this zero-sum game, Player 1 minimizes (II1.9)
by choosing wu;, while Player 2 maximizes the same by
selecting us. Then the problem corresponds to the linear-
quadratic mean field stochastic zero-sum differential game
(LQ-MF-SZSDG).

(IIL.9)

The main objective here is to obtain a (feedback) saddle-
point equilibrium (equivalent to the (feedback) Nash equi-
librium) for the LQ-MF-SZSDG. That is, the saddle-point
equilibrium (@1,a2) € U; X Uy of the LQ-MF-SZSDG
satisfies the following pair of inequalities [16]:

J('al,UQ) < J(’Ul,’ﬁg) < J(’U,l,ﬂg), (III.10)

for any u; € Uy and us € Us. In this case, J(u,Us) is the
saddle-point value of the LQ-MF-SZSDG.

We first introduce the following notation:

Bi(-) = [Bu(-) Ba()], i=1,2

Dy(-) = [Dui(-) Daa()]

Dy(-) = [Di2(-) Da()]

R;(-) = diag{R1;(-), R2:i(-)}, i=1,2

A() = A1 () + A2(), Q) = Qu(:) + Qa()
B;(:) = Bi1(*) + Bia(+), i=1,2

D1 (-) = D11(-) + Dia(-) Da(-) = Daa(-) + Doy (")
B(-) = [Bi(-) Ba(")]

D(-) = [D1(-) Ds()]

C(-)=Ci(-) + Co(), M =M, + M,
Ri(-) = Ri(-) + Ria(-), i =1,2

R(-) = diag{R:(-), Ra2(-)}.

Consider the following coupled Riccati differential equations



(CRDEs): for s € (0,17,

— 458 = AT (5)P(s) + P(s)Ai(s) + Qi ()
+C{ (5)P(s)C4(s)
- [<P<s>Bl(s> +C (5)P(5)D1(5))
x(Ra(s) + D (s)P(s) D1 (s)) !
x(P(s)Bi(s) + CT (s)P(s)D1(s))T |,
P(T) = M,
(IIL11)
and for s € [0, 7],
—9BL) — AT(s)2(5) + Z(5)Als) + Q(s)
+C T (s)P(s)C(s)
~[(2(5)B(s) + C(s)P(5)D(s)
«(R(s)+ DT (s)P(s)D(s)~ (P
x(Z(5)B(s) + C(s)P()D(s)) T,
Z(T)=M

Note that this is a one-way coupling, with RDE for Z in
(II1.12) depending on P, but the RDE for P in (III.11) not
depending on Z. It can be seen that P, Z € S™. Let

Ai(-) = (B ()P(-) + D () P(-)Ci ()T
Az(-) = (Byi (-)P(-) + Doy (') P(-)C1 () "
Q11(-)  Pra- }
Dl5(-)  Poof-
where ®11(-) = Rii() + DJL()P()D11(:), ®aa() =
Ro1(-) + Do (-) P(-) Daa(+) and ‘1’12( ) = D1 (-)P(-)Daa(-).

Similarly, we define

Ay () =(By (0Z(-)+ D] ()P(H)C()T
Ao(-) = (B ()Z(-) + Dy ()P()C() "
= 1i(r) Pra(-)
20 = [w ) %(ﬂ |
where ®1(-) = Ry(-)+ Dy (-)P(-)D = Ry(-)+

Dg (-)P(-)Da(-) and ®15(-) =

Theorem II1.2 Assume that the CRDEs (111.11) and (111.12)
admit solutions on [0, T. Suppose that ®1(t) > 0, ®11(t) >
0, ®o(t) < 0 and Paa(t) < 0 for t € [0, T). Then the pair
(ui, ub) given by
ui(t) = —[@11(t) — Pra(?)
— ()05 (1)
- [‘1’11( )— @
—&15(1) D5y (¢
us(t) = —[@aa(t) — ®y(t
O
—[Baa(t) — @ 1
=& 0,(1) Py, (t)A] (t)

constitutes a saddle-point (Nash) equilibrium of the LQ-
MF-SZSDG, i.e., the pair (ui,u}) satisfies the inequalities

in (IIL.10). Also, the corresponding saddle-point value is
J(ui,u3) = 3a" Z(0)a.

A detailed analysis of this problem can be found in [70].
In addition, several different formulations of stochastic LQ
Nash differential games have been studied in [67], [68], [70],
[82], [94], [96], [99], [124] and the references therein.

C. Stochastic LQ Stackelberg Differential Games for Jump-
Diffusion Models

We now consider here a hierarchical formulation of an
LQ stochastic differential game, with one leader and one
follower. Let us have the following controlled stochastic dif-
ferential equation on [¢, T'| driven by both a one-dimensional
Brownian motion B and a (compensated) Poisson jump-
diffusion process V:

da(s) = {A(s)x(s—) + Bi(s)ui(s) + Bg(s)ug(s)}ds

¥ [O(s)x(s—) + Di(s)ur(s) + Dg(s)uQ(s)} dB(s)

+ [y [F(s, e)z(s—) + G1(s, e)us(s)
—|—G2($,€)U2(s)}N(de,ds)7 s € [t,TY,

z(t) = a,

(111.13)

where, * € R™ is the state process, u; € R™! is
the control of the leader, and us € R™2 is the control
of the follower. Let U; := £Fp(t T;R™) and Uy :=
E%p(t T;R™2) be spaces of admissible controls for the
leader and the follower, respectively. Note that A,C
QO x[0,T] — R, B;,D; : Qx[0,T] — Rnxmf
i = 1,2, F Q x [0,T] — G?*(E,B(E),\;R™*n),
Gi : Qx[0,T] — G*(E,B(E), \;R"™™i), i = 1,2, are
Fs-predictable stochastic processes (random coefficients of
(1I1.13)), which are continuous in ¢ € [0,7"] and uniformly
bounded in a.e (w,t) € £ x [0,T]. We note that for any
(u1,uz) € Uy X Us, (II1.13) admits a unique (strong) cadlag
solution in C2(¢,T;R™).

The objective functional to be minimized by the leader is
given by

T
Ji(a;ur,ug) = E{/t [2()1D, (o) + [u1(8)[R, (5] ds

+ |o(T) ] (IIL 14)

and the objective functional of the follower is:

T
Toasun, ) = B[ [ [l2(6) 0 + a9}

+ \x(T)%]. (IIL15)

Here, Q; : @ x [0,T] — S™ and R; : Q x [0,T] — S™
; = 1,2, are F,-predictable stochastic processes (random
coefficients of (II1.14) and (III.15)), which are continuous in
t € [0, 7] and uniformly bounded in a.e (w,t) € Q x [0, T].
Also, M; : Q — S™, i = 1,2, are Fp-measurable random
matrices, which are uniformly bounded in a.e. w € Q.



The interaction between the leader and the follower in this
LQ Stackelberg game can be described as follows. The leader
chooses and announces her (or his) optimal solution to the
follower by considering the rational reaction of the follower.
The follower then determines his (or her) optimal solution
by responding to the optimal solution of the leader. We
refer to this problem as the linear-quadratic (LQ) stochastic
Stackelberg differential game for jump-diffusion systems with
random coefficients.

Under this setting, the problem can be solved in a reverse
way [16], [25], [123]. Specifically, the main objective of the
follower is to minimize (III.15) subject to (III.13) for any
control of the leader u; € U, i.e., for any uy € U,

(LQ-F) Jo(a;uy,usfa,ui]) = inf Jo(a;ui,us).
uz EUs

We note that from (LQ-F), us is an optimal strategy depen-
dent on (a,uy) € R™ x U;. Then given the optimal solution
of (LQ-F), the problem of the leader can be stated as follows:

(LQ-L) Jl(a;ﬂl,ﬂg[a,ﬂl]): ll’lf Jl(a;ul,ﬂg[a,ul]).

w1 €Uy
When the pair (U1, Uz[a,U1]) € Uy XUz in (LQ-F) and (LQ-
L) exists, we say that the pair (w1, Uz[a,uw]) constitutes an
(adapted) open-loop type Stackelberg equilibrium for in the
Stackelberg game [16], [25], [83], [123].

A complete analysis of (LQ-F) and (LQ-L) is given in
[72]. Below, we discuss the main challenges and approaches.

As discussed above, we first need to solve (LQ-F). In
particular, using the stochastic maximum principle for jump-
diffusion systems, we obtain an open-loop type optimal solu-
tion for (LQ-F) in terms of the forward-backward stochastic
differential equation (FBSDE) with jump diffusions and
random coefficients, which explicitly depends on (a,u;) €
R™ x U;. Since the open-loop type optimal solution is not
implementable in practical situations, we have to obtain
its state-feedback representation in terms of the integro-
stochastic Riccati differential equation (ISRDE) by extending
the Four-Step Scheme of [123] to the case of general jump-
diffusion models. Then it is necessary to show that the
corresponding state-feedback type control is the optimal
solution for (LQ-F) via the completion of squares method.

Using the optimal solution of (LQ-F), the second step is
to solve (LQ-L). (LQ-L) is the (indefinite) LQ stochastic op-
timal control problem for FBSDEs with jump diffusions and
random coefficients, where the FBSDE constraint, induced
from (LQ-F), characterizes the rational reaction behavior of
the follower [16], [25]. It is necessary to obtain the stochastic
maximum principle for (LQ-L) using the variational ap-
proach and duality analysis. Then by the stochastic maximum
principle, the open-loop optimal solution for (LQ-L) should
be obtained in terms of the coupled FBSDEs with jump
diffusions and random coefficients.

The state-feedback representation of the open-loop optimal
solution of (LQ-L) in terms of the ISRDE can be obtained
by establishing the Four-Step Scheme for FBSDEs with
jump diffusions and random coefficients. Unfortunately, as
discussed in [72], there is a technical limitation, which did

not appear in [123]. This technical challenge arises due to
the coupling structure in the Four-Step Scheme between the
Brownian motion and the jump-diffusion process. Hence, we
have to consider two different cases of (LQ-L):

(1) the Poisson process N has jumps of unit size;
(i1) the jump part of (III.13) does not depend on the control
of the follower (G5 = 0).

In [72], the above two different cases of (LLQ-L) are consid-
ered, and their complete treatments are provided.

We note that other variations of stochastic LQ Stackelberg
differential games including the classical results were studied
in [16], [18], [25], [30], [74], [77], [80], [83], [123] and
appropriate references therein.

IV. PROGRESS ON NONSTANDARD LQ CONTROL AND
APPLICATIONS IN NCSS (BY HUANSHUI ZHANG)

In this section, we study LQ problems under nonstandard
settings with (i) irregular condition, (ii) delay systems, and
(iii) asymmetric information structure.

A. Why Is It Difficult?

The challenges mentioned in Section I show that the
research on nonstandard LQ problems is still confronted with
fundamental obstacles. In order to solve these problems, it
is crucial to uncover the root causes of the complexity of
these challenges while figuring out how to resolve them.
Research by the author has shown that the root causes to
the challenges, which the nonstandard LQ control faces,
lie in problems in the decoupling solution of the state
forward equation and the adjoint-state backward equation
originated from the maximum principle. The main basis
is: the solution for optimal control includes two parts: 1)
deriving the maximum principle, that is, the state equation
is used as a dynamic constraint and the problem is translated
into an unconstrained quadratic optimization problem by
using the dynamic Lagrangian product factor, to get the
equilibrium condition and the backward equation satisfied
with the adjoint state; 2) decoupling forward and backward
differential/difference equations (FBDEs), that is, the adjoint
state is expressed in the form of a state, and then the solution
in the feedback form is obtained by using the equilibrium
condition. However, the main obstacle for nonstandard LQ
(irregular, infinite-dimensional and asymmetric) control lies
in the 2nd step mentioned above, decoupling FBDEs. The
following explains it in detail in terms of irregularity, infinite
dimension and asymmetry.

1) Irregular LQ control: Consider the continuous-time

linear system:
z(t) = Azx(t) + Bu(t), z(to) = =0, (Iv.1)

and the quadratic performance:

T
Tr(to, 03 ) = / [/ (1)Qu (1) + o (1) Ru(p)}dt

to

+ 2/ (TYHz(T),
where Q@ >0,R>0,H > 0.

(IV.2)



Minimizing Jr(to, zo;u), u(t) satisfies the following
equilibrium condition (maximum principle):

0 = Ru(t) + B'p(t), av.3)

where the adjoint state p(t) satisfies the backward equation:
B(t) = —[A'p(t) + Qu(t)], p(T) = Ha(T).

Define the following Riccati equation:

0= P(t)+ A'P(t) + P(t)A+ Q — P(t)BR'B'P(t)IV.5)

with P(T) = H and R' being the pseudo-inverse of R.
If

aV.4)

Range (B’P(t)) C Range (R) , (IV.6)

the above-mentioned problem of optimal control is called
regular and the solution of FBDEs (IV.1), (IV.3), (IV4) is
p(t) = P(t)z(t). Thus the controller is given by

u(t) = —RTB'P(t)x(t) + (I — RTR)z(t).

in which z(t) is any vector [50].
If

Range (B’P(t)) ¢ Range (R), (IV.7)

then the corresponding optimal control is called irregular, and
p(t) # P(t)x(t). Obtaining the solutions to FBDEs (IV.1),
(IV.3), (IV.4) faces challenges, which is the fundamental
reason why the irregular LQ has not be solved for a long
time although considerable efforts have been made since the
1970s.

In [42], [84], [110] and references therein, the singular LQ
control was studied by using “Transformation in state space”,
where the problem with zero control weighting matrix (R =
0) was studied. It was shown that the problem is solvable
if the initial value is given like z3(0) = C51(0)z1(0).
Otherwise, an impulse control must be applied at the initial
time [43]. In other words, the approach of “Transformation in
state space” is only applicable to the case of specified initial
value. In [28], [53], [131], the approach of ‘“higher order
maximum principle” was applied to singular LQ control.
However, if the higher derivatives vanish, it is impossible
to find the singular control with this approach [41]. The
third approach is the perturbation approach in [32], [92]. The
optimal solution is obtained by using the limit of the solution
to Riccati equation when the perturbation is approaching to
Zero.

2) Stochastic LQ control of time-delay system: Even
though the control problem of time-delay systems has
been well studied, especially for deterministic systems and
stochastic systems with additive noise [89], [91], the stochas-
tic LQ control with multiplicative noise remains unsolved.
Consider a continuous-time multiplicative-noise stochastic
system with time delay

da(t) = [Az(t) + Bu(t — h)|dt
+ [Az(t) + Bu(t — h)]dw(t),

(IV.8)

and quadratic performance:

J =E [/OT o (H)Qa(t)dt + /h
+ x’(T)Hx(T)}

’ u'(t — h)Ru(t — h)dt

where @ > 0, R > 0,H > 0. In (IV.8), w is the standard
Brownian motion.

Minimizing J, u(t) satisfies the following equilibrium
condition (via the maximum principle):

0= Ru(t) + E[B'p(t + h) + B'q(t + h)|F].  (AV.9)

where adjoint states p(t) and ¢(t) satisfy the following
BSDE:

p(t) = = [A'p(t) + A'q(t) + Qu(t)]dt + q(t)dw(t),
p(T) = Hz(T).
(IV.10)

If h = 0, the above-mentioned problem represents the
standard stochastic LQ control, the solution of FBDEs (IV.8)-
(IV.10) is p(t) = P(t)x(t). Thus the controller is given by
u(t) = —[R+ B'P(t)B]~Y[B'P(t) + B'P(t)Alx(t) [33]. If
h # 0, p(t) # P(t)x(t). How to get solutions of FBDEs
(IV.8)-(IV.10) faces challenges, which is the fundamental
reason why the time-delay stochastic LQ control has been
open for a long time.

3) Information-asymmetric LQ control: Consider the fol-
lowing discrete-time system with two control inputs

Tp1 = Az + Biup + Boui 4wy, (IV.11)
two observations
y,ﬁ = Hyx, + v,i,y,% = Hoxy, + v,%, (IV.12)
and quadratic performance
N
Iy = E{ Y [hQur + (uh) Ruu} + (u}) Roud]
k=0
+ 2y Hon } (IV.13)

Based on above-described observation, define an information
set: F{Y?} = F{ud,...,v3ud,...,u2_|}, F{Vi} =
FLyby oo ybyud, ..o ul i = 1,2}, obviously F{Y?} C
F{Y}}, called information inclusion pattern.

Assuming uj is F{Yj}-adapted and ui is F{V?}-
adapted, and minimizing Jy, the control w satisfies the
following stationarity condition

E[Bi | F{Yx}] + Ryuy,
E[By e F{Y} + Roug,

O =
0

(IV.14)
IV.15)

where the adjoint state \j satisfies the following backward
equation

Ag—1 =

AN =

E[A' A, + Q| F{Y3}],
E[Hzn 1| F{YNn+1}],

The adaptability assumed for u; and u? is so different

Iv.16)



that the above FBDEs are very complex. As a result, the
decentralized control in the case of information inclusion
has not been fundamentally solved although the special case
with sharing control information has been solved in discrete
time [44]. For some continuous-time results, see [17].

4) The key technique for nonstandard LQ control: For
FBDEs aiming at the above nonstandard LQ control prob-
lems, we have proposed a general method for decoupling the
solution process. The general idea is to: 1) use the backward
iterative induction method to obtain the solutions of FBDEs
in the discrete-time case; 2) use the method of discretizing
the continuous-time system and the one of approximating
results of discrete-time system to continuous-time case to
resolve the problems in decoupling solution of continuous-
time FBDEs. For detailed solution methods and results,
please refer to the references [118], [114], [66].

Since the decoupling problem of FBDEs is resolved,
problems in nonstandard LQ control of the type formulated
here have been fundamentally solved. Details can be found
further below as well as in [62], [128], [129].

B. Solutions to Nonstandard LQ Control

1) Irregular LQ control: The solution to irregular LQ
control is given below.

Theorem IV.1 Irregular LQ Control Problem is solvable
if and only if there exists a matrix Py(T) satisfying 0 =
By(T)[P(T) + P.(T)] such that the following modified cost

jo(t(), Zo; U) = Jo(to, Zo; U) + iL/(T)Pl (T)$(T) (IV17)

is regular and Py (T')x(T') = 0 is achieved with the controller
minimizing (IV.17).

If the problem is solvable, the control is given as
u(t) = —RI(t)P(t)a(t) + [I — R()R(¢)]=(t),

where the first part is to minimize the cost function (IV.17),
and z(t) is to guarantee P;(T)x(T) = 0. Details can be
found in [129].

The general cases with additive noise and multiplicative
noise can be found in [115] and [130].

Remark IV.1 o It is obvious that Pi(T) = 0 for the
regular (standard) LQ control, while P,(T) # 0 for
the irregular LQ control. So an essential difference of
irregular LQ from regular one is that the irregular
controller (if exists) needs to do two things at the same
time: one is to minimize the cost (IV.17) and the other
is to achieve the terminal constraint Py (T)x(T) = 0.

o In spite of this difference, the LQ control problem
(irregular and regular) can be solved in a unified way
as in Theorem IV.1.

2) Stochastic LQ control with time delay: To present the
solution, we define a differential Riccati-ZXL equation as

—Z({t)=AZ{t)+ Z(H)A
+ A'X(H)A - L(t) + Q,

(IV.18)

>

~

=
|

t+h
=Z(t) —|—/ eV L(s)eA " Dds,  (IV.19)
t

( (IV.20)
Q(s) = R+ B'X(s)B,
K(s)=—-Q'(s)[B'Z(s) + B'X(s)A],

with the terminal values Z(T') = P(T) and X (T') = P(T).

L(s) = K'(s)Q(s)K(s)
(

Theorem IV.2 Stochastic LQ control with time delay is
uniquely solvable if and only if the differential Riccati-
ZXL equation (IV.18)-(IV.19) admits a solution satisfying
Q(t) > 0 for h <t <T. In this case, the optimal control is

u(t —h) = K(t)z(t|t — h), Ival
where

E(t|t — h) = ea(t — h) (IV.22)

t
+ / A9 Bu(6 — h)de,
t—h

and the matrices U (t) and K(t) are given by (IV-B.2).
Moreover, the optimal cost is

h
Jh = ;]E{ /0 2 ()0 (t)dt (IV23)

+ ' (h) [P(h)x(h)
- /h eAOTI(h + 0, h + 9)eA9:E(h\9)d9} }
0
where P(h) = X (h),

h
z(h|0) = eA(h_Q)x(H) +/ eA(h’_T)Bu(T — h)dr
)
II(h+6,h+0)=L(h+06).

Details of the above can be found in [128].
The general cases of stochastic LQ control with multiple
input delays, state delay can be found in [58], [106], [66].

Remark IV.2 It is obvious that the result presented in
Theorem 1IV.2 includes the traditional stochastic control (i.e.,
h = 0) and deterministic control (ie., A = 0,B = 0)
as special cases. It is noted that the traditional stochastic
control problem has been extensively studied from 1960s due
to its wide applications. Plenty of progress has been made,
mainly including the stochastic maximum principle [107],
the design of the LQ controller based on generalized Riccati
equation [27] and the indefinite stochastic LQ control theory
[33]. The stochastic LQ control problem with time delay
has remained challenging due to the fact that the separation
principle does not hold any more, but Theorem 1V.2 provides



the complete solution to it.

3) Information-asymmetric LQ control: To present the
explicit solution, we define the following coupled Riccati
equations:

P = AP A— MY "My + Q, (IV.24)
Sp =A@y A— LA Ly 4 Q, (IV.25)
where
M, = B'P, 41 A, (IV.26)
T, = B/Pk_HB + R, av.zmn
Oy = (P — Sk)G7jp_1 Ha + Sk, (IV.28)
L} = B1®, A, (IV.29)
Ly = Bj®), 1 A, (IV.30)
Ay = Bi¢k+1B1 + Ry, (IV.31)

with terminal values Pyi1 = Sy4+1 = ©.

Theorem IV.3 Assuming that Y and Ay are invertible

for k = N,...,0, the optimal controllers for information-
asymmetric LQ control are given by
up = =0, My, (IV.32)
= =Ny L (T — Tp), (IV.33)

-2 A1
where Tk and Ty, are defined as

Thk = Eppr + Grpp—1(ye — Higy ), (IV.34)
ii\kfl = A‘i‘llcfl\szl + Bug_1 + Byiij,_q, (IV.35)
B = Enpor + G (i — HadZy),  (IV.36)
o1 = ATF_y oy + Bug-a, (IV.37)

where Gjj—1 = z,lclk_lH’ (Hz,g‘k_lH#QU)*l,Gg‘k_l -
Ei|k71Hé(H22i|k71Hé + Qu2)" ! and Ellc|k—1’zi\k:—1 are
the estimation error covariances, initial values are given
by xg‘_l = U, Egl_l = o, and Yy, My, Ay, Ly, are as in
(1V.24)-(1V.31). Accordingly, the optimal u}c = [I 0] up +
ﬁ,lg, and the optimal u% = [0 I] ug. The optimal cost is
obtained as

Tx = Elag Podgjo + 205 (g0 — #gy0)]
+ tT(E}V+I|N+1®)
N
)t (Ellclk[Q — A'(Sk1 = P
k=0

(Iv.38)

— Skr1Gry1 i H)A]
+ [Qu(Skr1Gryr i H + Prpr — Sk+1)]>'
Details of the above can be found in [62].

Remark IV.3 [t is noted that even though the studied infor-
mation structure satisfies F{Y;?} C F{Yy}, the problem is
completely different from that in the literature [44] because
the controller information of u' is unknown for controller u?
which leads to solvability challenge. Also, it is different from
the results in [56] where the system is required to be with

nested structure and the common-information approach [86].
Moreover, the LQG problem with d-step delayed information
sharing pattern has been further solved in [117].

V. STOCHASTIC LINEAR-QUADRATIC OPTIMAL
CONTROL PROBLEMS — SOME RECENT RESULTS (BY
JIONGMIN YONG)

In this section, we provide a brief overview of some
additional recent results on LQ control problems.

Consider the following controlled linear ordinary differen-
tial equation (ODE, for short):

{ X(t) = AX(t) + Bu(t),  te0,T],

X(0) =z, (V.1)
where X (+) is the state trajectory valued in R™ with = being
the initial state, and wu(-) is a control function valued in
R™; A € R™™ and B € R™ "™ are given matrices. We
refer to the above as the state equation. Clearly, for any
x € R™ and u(-) € U[0,T), the set of all square integrable
functions (valued in R™), (V.1) admits a unique solution
X() = X(52u().

To measure the performance of the control, one can
introduce the following cost functional:

T
J(asu() = / (1QX (1), X (1) + (Ru(t), u(t)) )t
+(GX(T),X(T)), (V.2)

where @, G € S™, the set of all (n X n) symmetric matrices,
and R € S™. The two terms on the right-hand side of
the above are called the running cost and the terminal
cost, respectively. Then the classical optimal control problem
associated with the above linear state equation (V.1) and
quadratic cost functional (V.2) can be formulated as follows.

Problem (DLQ)7. For any z € R”, find a @(-) € U[0, T
such that

J(w;u() = J(@;u(-)).

If u(-) € U[0,T)] exists satisfying (V.3), we call it an
optimal control; the corresponding X () = X(-;z,u(-))
and the pair (X(-),%(-)) are called an optimal trajectory
and optimal pair, respectively. The above problem can be
regarded as linear-quadratic optimal control problem (LQ
problem, for short). The following collects the most basic
conclusions for Problem (DLQ)7.

Proposition V.1 For Problem (DLQ)r, the fo]lowl'ng holds:

(i) Let Problem (DLQ)T admit an optimal pair (X (-), a(-)).
Then it is necessary that

inf (V.3)
u(+)EU[0,T]

R >0, (V.4)

and the cost functional u(-) — J(x;u(-)) is convex. More-
over, there exists a solution to the following ODE, called the
adjoint equation:

{Ym —-(ATYM+QX®),  telT) o
Y(T) = GX(T),



such that the following stationarity condition holds:

BTY (t) + Ru(t) = 0. (V.6)
(i1) Let the optimality system:
X(t) = AX(t) + Ba(t),
)f(t) = _(ATY(t) + QX(t_))7 (V.7)
X(0) = x, Y(T)=GX(T),

admit a solution (X (+),a(-),Y (+)), and u(-) — J(z;u(-)) be
convex. Then, Problem (DLQ)7 admits an optimal control.

(iii) Let functional u(-) — J(z;u(-)) be uniformly convex,
and

R > 0. (V.8)

Let the following differential Riccati equation have a solution
P():

P(t)+ P(t)A+ ATP(t) — P(t)BR™'BTP(t) + Q = 0,
P(T)=aG.
(V.9)
Then Problem (DLQ)r admits a unique optimal control u(-),
and it has the following closed-loop representation:

a(t) = —R'BTP(t)X (1), t € [0,T). (V.10)

The above will be the case if the following canonical condi-
tion holds:
Q,G>0, R>0. (V.11)

Study of the LQ problems for ODEs began with the
seminal works of Bellman—Glicksberg—Gross [22], Kalman
[50] and Letov [57] appeared around 1960. Standard results
for LQ theory of ODEs, including the above, can be found
in Lee—-Markus [55], Anderson—Moore [1], Willems [109],
Wonham [113], and others. See also Yong—Zhou [122].

From the above results, we see that associated with the LQ
problem, there are several notions closely related: Existence
(and uniqueness) of optimal control, (uniform) convexity of
the cost functional, optimality system (two-point boundary
value problem), Riccati equation, closed-loop representation.
It seems that they are almost equivalent somehow. It is a
desire to make these relations clear.

On the other hand, study of stochastic LQ problems
began with the works of Kushner [54] and Wonham [112]
in the 1960s. See also Davis [35], Bensoussan [24], and
others for classical stochastic LQ theory. In 1998, Chen—
Li—Zhou [33] found that for stochastic LQ problems, the
weighting matrices in the cost functional could be indefinite
to some extent; in particular, (V.4) is not necessary for the
existence of optimal control for the corresponding stochastic
LQ problem. See Yong—Zhou [122] for some presentation
of the updated theory by the end of the last century. Since
the early 2010s, the authors of this paper, together with
their collaborators, started to investigate the LQ problems
for stochastic differential equations from a different angle.
Notions of finiteness, open-loop and closed-loop solvability
were introduced, together with the relationship among them
and to the other relevant notions, as well as their characteri-

zations. More precisely, the following have been established
for stochastic LQ problems in finite time-horizons, denoted
by Problem (SLQ)7:

o If Problem (SLQ)r is finite, then the cost functional is
convex in the control process.

« The closed-loop solvability implies the open-loop solv-
ability, but not vice versa in general.

« The open-loop solvability is equivalent to the solvability
of the optimality system, which is now a forward-
backward stochastic differential equation (FBSDE, for
short), plus the convexity of the cost functional.

o The closed-loop solvability is equivalent the regular
solvability of a differential Riccati equation, which
implicitly implies that the cost functional is convex.
In this case, the problem is also open-loop solvable
and any open-loop optimal control admits a closed-loop
representation (or called state-feedback representation),
which must be an outcome of the closed-loop optimal
strategy.

o If the cost functional is uniformly convex, then Problem
(SLQ)r is uniquely closed-loop solvable, and thus also
uniquely open-loop solvable.

For LQ problems in the infinite time-horizon, denoted
by Problem (SLQ).., under the stabilizability condition, the
square integrability of the nonhomogeneous terms and linear
weight processes, the following are established:

o If Problem (SLQ)., is finite, then the cost functional is
convex in the control process.
o When the cost functional is convex, the following are
equivalent:
— Problem (SL)., is open-loop solvable;
— Problem (SLQ); is closed-loop solvable;
— An FBSDE over [0,00) admits an LZ-stable
adapted solution;
— An algebraic Riccati equation admits a stabilizing
solution.
See Sun-Yong [98] for a detailed comprehensive presentation
of these results.

VI. CONCLUDING REMARKS

In this survey paper, we have studied several different
formulations on nonstandard LQ decision-making problems,
and discussed the underlying challenges and some of their
resolutions. This is clearly not a comprehensive review. There
are other numerous formulations, approaches, and results on
LQ problems, both of theoretical nature and those that arise
in applications. The readers are directed to the references
cited for other variations and applications of the rich LQ
framework.

One recent research direction of LQG control is to connect
it with learning. The main concern there is to learn model
and cost parameters from environment and find efficient
learning models and rates, similar to those in reinforcement
learning. Some representative results in this direction can
be found in [2], [29], [87], [104], [105], [132], and the
references therein.
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