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1 Introduction

The purpose of these notes is to provide an overview of some aspects of optimal and robust
control theory considered relevant to quantum control. The notes begin with classical
deterministic optimal control, move through classical stochastic and robust control, and
conclude with quantum feedback control. Optimal control theory is a systematic approach
to controller design whereby the desired performance objectives are encoded in a cost
function, which is subsequently optimized to determine the desired controller. Robust
control theory aims to enhance the robustness (ability to withstand, to some extent,
uncertainty, errors, etc) of controller designs by explicitly including uncertainty models
in the design process. Some of the material is in continuous time, while other material
is written in discrete time. There are two underlying and universal themes in the notes:
dynamic programming and filtering.

Dynamic programming is one of the two fundamental tools of optimal control, the other
being Pontryagin’s principle, [24]. Dynamic programming is a means by which candidate
optimal controls can be verified optimal. The procedure is to find a suitable solution to
a dynamic programming equation (DPE), which encodes the optimal performance, and to
use it to compare the performance of a candidate optimal control. Candidate controls
may be determined from Pontryagin’s principle, or directly from the solution to the DPE.
In general it is difficult to solve DPEs. Explicit solutions exist in cases like the linear
quadratic regulator, but in general approximations must usually be sought. In addition,
there are some technical complications regarding the DPE. In continuous time, the DPE
is a nonlinear PDE, commonly called the Hamilton-Jacobi-Bellman (HJB) equation. The
complications concern differentiability, or lackthereof, and occur even in “simple” classical
deterministic problems, section 2. This is one reason it can be helpful to work in discrete
time, where such regularity issues are much simpler (another reason for working in discrete
time is to facilitate digital implementation).



Filtering concerns the processing of measurement information. In optimal control,
filters are used to represent information about the system and control problem of interest.
In general, this information is incomplete, i.e. the state is typically not fully accessible,
and may be corrupted by noise. To solve optimal control problems in these situations,
the cost function is expressed in terms of the state of a suitably chosen filter, which is
often called an information state. Dynamic programming can then be applied using the
information state dynamics. The nature of the measurements and the purpose for which
the data is to be used determine the architecture of the filter. In stochastic situations,
this is closely linked to the probabilistic concept of conditional expectation. The famous
Kalman filter computes dynamically conditional expectations (of states given measure-
ments in linear gaussian models), which are also optimal estimates in the mean square
error sense. The quantum Belavkin filter, or stochastic master equation, also computes
a quantum version of conditional expectation. In linear gaussian cases, the information
states are gaussian, a fact which considerably simplifies matters due to the finite num-
ber of parameters. Filters such as these based on computing conditional expectations of
states or system variables do not include any information about the cost or performance
objective. While this is not an issue for many problems such as LQG, where the task
of estimation can be completely decoupled from that of control [17], there are important
problems where the filter dynamics must be modified to take into account the control
objective. These problems include LEQG [48, 49] or risk-sensitive control [8, 37], and H*>
robust control [19, 54].

Figure 1 shows a physical system being controlled in a feedback loop. The so-called
separation structure of the controller is shown. The control values are computed in the box
marked “control”, using a function of the information state determined using dynamic
programming. The information state, as has been mentioned, is the state of the filter
whose dynamics are built into the box marked “filter”. This structure embodies the two
themes of these notes.

physical system

**********************************************

control | filter

feedback controller

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 1: Feedback controller showing the separation structure.

These notes were assembled from various lecture notes and research papers, and so we
apologize for the inevitable inconsistencies that resulted.



2 Deterministic Dynamic Programming and Viscos-
ity Solutions

References for this section include [24], [25], [3], [15].

2.1 Introduction
2.1.1 Preamble

Hamilton-Jacobi (HJ) equations are nonlinear first-order partial differential equations of
the form

F(z,V(z),VV(z)) =0 (1)
(one can also consider second-order equations but we do not do so here). V(z) (z € Q C
R™) is the unknown function to be solved for, and VV(z) = (agx(f)’ ce 85‘)/;:(:)) denotes
the gradient. F'(z,v,\) is a nonlinear function.

HJ equations have a long history, dating back at least to the calculus of variations
of the 19th century, and HJ equations find wide application in science, engineering, etc.
Perhaps surprisingly, it was only relatively recently that a satisfactory general notion
of solutions for (1) became available, with the introduction of the concept of wviscosity
solution (Crandall-Lions, c. 1980). The difficulty, of course, is that solutions are not in
general globally smooth (e.g. C1). Solutions are often smooth in certain regions, in which
the famous method of characteristics may be used to construct solutions. There are a
number of other notions of solution available, such as encountered in non-smooth analysis
(e.g. prozimal solution), though we will not discuss them here.

In Engineering our principal interest in HJ equations lies in their connection with
optimal control (and games) via the dynamic programming methodology. The value func-
tion is a solution to an HJ equation, and solutions of HJ equations can be used to test
a controller for optimality, or perhaps to construct a feedback controller. In these notes
we discuss dynamic programming and viscosity solutions in the context of two examples,
and make some mention of the general theory.

2.1.2 Optimal Control

As a first and perhaps familiar example (e.g. LQR), let’s consider a finite time horizon
optimal control problem defined on a time interval [t, ¢1]:

J*(to, ) = luf(lf; J(to, xo, u(-)) (2)

Here, xy is the initial state at time t,, and u(-) is the control; J(¢y, zo, u(-)) represent the
associated cost.

To be specific, and to prepare us for dynamic programming, suppose one wants to
minimize the cost functional

J(t,wsu() = /t1L(SC(S)aU(S))dSHZJ(x(h)), (3)
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where z(+) is the solution of the initial value problem

#(s) = flz(s),uls)), t<s<t,

(4)

z(t) = x.

Here, t € [ty,t1] is a “variable” initial time, u(-) is a control defined on [t, t;] taking values
in, say, U C R™ (U closed), and z(-) is the state trajectory in R™. We denote by U, a
space of admissible controls, containing at least the piecewise continuous controls.

The value function is defined by

Vika) = it J(twi() (5)

for (t,x) € [to,t1] x R". The dynamic programming principle states that for every r €
[tv tl]?

V(t,z) = inf [/tr L(z(s),u(s))ds+ V(r,z(r)) (6)

w(-)EUs

(we will prove this later on). From this, one can derive formally the equation

0
aV(t, I) + H(I, V;EV(t,l’)) = 0 in (to,tl) X Rn, (7)
with terminal data
V(ty,z) = ¢(z) in R". (8)
Here, the Hamiltonian is given by

The nonlinear first order PDE (7) is the dynamic programming PDE or Hamilton-Jacobi-
Bellman (HJB) equation. The pair (7), (8) specify what is called a Cauchy problem, and
can be viewed as a special case of (1) together with suitable boundary conditions, using
Q = (to,t1) x R™. Notice that the Hamiltonian (9) is concave in the variable A (since it
is the infimum of linear functions).

Let us see how (7) is obtained. Set r = ¢+ h, h > 0, and rearrange (6) to yield

T t+h
Lf(lg {E(V(t + h,x(t+h) —V(t,z)) + —/t L(xz(s),u(s))ds| = 0.

If V and u(-) are sufficiently smooth, then

%(V(t +h,z(t+h)) = V(t,x)) — %V(x, t)+ V. V(x,t)- f(z,u(t)) as h—0

and

t+h
%/t L(z(s),u(s))ds — L(z,u(t)) as h — 0.

6



Combining these displays one is formally led to (7). A proof of (7) when V is sufficiently
smooth requires a careful derivation of two inequalities which combine to give (7). Below
we will prove that V' is a viscosity solution of (7); in fact, the unique one satisfying the
terminal condition (8).

Verification. Let V(t,z) be a C* solution of (7), (8). Let u(-) € U, 4, be any control.
Then using (7)

|

Vit z(t) =2V

U

t

Integrating, we get

Vmwm»—v%wwz—/“uammmﬁ

to

or

imwmggum)tw+wmmm
t

)
= iy L(x(t), u(t))dt + 1 (x(t1))
(

using (8). This shows that V(to, zo) < V(to, o) (V is the value function defined by (5)).
Now this same calculation for the control u(-) = u*(-) € Uy, +, satisfying

»u(
s u(

u*(t) € argmin {Vggf/(t,x*(t)) - f(z*(t),v) + L(z*(t), v)} , (10)

vel
for t € [t1,t1], where z*(+) is the corresponding state trajectory, gives
~ t
Vito.a0) = [ La* (@) ()dt + 0" (11)
to

showing that in fact u* is optimal and V (to, z¢) = V (to, o). Indeed we have V =V in
[to,t1] x R™ by this arguement, and so we have shown that any smooth solution to (7),
(8) must equal the value function - this is a uniqueness result. Unfortuneatly, in general
there may be no such smooth solutions.

Optimal feedback. The above calculations suggest how one might obtain an optimal
feedback controller. To simplify a bit, suppose that

U=R", f(z,u)=f(z) +g(x)u, L(z,u)=">z)+zul*

Then evaluating the infimum in (9) gives

and



Hence the HJB equation can be written as

0
5V YV =5V VV =0 (11)

with optimal feedback controller
u*(t,z) = —g(x)'VV(t,z)". (12)
This means that the optimal control v*(-) € U is given by
u(t) = u*(t, 2" (), to <t <t.

Of course, this makes sense only when V' is sufficiently smooth.

The equation (11) is sometimes refered to as a nonlinear Riccati equation.
LQR. Take

U=R" f(z,u)=Az+ Bu, L(z,u)=1z"+%jul’ ()= 312"z
As a trial solution of (11) we use
Vit,z) = 12/ P(t)x,

where P(t) > 0 (symmetric) is to be determined. Now

%f/(t,x) = 1/P(t)r, and VV(t,x) =2'P(t).

Plugging these into (11) gives
1/ P(t)x + 2'P(t) Az — L2/ P(t)BB'P(t)x + 'z = 0.
Since this holds for all z € R™ we must have
P(t)+ A'P(t) + P(t)A — P(t)BB'P(t) + I = 0. (13)
At time t = t; we have V(t;,2) = s2'Wz, and so
P(t) = 0. (14)

Therefore if there exists a C' solution P(t) to the Riccati differential equation (13) on
[to, 1] with terminal condition (14) we obtain a smooth solution z'P(t)z to (7), (8), and
as argued above the value function for the LQR problem is given by

V(t,z) = 12’ P(t)z. (15)
The optimal feedback controller is given by
u*(t,x) = —B'P(t)x. (16)
This gives the optimal control u*(-) € U:
u*(t) = —B'P(t)x*(t), to<t<t. (17)



2.1.3 Distance Function

As another example, we consider the distance function d(x,0f2) to the boundary 92 of
an open, bounded set 2 C R". In some ways the HJ equation for this function is simpler
than that of the optimal control problem described above, and we can more easily explain
viscosity solutions and issues of uniqueness, etc, in this context.

The distance function is defined by

Q) = inf |z —yl. 1
d(z,00) = inf |z —y| (18)
Note that the infimum here is always attained, not necessarily uniquely, since 0f) is
compact and y — |z — y| is continuous; denote by 7(x) C 92 the set of minimizing y.
We write
V(z) = d(xz,00) (19)

for simplicity, and consider V(z) as a function on the closed set Q. It can be verified that
V(z) is a non-negative Lipschitz continuous function. In fact, we shall see that V' is the
unique continuous viscosity solution of

IVV|—=1=0 in Q (20)
satisfying the boundary condition
V=0 on 0. (21)
Equations (20) and (21) constitute a Dirichlet problem.
Example 2.1 Q= (—1,1) C R Here, 9Q = {—1,1} and Q = [~1,1]. Then

142 if —1<2<0
V($>_{1—x ifo<z<1

which is Lipschitz continuous, and differentiable except at x = 0. At each point = # 0
V' solves the HJ equation (20), and V' satisfies the boundary condition (21) (V(—1) =
v(1) = 0), see Figure 2. Note that 7(z) = =1 for -1 <2 <0, w(z) =1for 0 <z < 1,
and 7(0) = {—1,1}. The Lipschitz function Vj(z) = |z| — 1 also satisfies (20) a.e. and
(21); there are many other such functions.

Dynamic programming. The distance function satisfies a simple version of the
dynamic programming principle: for any r» > 0 we have

V(z)= inf {lz—2|+V(2)}. (22)

le—z|<r

We will use this later to show that V' is a viscosity solution of (20), but for now we discuss
and derive (22).



Figure 2: Distance function V' and another Lipschitz solution V;.

Fix z € Q and r > 0, and let |[x — 2| < r. Choose y*(z) € 7(z), so that V(z) =
|z — y*(2)|. Then
V(z) <z —y(2)]
<z =2+ |z =y (2)]
= |z — 2|+ V(2).

Since this holds for all |z — z| < r we have

V(z) < inf {|lz—z]+V(2)}.

T |z—zl<r

To see that equality holds, simply take z = z. Thus establishes (22). Note that there are
many minimizers z* for the RHS of (22), viz. segments of the lines joining x to points in
m(x).

2.1.4 Viscosity Solutions

We turn now to the concept of viscosity solution for the HJ equation (1). The terminology
comes from the wvanishing viscosity method, which finds a solution V' of (1) as a limit
V¢ — V of solutions to

—SAVE(2) + Pz, VE(x), V() = 0 (23)
The Laplacian term SAV® = £3°0 %VS can be used to model fluid viscosity. The
definition below is quite independent of this limiting construction, and is closely related

to dynamic programming; however, the definition applies also to equations that do not
necessarily correspond to optimal control.
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A function V' € C() is a wiscosity subsolution of (1) if, for any ¢ € C*(Q2) and any
local maximum xg € €2 of V' — ¢ we have

F(xo,V(x0), V(o)) <0 (24)

A function V € C(Q) is a wviscosity supersolution of (1) if, for any ¢ € C*(2) and any
local minimum zg € €2 of V — ¢ we have

F(xo,V(x0), V(o)) >0 (25)

A function V € C(Q) is a wviscosity solution of (1) if it is both a subsolution and a
supersolution.

This definition may at first sight appear strange, though in practice it is often easy to
use. Note that derivatives in (24) and (25) appear only on the smooth function ¢. There
are a number of equivalent formulations, and the key point is that the definitions relate
sub- or superdifferentials (of functions which need not be differentiable) to inequalities
associated with the HJ equation.

The superdifferential of a function V' € C() is defined by

V(y) = V(z) =Ny —z)

DtV (z)={) € R" : limsup <0} (26)

y—z,y€Q |z =y

The subdifferential of a function V' € C() is defined by
DV(z)= A€ R" : liminf LW V@ = Ay=2) o (27)

y—x, yeQ |J] — y|

If Ve CYQ) then D™V (z) = D V(x) = {VV(z)}. In general, \ € DTV (x) iff
there exists ¢ € C1(Q2) such that V¢(z) = X and V — ¢ has a local maximum at z; and
A € D V(x) iff there exists ¢ € C1(Q) such that V¢(z) = X and V — ¢ has a local
minimum at x.

Therefore the viscosity definition is equivalently characterized by

F(z,V(x),\) <0 ¥V \e DV(z) (28)

and
F(z,V(z),A\) >0 ¥V A€ D V(x) (29)

Example 2.2 Continuing with Example 2.1, we see that

DtV (z) =D V(z) = { {_{H i o_<1yc<<961< ’

D=V(0) = 0.
Consequently V' is a viscosity solution of (20).
However, the function V; is not is viscosity solution, since 0 € D~V;(0) = [—1, 1], and

0] —1#0.

11



Properties. Some properties of viscosity solutions:

1. (Consistency.) If V' € C(9) is a viscosity solution of (1), then for any point = € Q
at which V' is differentiable we have

F(z,V(z),VV(z)) =0.

2. If V is locally Lipschitz continuous in €2, then

F(z,V(z),VV(z)) =0 a.e. in Q.

3. (Stability.) Let V¥ € C(Q) (N > 0) be viscosity solutions of
FN(2,VN(2), VV¥(z)) =0 in ,

and assume VY — V locally uniformly in Q, and 'V — F locally uniformly in
QxR xR" as N — co. Then V € C(£2) is a viscosity solution of (1).

4. (Monotonic change of variable.) Let V' € C(f2) be a viscosity solution of (1) and
U € C'(R) be such that ®'(¢) > 0. Then W = ®(V) is a viscosity solution of

F(x, U(W(x)), ¥ (W(x))VW(x)) =0 (31)

where U = &1,

2.2 Value Functions are Viscosity Solutions
2.2.1 The Distance Function is a Viscosity Solution

We showed in Example 2.2 that in the specific case at hand the distance function is a
viscosity solution. Let’s now consider the general case. We use the dynamic programming
principle (22) to illustrate a general methodology.

Subsolution property. Let ¢ € C1(Q) and suppose that V — ¢ attains a local maximum
at xo € ); so there exists > 0 such that the ball B(z,,7) C Q and

V(z) = o(z) < V(o) — ¢(w0) V € Blxog, 7). (32)

We want to show that
V(o) — 1 <0. (33)

Let h € R™, and set © = x¢ + th. Then for ¢ > 0 sufficiently small = € B(xq,r), and
so from (32),
—(¢(xo + th) — ¢(z0)) < —(V (20 + th) — V(20)) (34)

Now from the dynamic programming principle (22) we have

V(o) < t|h| + V(wg + th) (35)

12



Combining (34) and (35) we find that

—(@(xo +th) — ¢(x0)) < tlhl, (36)

and so
d(o + th) — ¢(x0)

T

)—1<0 (37)
Send ¢ | 0 to obtain
—Vao(xg)h —1<0. (38)

Since h € R" is arbitrary we obtain (32) as required. This proves that V is a viscosity
subsolution.

Supersolution property. Let ¢ € C'(Q) and suppose that V —¢ attains a local minimum
at xo € §2; so there exists r > 0 such that the ball B(zg,r) C 2 and

V(z) — ¢(x) > V(xg) — ¢(z0) ¥ o € B(xo,T). (39)

We want to show that
|IVo(zg)| —1>0. (40)

Suppose that (40) is false, so that
IVo(xp)] —1 < —a <0 (41)
for some 1 > a > 0. By making r > 0 smaller if necessary, we may assume
IVo(z)] —1 < —a/2<0 V z € B(xg,r). (42)

By the fundamental theorem of calculus, we have

o) = d(xo) + / Vé(ra + (1 — 7)ao)(x — zo)dy (43)

Now from the dynamic programming relation (22), pick z* € B(xo,7), 2* # x¢, such
that

V(zo) = |z — 2*| + V(27). (44)
Using this and (39) we have
—(¢(z%) = ¢(20)) = [2" — ol. (45)
However, from (42) and (43) we must have
—(¢(2") = ¢(x0)) < (1 — a/2)[z" — ol (46)

Inequalities (45) and (46) are in contradiction, so in fact (40) holds. This proves that V/
is a supersolution.

It can be seen here that the dynamic programming principle provided the key inequal-
ities to derive the sub- and supersolution relations.

13



2.2.2 The Optimal Control Value Function is a Viscosity Solution

Dynamic programming. The dynamic programming principle states that for every
r et t],

Vitr) — inf [/tTL(x(s),u(s))ds—i—V(T,x(T)) | (6)

u() €Ut r

We now prove this (by a standard technique in optimal control).

Fix r € [t,t1], and u(-) € Uss,. Let z(-) denote the corresponding trajectory with
initial state z(t) = x, and consider (r,z(r)). Let ¢ > 0 and choose u;(-) € U,,,, with
trajectory x(-) on [r,t;] with z1(r) = z(r) be such that

Vir,z(r)) > J(r,x(r);u () — €. (47)
Define <
wr={ 1 120t "

with trajectory za(-), 22(t) = x. Now za(s) = z(s), s € [t,r], and x2(s) = z1(s), s € [r, t1].
Next,

(S)) ds + ¢(I(<t1)) (49)

using (47). Therefore

V(t,x) < u(~i)r€l£z,r [/;‘ L(z(s),u(s))ds+ V(r, x(r))} +e. (50)
Since € > 0 was arbitrary, we have
Vito) < inf [ /t L(x(s), u(s)) ds + V(r,x(r))] | (51)

This proves one half of (6).
For the second half of (6), let u(-) € Uy 4,, and let z(-) be the corresponding trajectory
with x(t) = . Then

J(t,x;u(r) = L(x(s),u(s)) ds + wt(x(tl))
= ft x(s),u(s))ds + frl L(z(s),u(s))ds + (x(t1)) (52)
> [ L(x(s),u(s)) ds + V (r,z(r)).

Now minimizing, we obtain

infu( YUy, J<t T; u( ))
infugreu s U La(s), u(s)) ds + V(r,a(r)} o
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which is the desired second half of (6). This establishes the dynamic programming prin-
ciple (6).

Regularity. By regularity we mean the degree of continuity or differentiability; i.e. of
smoothness. The regularity of value functions is determined by both the regularity of the
data defining it (e.g. f, L, ©), and on the nature of the optimization problem. In many
applications, the value function can readily be shown to be continuous, even Lipschitz, but
not C! in general. The finite horizon value function V(¢,z) defined by (5) can be shown
to be bounded and Lipschitz continuous under the following (rather strong) assumptions
on the problem data: f, L, 1) are bounded with bounded first order derivatives. We shall
assume this.

It should be noted that in general it can happen that value functions fail to be con-
tinuous. In fact, the viscosity theory is capable of dealing with semicontinuous or even
only locally bounded functions.

Viscosity solution. Let us re-write the HJ equation (7) as follows:

—%V(t,x) + H(z,V,V(t,z)) = 0 in (to,t1) x R", (7)

with a new definition of the Hamiltonian
H(ZL’,)\) = sup {-Af(x,’l])—L<C(],U)} (9)/

veER™

The sign convention used in (7)’ relates to the maximum principle in PDE, and is compat-
ible with the convention used for the general HJ equation (1). Note that the Hamiltonian
is now conver in A.

A function V € C([to,t1] x R") is a viscosity subsolution (resp. supersolution) of (7)’
if for all ¢ € C*((to,t1) x R™),

—%qf)(so,xo)+H(ZB0,V¢(SO,$Q)) < 0 (resp. >0) (54)

at every point (sg,zo) where V — ¢ attains a local maximum (resp. minimum). V is a
viscosity solution if it is both a subsolution and a supersolution.
We now show that the value function V' defined by (5) is a viscosity solution of (7)’.
Subsolution property. Let ¢ € C'((to,t;) x R™) and suppose that V — ¢ attains a local
maximum at (S, zo); so there exists 7 > 0 such that

V(t,x) — o(t,x) < V(so,x0) — (S0, 20) V | —x0| <7, |t — 50| <72 (55)

Fix u(t) = u € U for all ¢ (constant control) and let £(-) denote the corresponding state
trajectory with £(sg) = xo. By standard ODE estimates, we have

(80 + 1) —zo| <7 (56)
for all 0 < h < hgy (some hg > 0) - since U and f are bounded. Then by (55)

V(so+h,&(so+h)) — d(so+ h,&(so + h)) < V(so,70) — ¢(s0,T0) (57)
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for all 0 < h < hy. Now from the dynamic programming principle (6) we have

V(s0,0) < / " L), u(s)) ds + V(o + B E(s0 + 1)) (59)

S0

which with (57) implies

_(gb(so + R, E(s0 +hh)> — cb(so,zro))) B %/ L(x(s), u(s)) ds < 0. (59)

S0

Send h — 0 to obtain

~ 5 (s0,x0) — Vo(so, o) f(xo,u) — L(xg,u) < 0. (60)

Now maximize over u to obtain

~ % (3071’0)+31615{ Vo(s0, 20) f (0, u) — L(xo,u)} < 0. (61)

This proves that V' is a viscosity subsolution.
Supersolution property. Let ¢ € C1((to,t;) x R") and suppose that V' — ¢ attains a
local minimum at (sg, zo); so there exists r > 0 such that

V(t,z) — o(t,x) > V(so, o) — ¢(s0,20) YV |z —x0| <7, [t — 50| <7 (62)
Again by ODE estimates, there exists hy > 0 such that
(80 +h) — x| <7 (63)

for all 0 < h < hy and all u(-) € Us,+,, where &(-) denotes the corresponding state
trajectory with £(sg) = xo.
Assume the supersolution property is false, i.e. there exists o > 0 such that

~ 5 (80, z0) + sup{—Vo(so, o) f (zo,u) — L(xg,u)} < —3ah < 0, (64)
uelU

where 0 < h < hg. Now (64) implies

0

— 5 0(5:€(5)) = V(s £(5)) f(§(5), uls)) — L(E(s), uls)) < —2ah <0, (65)

for all s € [sg, s + h] and all u(-) € U, +,, for h > 0 sufficiently small.
By the dynamic programming formula (6), there exists ug(-) € Uy, ¢, such that

so+h
V(so,z0) > / L(&(s),uo(s))ds + V(so+ h,&(so+ h)) —ah (66)

S0
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where () denotes the corresponding trajectory with £(sg) = xg, and combining this
with (62) we have

&(so + h,&o(so + h)) — d(s0, z0)) 1 /so+h

= 7 )~
However, integration of (65) implies

_(¢(50 + h, &o(s0 Zh)) — ¢(307I0))) — %/so L(&o(s),up(s))ds < —2a. (68)

S0

which contradicts (67) since a > 0. This proves the supersolution property.

2.3 Comparison and Uniqueness

The most important features of the theory of viscosity solutions are the powerful com-
parison and uniqueness theorems. Comparison theorems assert that inequalities holding
on the boundary and/or terminal time also hold in the entire domain. Uniqueness follows
from this. Such results are important, since they guarantee unique characterization of
viscosity solutions, and ensure that convergent approximations converge to the correct
limit. In the context of optimal control problems, value functions are the unique viscosity
solutions.

In this section we give a detailed proof of the comparison and uniqueness results for a
class of Dirichlet problems, and apply this to equation (20) for the distance function. We
also present without proof results for Cauchy problems of the type (7), (8).

2.3.1 Dirichlet Problem
Here we follow [3, Chapter 1] and consider the HJ equation
V(z)+ H(z,VV(z)) =0 in Q, (69)

a special case of (1). B
To help get a feel for the ideas, suppose Vi, Vo € C(Q)NC () (i.e. are smooth) satisfy

Vi(z) + H(z,VVi(z)) <0 (subsolution) (70)
Vo(x) + H(z, VVa(x)) >0 (supersolution)
in 2 and
Vi <V, on 99 (boundary condition). (71)

Let 2o € Q be a maximum point of V; — V4. Now if 2y € Q (interior, not on boundary)
then VVj(zg) = VVa(xo) and subtracting the first second line of (70) from the first gives

Vi(zg) — Va(xg) <0
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which implies .
Vi(x) — Va(z) < Vi(zo) — Va(zg) <0 V¥V z € (72)

If it happened that z € 952, then using (71)
Vi(z) — Va(z) < Vi(mg) — Va(zg) <0 V 2 € Q. (73)

Therefore V; < V, in Q, a comparison result.
Comparison implies uniqueness for the Dirichlet problem

V(z)+ H(x,VV(z)) =0 in Q,

V =1 on 0N. (74)

To see this, suppose Vi and V5 are two solutions. Now V; = V5 = 4 on 0f). Then by the
comparison result, we get V; < V4 in Q. Similarly, interchanging V;, Vi we again apply
comparison to obtain V5 < Vj in Q. Hence Vi = V4 in Q.

This illustrates the role of sub- and supersolutions and boundary conditions in the
comparison and uniqueness theory. We now give a precise theorem and proof ([3, Theorem
I1.3.1]). This result does not use convexity or any connection to optimal control, and
applies generally.

Theorem 2.3 Let Q be a bounded open subset of R™. Assume Vi,V, € C(Q) are, re-
spectively, viscosity sub- and supersolution of (69), and satisfy the inequality (71) on the
boundary. Assume that H satisfies

|H (z, A) = H(y, A)| < wi(lz = y|(1+[A]), (75)

for x,y € Q, A € R", where wy : [0,4+00) — [0,400) is continuous, nondecreasing with
w1(0) =0 (w; is called a modulus). Then

Vi<V, in Q. (76)

PRrROOF. For € > 0 define the continuous function on Q x Q by

=yl

P (z,y) = Vi(z) — Va(y) o

Let (7.,9.) € Q x Q be a maximum point for ®, over Q x Q. Then

max(Vi — Va)(x) < max ®.(z,) < max @.(z,y) = . (e., ). (77)
€ € z,yeN)

We claim that
lim sup . (z.,y.) =0, (78)

e—0

which together with (77) proves the theorem.
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Let us prove (78). Now the fact that

(I)s(xz-:a xf—:) < (I)s(xsa yz—:)
implies
|xa B ya|2
2e
for suitable C' > 0 (recall V3 is bounded on Q), and so

< Va(ze) = Valy:) <C (79)

|ze — ye| < (C’&t)l/z. (80)

Therefore
|z —y:| = 0 as ¢ — 0, (81)

and by continuity, Va(z.) — Va(y.) — 0 as € — 0; hence (79) gives

|xs _ys|2

5 — 0 as ¢ — 0. (82)

We now need to consider where the points z., y. lie.
Case (i). Suppose z., y. € §2 (both interior points), for all sufficiently small € > 0. Let
2

oo() = Vi(y.) + =2l (83)

’ms - y‘2
’ 2e

61(y) = Vila) —

Now ¢1, ¢y € C1(Q), . is a local maximum for Vi — ¢, and 3. is a local minimum for
Vo — ¢1. Also,
Te — Ye

Vor(ye) = = = Vo (a). (84

The viscosity sub- and supersolution definition implies

Vi(z.) + H(ze, =%) <0,

z.E 85
Va(ye) + H(y., *==*) > 0. (85)
Subtracting we have
Te — Ye Te — Ye
Vile:) = Valye) + H (oo, =—2) = Hly., =—*) <0 (36)
and using the assumption on H
< |xs B ys|
Vi(ze) — Va(ye) —Wl(yma_ysy(l"i‘T))- (87)
This implies
‘xs - ys‘
Cba(xaa ya) < W1(|$a - ya|(1 + T))? (88)

and hence (78) follows using (81) and (82).
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Case (ii). Now suppose there exists a subsequence £; — 0 as i — oo such that z., € 09
or y., € 0. If x., € 09,

Vi(ze,) — Va(ye,) < Va(ze,) — Va(ye,) — 0 (89)
as i — 00, or if y., € 01,
Vi(ze,) — Va(ye,) < Va(z.,) — Vi(ye,) — 0 (90)

as i — oo; hence (78).

This completes the proof.

The distance function is the unique viscosity solution of (20), (21). At first
sight Theorem 2.3 does not apply to (20), (21). This is because equation (20) does not
have the additive V-term that (69) has, and this term was used in an essential way in the
proof of Theorem 2.3. In fact, in general viscosity solutions to equations of the form

H(z,VV) =0 (91)

may not be unique! For instance, in the context of the Bounded Real Lemma both the
available storage and required supply are viscosity solutions of equations of the type (91).
It turns out that comparison/uniqueness for HJ equation (20) for the distance function
can be proved, either directly using additional hypothesis (such as convexity [3, Theorem
I1.5.9]), or via a transformation as we now show.

We use the Kruskov transformation, a useful trick. Define

W=0()21-¢", (92)
where V' is the distance function (19). Then W is a viscosity solution of

Wi(z)+ |VV(z)]—1 =0 in Q,

W =0 on 00, (93)

by the general properties of viscosity solutions mentioned above. By Theorem 2.3, we see
that TV is the unique viscosity solution of (93), and hence

W) = —log(1 — W) (94)

is the unique viscosity solution of (20), (21). Comparison also follows in the same way.

2.3.2 Cauchy Problem

In this section we simply state without proof an example of a comparison/uniqueness
result, [3, Theorem II1.3.15]. There are many results like this available, with various
kinds of structural assumptions (e.g. (95), (96)) which must be checked in order to apply
them.
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Theorem 2.4 Assume H is continuous and satisfies
|H(x, A1) — H(z, A2)| < K(1+ |x])|[A\ — Az (95)
for all x, A1, Ay € R™, and
[H (21, A) = H(22, \)| < w(lz1 = 23], R) +w(|r — z2[[Al, R) (96)

for all X € R", x1,29 € B(0,R), R > 0, where w is a modulus (depending on R). Let
Vi, Vo € C(to, t1] x R™) be, respectively, viscosity sub- and supersolution of (7)’ satisfying

Vi(ti, z) < Va(t,z) ¥V z € R" (97)

Then
Vi(t,x) < Va(t,z) ¥ (t,x) € [to,t1] x R™. (98)

21



3 Stochastic Control

References on stochastic control and probability theory include [38], [17], [10], [22], [24],
21, 9], [39], [1].

3.1 Some Probability Theory

While probability theory, especially quantum probability, will be covered by other speakers
at this workshop, we present in this subsection some basic definitions and ideas.

3.1.1 Basic Definitions

Classical probability theory considers events F', subsets of a sample space €2, and assigns
a numerical value 0 < P(F') <1 to each event F' indicating the probability of occurrence
of F'. The collection of all allowed events is denoted F. The basic construct of classical
probability is the triple (Q, F,P), called a classical probability space.

To facilitate an adequate framework for integration (expectation), convergence, etc,
there are a number of technical requirements placed on probability spaces. While the set
Q2 of outcomes can be arbitrary (e.g. colors of balls in an urn, the set of real numbers, etc),
the collection of allowed events F is required to be a o-algebra. A o-algebra F contains
the empty set () € F), is closed under complements (F € F implies FC ={w e Q : w¢
F} € F), and is closed under countable unions ({F;}°; C F implies |J;°, F; € F). A
pair (€2, F) is called a measurable space (on which one or more probability measures may
be defined).

A probability measure is a function P : F — [0, 1] such that (i) 0 < P(F) <1 for all
F e F, (i) P(Q) =1, and (iii) if Fy, Fy,... is a disjoint sequence of events in F, then
P(UZ, F) = S5, P(F).

In many cases, the set of outcomes €2 will be a topological space, i.e. a set ) together
with a collection 7 of subsets (the open sets), called a topology. A topology 7 contains
the empty set, and is closed under arbitrary unions and intersections. If ) is discrete,
then the set of all subsets defines the standard topology. If = R or C (real or complex
numbers), the standard topology can be defined by considering all open intervals or discs
(and their arbitrary unions and intersections). Given a topological space (€2, 7), the Borel
o-algebra B((2) is the o-algebra generated by the open sets (it is the smallest o-algebra
containing all open sets). Events in a Borel o-algebra are called Borel sets. Often, when
the topology or g-algebra is clear, explicit mention of them is dropped from the notation.

Let (1, F1) and (22, F2) be two measurable spaces. A random variable or measurable
function is a function X : Q; — € such that X }(F) = {w; € O 1 X(w) € 2} € F
for all Fy € F,. In particular, a real-valued random variable X defined on (€2, F) is a
function X : Q — R such that X 1(B) = {w € Q : X(w) € B} € F for any Borel set
B C R. Similarly, we can consider complex-valued random variables. If P is a probability
measure on (2, F), the probability distribution induced by X is



so that (R, B(R),Px) is a probability space. If X has a density px(z), expectations of
functions f(X) (e.g. moments) can be calculated via

E[f(X)] = /R F(2)P(dz) = / " F@)px(a)de. (99)

Note that the cumulative distribution function is given by Fx(z) = Px((—o0,]), and
the density py(x) = dFx(x)/dx (when it exists).

Let Y be a random variable, and J = o(Y') be the o-algebra generated by Y’ i.e.
the smallest o-algebra with respect to which Y is measurable. In general ) C F. If
Z is a random variable that is also )-measurable, then there is a function gz such that
Z(w) = gz(Y(w)). Thus, Z is a function of the values of Y.

For 0 < p < oo, the set LP(2, F,P) is the vector space of complex-valued random
variables X such that E[|X?] is finite. It is a Banach space with respect to the norm
| X ||,= E[|X|P]*/P. The case p = 2 is of special interest, since L2($2, F,P) is a Hilbert
space with inner product

(X,)Y) = E[X"Y].

For p = oo, the space of essentially bounded random variables L>°(Q2, 7, P) is a Banach
space with norm || X [|,= ess.sup | X (w)].

Example 3.1 Consider the classical probability space (2, F,P), where Q = {1,2}, F =
{0,Q,{1},{2}}, and P = (p1,p2). A random variable X has the form X = (1, xs), where
71,75 € C, and in this example, the spaces L=(Q, F,P) (equal to L*(Q, F,P) as a set)
consist of all such random variables. The expected value of X is given by

EMLiAXwW@d:Mm+mm. (100)

OJ

3.1.2 Conditional Expectations

Let Y C F be a sub-o-algebra. The conditional expectation E[f(X)|V] of f(X) given Y
is the unique Y-measurable function such that

E[f(X)Ir] = E[Ef(X)|V]I] for all F € Y. (101)

Here, I is the indicator function of the set F defined by Ip(w) = 1 if w € F, and
Ir(w) = 0 otherwise.

This definition may seem abstract, and so we attempt to clarify it by describing what
happens in the language of elementary probability and give examples.

Recall from elementary probability the notion of conditional density pxy(z|y) of a
random variable X given another random variable Y. It is given by

pxy (zly) = Z%éj)w (102)
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where pxy(x,y) is the joint density of X and Y and py (y) is the density of Y. Using this
conditional density, conditional expectations can be computed by

BUACOMI) = [ f@px(aly)d. (103)

Here, we have emphasized the fact that the conditional expectation is a function of the
values y of the random variable Y. If ) is the o-algebra generated by Y, then we write
E[f(X)|Y] = E[f(X)|Y]. Property (101) can be checked as follows:

E[E/([X)| Y]] = /F B/ ([1X)]Y](y)py (4)dy

- /F/Zf (@)pxpy (zly)py (y)dxdy

_ /F / Zf<x>px,y<x,y>dxdy

_ /F f(2)px (2)dz
E[f(X) 7).

Example 3.2 Let X and W be independent random variables with densities px(z) and
pw (w), respectively. Let Y be a random variable defined by

Y =X+ W (104)

The joint density of X and Y is px y(z,y) = px(z)pw(y—x), and this defines a probability
measure P(dz) = pxy(x,y)dz on the Borel subsets of 2 = RxR. The conditional density
is given explicitly by

px(@)pw(y — z)

pX\Y(ﬂ?J) = )
/ px (@)pw (y — 2)da

which defines a conditional distribution 7(y)(dz) = pxy (z|y)dx.
In the absence of measurement information, expectations of functions f(X) are eval-
uated by

(P.f) = E[f] = / /()P (dx),

in accordance with (99). Measurement of Y provides information about X, allowing us to
revise expectations using a conditional probability measure. Suppose we know that the
values of Y occurred in a set F' (F' € Y = o(Y)). The revised or conditional probability
measure 1s

/ Ir(y)p(, y)dy
p(F)
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where p(F') = Prob(Y € F'). Then the conditional average of f(X) given F is

(n(F), f) = / f(@)n(F) (dx)

/ /FvaY(f’% y) f(x)dydz
) p(F)

/F (n(y), f)dy
B p(F)

Note that the last equality uses the invariance property (101). If A is a possible set of
values of X (i.e. X € 0(X)), with f = I4, then (106) reduces to the familiar elementary
formula Prob(X € A|Y € F') =Prob(X € A,Y € F)/Prob(Y € F). O

(106)

Example 3.3 Consider the (finite) discrete set Q = {1,2,3}. Let F be the standard
discrete o-algebra, namely all subsets F = {0, Q, {1}, {2}, {3},{1,2},{1,3},{2,3}}, and
let P be the uniform distribution, P = (%,%,%) Let X = (2,4,9), ie. X(1) = 2,
X(2) =4, X(33)=9,and let Y = (1,1,4). Then Y = o(Y) = {0,9,{1,2},{3}}. Using
the property (101) with F' = {1,2} we find that

E[X|V](w) =3 for w e {1,2}

while F' = {3} gives
E[X|V](w) =9 forw € {3}.

The random variable X has been averaged over the atoms {1,2}, {3} of J. The random
variables Y and E[X|))] are constant on these atoms () measurability). The conditional
expectation E[X]|)] can be viewed as a function of the values y € {1,4} of Y. Indeed, let
g(1) =3 and g(4) = 9. Then

EXV)(w) = g(Y(w))-

We write simply E[X|V](y) for g(y) (a slight abuse of notation). O

3.1.3 Stochastic Processes

Heuristics. A stochastic process is a random function of time. e.g. Noise, Figure 3.

Definition 3.4 A stochastic process {X,};°, is a sequence of random variables X,
defined on (S0, F, P). For each w € (),

X(w) ={Xo(w), Xi(w),...}

denotes a sample path.
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Figure 3: Sample paths of stochastic process X.

If {X,}52, is real valued, then {X,}32, can be viewed as a random variable with
values in RN (path space; here N is the set of integers).

It is important to quantify the information history or flow corresponding to a stochastic
process. This is achieved using filtration.

Definition 3.5 A filtration of a measurable space (2, F) is a family {F,}>, of sub-o-

algebra F,, C F such that
fnCFn+1 y Vn:O,l,

Example 3.6 If {X,} is a stochastic process,

A
gn = U(X07 X07 oo 7Xn)
defines a filtration {G,}, G, C F called the history of {X,,} or filtration generated by
{Xa}. O

Definition 3.7 A stochastic process {X,} is adapted to a filtration {F,} if X, is F,-
measurable for alln =0,1,2,....

Remark 3.8 We can consider F,, are events that have occurred up to time n.
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3.1.4 Martingales

Definition 3.9 A stochastic process {X,} defined on (Q,F,{F,}, P) is called a super-
martingale/martingale/submartingale if

1. {X,.} is adapted to {F,}
2. F[|X,]] < +o0
3. E[Xp1|Fol < X0 / EXou|Fo)l =X, / ElXnu|Fa) = X, Vn.

A martingale corresponds intuitively to a fair game of chance.

Note: For m > n,
E[Xm|-7:n] - E[Xn+1|~7:n]
=X,

if {X,,} is a martingale. In general, Vm > n, E[X,,|F,] is the predicted value of X,, given
the history F,.
A supermartingale (submartingale) decreases (increases) in conditional mean.

Example 3.10 Let {F,} be a filtration on (£2, F) and define
Foo =0(Fn, n€N)

Let
Y € L1(Q, Fu, P)
then .
X, = E|Y|F,]
is a martingale. 0

Example 3.11 Consider i.i.d (independent identically distributed) r.v’s.

and

Xo =) Wi

k=0 )
= Xn—l + Wn

X is a martingale w.r.t. F,, = o(Wy, W1,...,W,,) since

E[Xn+1|fn] = E[Xn + Wn+1|:’rn}
=X, + E[W,1|F,] (since X, is F,-msble)
=X, + E[W,11] (by independence)
=X, (martingale)
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3.1.5 Semimartingales

Definition 3.12 A stochastic process A = {A,} is said to be predictable with respect
to the filtration {F,} if A, is F,_1-measurable.

Example 3.13 Suppose F,, = 0(Zy, Z1,. .., Z,) for some stochastic process {Z,}. If A
is predictable w.r.t. {F,}, then A, is a function of Zy, Z1,...,Z,_1. i.e. the value of A,
is determined by the values of Zy, Z1,..., Z,_1. O

Definition 3.14 Let X be a stochastic process adapted to {F,}. If

X=A+M

where A is {F,}-predictable and M is {F,}-martingale, then X is called a semimartin-
gale.

Remark 3.15 Semimartingales are important in engineering and physics :

X = “signal” or “trend” + ‘noise”
— N

A M

A is sometimes called the “compensator” of X (relative to {F,}).

Theorem 3.16 (Doob Decomposition). If X is an integrable adapted process, then
X 1s a semimartingale.

PRrROOF. Define

I
NE

A, B[ Xy — Xp1|Fr-]
1

Mn n An

By definition, A is {F, }-predictable. Next,

I
=T

E[M,|Fot] = E[Xo|Fuca] = > EIE[Xi — Xpo1|Fioa] | Faci]
k=1

n—1
- E[Xn|~/rn—1] - E[E[Xn - Xn—1|fn—1]|fn—1] - ZE[Xk - Xk—1|fk—1]
k=1
= Anp—-1 — An—l
= n—1
M is a {F,}-martingale. O

28



Remark 3.17 Write AX,, = X,, — X,,_; then

AX, = AA, + AM,
N . . v
prediction “innovations” or new information

AA, = E[AX,|Fo_i]
E[AM,|Fq] =0

where AM,, is martingale increment. This is called the innovations representation.

Example 3.18 Let
X, =) Wi
k=0

where {Wy} ~ N(0,1), i.i.d. By the innovation representation, AX, = W,
AA, = E[AX,|F,_1] = 0 so that AX,, = AM,, =W, O

3.1.6 Markov Processes

Definition 3.19 Let X be a stochastic process defined on (2, F, P) and taking values in
a measurable space (S,S) and adapted to {F,}. X is called a Markov process if for
m>n

P(X,, € A|F) = P(X, € A|X,) , VA€ S

That is, conditional probabilities of the future behavior of X given the whole past depend
only on the current value.

Example 3.20 Let S =R and S = B(R). W is i.i.d. process.
X1 = b( X, Wy)
where b : R? — R. X is a Markov process w.r.t. F, = o(Wy, Wy,..., W,_1).
E[¢(Xn1)|Fn] = E[o(b(Xn, Wn))| T

(e 9]

_ / O(b(X,0, w)) Py, (dw)

Setting ¢ = I4 we see that X is Markov. O

Definition 3.21 The (one step) transition probability of a Markov process X are
given by the transition kernel

PXn+1|Xn(A|$) = P(Xn-H € Aan = l‘)
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Example 3.22 In the last previous example,

[e.9]

PXn+1Xn(A|x):/ I4(b(z,w)) Py, (dw)

—0o0

Proposition 3.23 (Chapman-Kolmogorov).

Py, (A) = / Py...ix. (Alz) Py, (dz)
E[6(X, (dx')

n+1

+1)] =
j¢ PXn+1|Xn<dI/|x)PXn<dI)

PROOF.

P, (A) La(Xn41)]
La(Xni1) | Fal]
[La(Xn41) | X0]]

Xn+1]|Xn (Aan)]
| P, (k) P, (d)

E
E[E
E[E
E[Px

Example 3.24 (Markov Chain). Now suppose S = {s1, S2,...,Sn}. Let P =

an N x N matrix such that
N

Z Pjj=1, a;=>0
Define the transition kernel
Px, .11x,(84]81) = P

and the probabilities
pn(i) = Px, (s:) = P(X, = $;)

Then, the Chapman-Kolmogorov equation reads

pn-i—l Z szpn

i.e.
Pn+1 = P*pn
= (P7)"p

30

O

(Fi;) be



where po(s;) = P(Xo = s;) = p(i) is the initial distribution. Thus the probability
distribution of X, satisfies the dynamics

{pn—l—l - P*pn
Po=p

Here we regard p,, as a column vector. If, instead, we regard p,, as a row vector, then

Pn+1 = pnP

Remark 3.25 In general, suppose Py, ., |x, is independent of time n. We write

p(Alz) = Px, ., x, (Alz)
p(A) = Px,(A)

then
{anrl = P*pn
Po = p,

where

(P*p)(A) = / p(Alz)p(dz)

S

3.1.7 Observation Processes

Definition 3.26 Let X be a Markov process with values in S. An observation process
is an O valued process defined by the observation probabilities Py x

P(Y, € B) = / Pyix(Bl2)Px,(d) , BeB(R)
S

Note that for each x € S, Py|x(:|x) is a probability measure on (O, B(O)).
Example 3.27 Let {V,} be i.i.d. independent of X. Define
Y, = h(X,, V)

then
Pyix(B|X,)

Y, € B|X,,)
WX, V,) € B|X,)

Ip(h(Xn, Vi) Py, (dv)

Il
—3%

31



3.1.8 Linear Representation of a Markov Chain

Suppose we replace S by S' = {ej,es,...,ex} where e; is the i-th unit vector in RY.
Then X, =e; for some:s=1,2,..., N

Lemma 3.28 Let X,, be a Markov chain with probability matriz P. Then
A \
A]\4n—i—1 = Xn+1 - P°X,

18 a martingale increment.

Corollary 3.29 X has the semimartingale or innovations representation
Xn+1 = P*Xn + A]\477,—1—1

or
AX,i1 = (P*— )X, + AM, 44

3.2 Controlled State Space Models

We will define controlled stochastic systems in terms of controlled transition probabilities
and output probabilities.

Definition 3.30 A stochastic system (S,U,O, P,Q, p) is specified by

e Borel spaces S, U, O
(state, control or input, observation or output)

e Transition probability P
P(:|x,u) is a probability measure on S , V(x,u) € S x U.

o Qutput probability Q)
Q(-|z) is a probability measure on O , Yx € S

o Initial distribution p of Xo.

The evolution of the system is described as follows. If X,, = x € S is the state at time
n and if U,, = u € U is the control input applied at the time n, then the system moves to
a new state X1 according to the probability measure P(:|x,u) and produces an output
Y,, according to Q(-|z).
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Example 3.31 Nonlinear Systems.
Let S = R", U = R"™ and O = R?. The processes {W, } and {V,,} are i.i.d., independent,
and taking values in R" and R* respectively. Xy ~ p is independent of W and V. Define

b:R"xR™"xR"— R"

and
h:R"xR? — RP

such that
Xn+1 = b(Xna Una Wn)
Y, = h(X,, Vy)

The transition and output probability measures are
P(Alzx,u) = / TA(b(z,u,w)) Py, (dw)
R"
VAeS=B[R") , (z,w)eR"xU

Q(Bl|z) = /RS Ig(h(z,v))Py, (dv)
VBeO=BRP) , z€8

Example 3.32 Linear Systems.
This is a special case of nonlinear systems with b, h are linear and W, V" and p are Gaussian
: W, ~ N(0,Q), V,, ~ N(0, R) and p ~ N(Zy, %) :

X1 = AX, + BU, + GW,
Y, =CX,, + HV,

Example 3.33 Controlled Markov Chain (Finite State).
Consider S = {s1,82,...,8n}, U = {ug,us,...,upy} and O = {01,09,...,0p}. P(:|z,u)
is defined by a controlled transition matrix P(u) where

> Pju)=1 , Pyu)>0,Vuel, s;€S
P(sj|si,u) = Pij(u)
Q(+]z) is defined by an output probability matrix @ :
P(ojlsi) = Qi
P
Zsz =1, Vs€8, Qi =0
j=1
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3.2.1 Feedback Control Laws or Policies

A deterministic sequence u = {ug, u1,us, ...} of control values is called an open loop
control. A feedback or closed loop control depends on the observations. More pre-
cisely, let ¢ = {90, 91, 92, - - .} be a sequence of functions

gn O™ = U
The value u,, of the control at time n is given by

Up = gn(?/On)

where yo, = {%0,v1,---,Yn}- Such a sequence g is called a feedback or closed loop
control policy or law. Note that an open loop control is a special case of a closed loop
policy.

A policy g determines a probability measure P¢ on the canonical sample or path space
(Q7 f)a
=(SxUxY)>®

0
F =B(Q)

Note w €  is of the form

W= {anU'O?yO)xlaul?yl- .. }

Let
Fn = O—(X07}/E)>X171/'17 cee 7Xn7Yn)

yn :O'(Yv(-)ayrl?"'ayn)

Then U, = ¢,(Yo,) is adapted to ), and X,,Y, is adapted to F,. Note that now
V=0, Y1,...,Y,, Uy, Uy, ..., Up,) since g is used.

3.2.2 Partial and Full State Information

In general, the only information available to the controller is contained in the output or
observation process Y; X is in general unavailable. This is the case of partial informa-
tion. If O = S and Q(-|x) = §, (Dirac measure), then Y = X, and one has full state
information.

Control problems are much easier to solve when one has full state information. In the
general case of partial information, one must do some filtering as well.

3.3 Filtering
3.3.1 Introduction

Consider the (non-dynamic) filtering problem

{ X =p+W (signal) (107)

Y =CX +V  (observation)
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where W ~ N(0,Q), V ~ N(0, R) are independent. Let’s compute X = E[X|Y] using
two methods:

1. The “innovations” method. We will see that X has the representation

~

X:/L—i-od7

~ A . . .
where Y =Y — Cu is the “innovation”.

Note: We use the following notation:

Means :
X S E[X]=p
Y 2 E[Y] = Cu
Covariances :
Yy = Cov(X) =E[X —p)(X—p)]
=@
Sy = Cou(Y) = E[(Y - Cp)(Y - Cp
=CQC'"+ R
Sxy = Coo(X,Y) = E[(X = p)(Y — Cp)
—QC'
We claim

X = pu+Sxy Sy (Y — COp).
ProOF. Write

5=

v

then

Then since these random variables are Gaussian, v and Y are independent (orthog-
onal). Then,
X = E[X —0+7]Y]
= EP|Y]+ E[P|Y]
=0+v
This gives the “Kalman Filter” for the problem :

X = pu+QC'(CQC"+ R (Y — Cp).
O

Note that if we write error estimates by e = X — X , the conditional error covariance
is given by
Ye = Xx — Uxy Iy Sy
=Q - QC'(CQRC'+ R)'CQ
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Remark 3.34 X — 1 is the projection of X=X- w1 onto the subspace
Y={aY : a R}

relative to the inner product E [)? 37] = Cov(X,Y), see Figure 4.

Figure 4: Projection interpretation.

ie. )?Nmust satisfy )A(i— (X—p) LY N L L
ie. (X —(X—p),Y)=0.Since X —pu=aY, weget (X,Y)=aY,Y). Thus,
a=XY)¥. V)"

= EXYE}_/I

. Using the “reference probability” approach.
We consider the following processes are under a probability measure P,

X =p+W
Y =CX+V

The joint density of X,Y is
pxy(z,y) = px(v)py|x (y|z)

in which
px(z) = (27|Q]) "2 exp(—3(z — ) Q ' (z — p))
pyix(ylz) = (27|R])"2 exp(—3(y — Cz) R~ (y — Cx))

Using a new “reference”’ probability measure PT, we have the new processes

= DI

X =p+W
Yy =vt
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where VT ~ N(0,R), W ~ N(0,Q), V' and W are independent. The joint density
of XY is now

Pxy(®,9) = px(x)pv(y)

where )
pv(y) = (27|R|)"2 exp(—3y'R™'y)

.. dP
Write P = A, where

Az,y) = eXp(—%\R’lC:UIQ +y' R 'Cx)

By Bayes’ rule,!
ET[XA]Y]
EX|Y]=——+—
A=y
the conditional density is given by

pX|y(:E|y) = Az, y) px ()
/ Az, y)px () dv

n

C]X\Y($|y)

/n QX\Y(CUH/) dx

We call gxy the “unnormalised conditional density”
QX\Y(x\y) = Az, y)px ()

Now we compute,

X—BXIY =y = | apayelyds

n

/nquy(x|y) da
/nQXY(x‘y) dx

— i+ QC(CQC"+ R)"L(Y — Cp).

Remark : The main techniques for nonlinear filtering are the innovations approach and
the reference probability method.

'Prove this using the invariance property (101) by showing that E[X|Y]ET[A|]Y] = ET[XA|Y].
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3.3.2 The Kalman Filter

Consider the linear gaussian stochastic system :

Xk+1 - AXk + GWk
Y, =CX, + HV}

where the initial condition X, ~ N (X, %0), Wi ~ N(0,Q)and V;, ~ N(0, R) are all
mutually independent with Q > 0, R > 0 and ¥y > 0.
Filtering problem : to compute conditional expectations of the type

O = E[p(Xi)|Youl
Since all the random variables are Gaussian, the conditional distribution
PXkly(),k (A|Yb,k) = P(Xk € A|YE)7k)

is Gaussian with density

A
DXy |Yo.r <x|YEJk) = pklk(ﬂybzk) .
= (27[Shl) "2 exp(—5(z — Xuw) Sy (2 — Xagw))
where
Xipp = E[X|Yox]
e = E[(X — X)) (X — Xgr)'|Yo.r]
Note that the conditional distribution is completely determined by the finite dimensional
quantities Xy, € R™ and Xy, € R™.
The filtering problem will be solved if we can find simple recursion for these two
quantities. Thus

dp= | o@)pr(z|Yor) da
Rn

Theorem 3.35 (Kalman Filter, [38, chapter 7], [1, chapter3]). The conditional den-
sity peje ~ N (X, L) s obtained from
Xitpr = AXppe + L1 (Yirr — CAX )
Xojo = LoYo + Xo
2I<;-|-1|k-1—1 = ([ - Lk+10)2k+1|k
T = ALy A+ GQG’
Yo = (I — LoC)%y
Ly é Zk‘k_lC’(CEk‘k_lC/ + HRH/)fl
Lo 2 5,C'(CSoC" + HRH')

Notation. py1x(2|Yo) denotes the conditional density of Xjq given Y.

X1 = B[ X1 |Yor]
Yrak = El(Xpr1 — Xegaw) (Xprr — Xiyaw)'[Yo ]
Prtife ~ N(Xpg1)es Dkrifk)
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3.3.3 The Kalman Filter for Controlled Linear Systems

Let ¢ = {90, 91,---,} be a feedback policy, possibly nonlinear. This determines :

X/, = AX] + BU] + GW;,
Y =CX!+ HV,
Ui =gk (Yogk)
The processes X9, Y9 need not be Gaussian. However, the conditional densities pyy1|x, Dk
are Gaussian.

Theorem 3.36 The conditional means X,g‘k and XIZ+1\1~: are given by

Xy = AXj)), + BU; + Lin (Y, — C(AX],, + BU{,,))

ke+1|k—+1

X,gﬂ‘k = AX£|k—1 + BU! + AL (Y — CXiZ\kA)
Xgm = X+ Lo(Yo — CXy)

Xg|—1 = Xo

Yklks Zk+1k and Ly, are given as before.

ProoOF. Write
X =X.+X, , Y=Y, +Y:
where — — Yy =
X7, =AX]+BU! , X=X,
Y, =CX;
Xk—i—l = AXk + GWk y X() ~ N(07 20)
Y. =CX,+ GV,

Then the conditional density of Xj given (Y{,,Ug, ;) is the conditional density of Xj
given Yy, shifted by X;. (See [38, page 102-3] for details.) O

3.3.4 The HMM Filter (Markov Chain)

Let X,Y be a HMM defined by a transition matrix P and an output probability matrix
Q :
P(Xpi1 = 55| Xy = 1) = pj
P(Yy = 0| Xy = si) = q;5
This determines a measure P on a measurable space (€2, F) (canonical path space, say).
Filtering : We wish to compute the conditional probabilities

P(Xk = Sj’}/b,k)-

If we use the linear representation of Markov chain, we want to compute the (column)
vector A
Prje = E[Xk|Yor]
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Recall that in the linear representation, X, = P*X,_1+ AM,; where AM), is a martingale
increment w.r.t. Fr = o(Xox, Yor)-

Since Y} depends on AMj, it is not clear how to proceed. We will use a reference
probability P under which Y}, is independent of AM,.

Under P, the joint density of X, Yo is

pxoyk,yoyk(xo,k, yO,k) = pxmk(xo,k) pyo,k|xo,k(?/0,k|$o,k)

where

pXOk Z‘Ok HPml,wl+1pm0

PYorXor Mok Tok) Hle v

Pz, 1s initial distribution of X.
The new measure Pt corresponds to the joint density

p}oyk,yoyk(xo,k, yO,k) = pxmk(xo,k)p¢0,k|X07k(yo,k|$o,k)

where

p3+/0,k|Xo,k (yO,k |x0,k) = pk1+1

where p = #0 is the number of output values. Then,

dP
A, = ——
dP* |,
k
k+1 H Qxlzyl
1=0
Notation. We write ¥, for the diagonal matrix with entries pQ;,,, ¢ =1,...,n. And we

write
O = EJF[XkAk‘YO,k]
(an n-vector since X}, is an n-vector using the linear representation
Note: Under P*, X is a Markov chain with transition matrix P and initial distribution
p, Y is i.i.d. uniform and, X and Y are independent.

Bayes’ rule :
Ok

Dkl = —<0k’ )
where (og, 1) = > 04(1) = ET[Ag]Yo4]. (.,.) = inner product in R".

Theorem 3.37 (HMM Filter)

Prjk = L‘I’kP*pk—1|k—1

Pojo =
Ck <\I’kP Pr—1k— 1>1>
Co =1
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Remark 3.38 In unnormalized form we have

{O’k = ‘I’kP*O'k,1
0o =P

which is a linear recursion.
PROOF.

e Step 1
Recursion for oy.

ok (j) = ET[Xe(5)AlYo k]
= ET[(P"Xpo1 + AMy); pQjy, Ap—1|Yo,k]
= Wi (j) 2201 pig B [ X1 (6) M [Yo ]
(by independence).
= Wi(4) >oim1 Pij ok-1(7)
e Step 2
By induction,
k
<O’k, 1) = H C
1=0
To see this,
. \I/kP*O'k_l
<0k7 1>
_ Uy P*pr—1jk—1(0k-1,1)
<0k7 1>
This gives
1
= <Uk7 >
(Ok-1,1)
and clearly
k
_ (k1) (ok—1,1) (01,1)
o =cn a5 &
1=0
= <Uk’ 1>
Note that the (nonlinear) recursion for pyx is just formula (6.2) in [38, page 83]. O
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3.3.5 Filter for Controlled HMM

Consider a controlled Markov chain with transition matrix P(u) and output probability
matrix (). Let g be a feedback policy

Ur = gx(Yor)

We want to compute the conditional expectation
P(Xy = s4|Yor, Uo 1)

i.e.
pzw = B[ Xi|Yok, Uoj—1]

Theorem 3.39 (/38, page 81]). piw does not depend on g. It satisfies

piuc =2 Wkp*(uk—l)pi—ukq

ck

pgm =p
e = (Ve P*pr_1jk-1, 1)
Co =1

as before.

Definition 3.40 A stochastic process & = {&x} is called an information state if
o & is a function of Yo, Uy p—1
o &1 can be determined from &k, yri1and uy.

Example 3.41 pyy = pi“c is an information state. oy = api“c is also an information
state. For linear systems, Xy, is an information state O

3.4 Dynamic Programming - Case I : Complete State Informa-
tion

The stochastic system is described by (S,U, P,p). A control policy ¢ = {g0,91,---}
determines control U and state X processes :

uy, = gr(Xox)
P(Xyt1 € A[Xok, Uoi) = P(A[Xk, Uy)

Let
G ={g : g is a state feedback policy}

denote the set of admissible controllers.
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Cost function :

where

3.4.1 Optimal Control Problem
Find ¢* € G minimizing J; i.e.
J(g*) < J(9) , Vg€ G

We solve this problem using dynamic programming.
To this end, we define the value function

M-1
— 3 9
Vi) = _inf Ex,k[l; L(X1, U1) + ®(Xar)]
for k=0,1,... M —1
Vi () = ®(x)

where G,; denotes policies gx; = {9k, gk+1,---, G}
Vi(z) is the optimal “cost to go”, given that we start at = at time k; i.e. Xj = x.

Theorem 3.42 (/38, chapter 6]) V satisfies the dynamic programming equation :

Vile) = inf (L) + [ Via(2)P(sle)
for k=0,1,...,M —1
Virl) = 2(x)

(DPE)

Further, let u;(x) denotes a control value which achieves the minimum in (DPE), for
k=0,1,...,M — 1. Then the policy g* defined by

uk = gr(Xow) = U (Xy)
is optimal, and J(g*) = [, Vo(2)p(dz).
Remark 3.43 Policies g for which g, is only a function of X} (and not X, ;_1) are called
Markov policies. Then w.r.t. P9, when ¢ is a Markov policy, X is a Markov process.

So the optimal policy g* above is Markov and the optimal state process Xj is Markov :

P9 (X1 € AlXog, Usx) = P(Alz, ()
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Remark 3.44 Algorithm for finding the optimal state feedback controller :
1. Set k=M , Vy(x) = ®(2)
2. Set k = M — 1. Then solve (DPE) to get Vi,_1(x) and @}, (x)
3. Set k = M — 2. Then solve (DPE) to get Vy;_o(x) and @y, 5(x)
4. Continue, until £ =0

5. Set

ProOOF. Define W by

Wi(z) zigg{L(x,u) +LWk+1(z)P(dz|x,u)}
for k=0,1,..., M —1
Wy (z) = &(x)

Our goal is to prove Wy (x) = Vi(x), and g* optimal. Define

Vileng) = B2 LG U + B(X)]
Claim (x):
Wi(z) = inf Vi(z,9) 2 Vi(z)

9€Gr M -1

Assume (k) true for k+1,..., M (trivial for k = M). Then for any g € Gy a1
Vilz,9) = B [L(x, 1) + Xty LXG, U)) + (X))

= B [L(z, 9x) + Vi1 (Xns1, Gerr—1)]
= Egk[[’(xa gr) + Wi (Xiy1)]
)

> Wi(z

by induction, with equality if g = g*
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Example 3.45 Controlled Markov chain with transition matrix P(u).
The dynamic programming equation is :

Vie(s;) —mln{L Si, U —|—ZV;€+1 s;)Pij(u)}

ueU
fork::O,l,...,M—l
Vi (si) = ®(sy)

If we regard V}, as a column vector in R", etc, this is just

Vi = meilr]l{L“ + P(u)Vii1}

fork=0,1,... M —1
Vi =@

This is a nonlinear backward recursion. The optimal Markov policy ¢* is
9r(Xok) = up(Xi)

where T} (s;) achieves min in (DPE) and @}, can be viewed as a vector.

Example 3.46 Nonlinear Systems
X1 = b(Xy, Uy, Wy,)

where W = {W}} i.i.d., independent of Xy ~ p. The DPE

Vi(z) :ilel(f]{L<x7u)+/ Vir1(b(z, u, w)) Py (dw) }

n

fork=0,1,....M —1
Vu(z) = ®(z)

Vi is a function of z € R™. @} (x) is also a function of z € R".

Example 3.47 Linear Systems (LQG)
X1 = AXy + BU; + GW,

Then the DPE

1
Vo) = inf (L) + [ Viaa(do + But Gu)(2riQ) 2 exp(—u'Q-
for k=0,1,..., M —1
Vu(z) = @(z)
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Quadratic cost :
L(z,u) = 2T + su'Au
O(z) = %x’ﬁx

where ' >0, P >0, A > 0. To simplify, assume

G=1 , Q=1
Xip1 = AXy + BU, + Wy,

(W} iid. ~ N(0,1)

Theorem 3.48 (LQG)
Vi(z) = %x’ka +
up(x) = Lyx

where
P, =T+ A/P].H_lA — A,Pk—i-lB[A + B,Pk:—i—lB]_lB/P]H_lA
for k=0,1,...,. M —1
(R){ Py =P
Ly =—[A+ B'P B 'B'Py 1 A
Qg :%le\ik_HTTPl s k?:O,l,...,M—l , OéM:O
Note that :

1. The Riccati equation (R) is a nonlinear backward matrix recursion.

2. The optimal Markov policy is
up = gp(Xox) = Le X
which is linear.

PrOOF. By induction. It it true for & = M, (trivial). Assume true for &+ 1,..., M.
Plug Vit1(2) = 12’ Pyt12 + gy into (DPE) and evaluate the Gaussian integral (do this).
Then minimize over u. This gives u;. Plug back in to evaluate Vj(x). This gives the
Riccati equation (do this!). O

With complete state information, the optimal controller is state feedback, Figure 5.

3.5 Dynamic Programming - Case II : Partial State Information

Consider general stochastic system
(S,U,0,P,Q,p)
Control policies g € G are output feedback:
uy, = gr(Yor)
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Figure 5: State feedback.

Cost function :
M—1

J(g) = EQ[Z L(X;, Ur) + (X))
=0

as before, except ¢ is a function of Y only.
Partially observed optimal control :
Find an output feedback controller ¢g* € GG such that

J(g") < J(g), VgeG

Rather that treat the general case, we first do HMM’s, and then linear systems.

3.5.1 Optimal Control of HMM’s

Consider controlled HMM’s with transition matrix P(u) and output probability matrix
@. To solve this problem, we could use any suitable information state. Here we will
use
Tk = Dk|k

Recall that

(1S) { T = T(mp—1, Up—1, Y2)

T =P
where
U(y) P (u)m

(W(y) P (u)m,1)
We will show that optimal output feedback control of the HMM is equivalent to opti-
mal control of (IS), a problem with full state information (m is the new state, which is
observed!).

T(m,u,y) =
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To see how this possible, write
J(g) = EQ[ZZZZQ L(X:, Up) + (X))
= B9} iy EYL(XG, U)You] + E9[@(Xar)[Yo,u]]
= B9[S, (i, L) + (s, ®)]

where

L* = L(.,u)
(m, f) = 22y (@) £ (D)

This J(g) has been expressed purely in terms of the information state 7.

Theorem 3.49 (/38, chapter 6]) Define

M—1
_ : g ug

V() =, ot B )+ (o)
for k=0,1,....M —1

V() = (7, ®)

Then Vi, satisfies the dynamic programming equation

Vi(m) = min{(m, L) + ) Vier(T(m, . y))p(ylm, u)}

y€eO
(DPE) for k=0,1,....M —1

Vu(m) = (m, @)

where

p(y‘ﬂ',u) = Z Qj,y Pz](u)ﬂ-(@)

ij=1

Further, if w;(m) achieves the minimum in (DPE), then the policy
ue = gp(Yor) = ug(me)

15 optimal.

PROOF. See [38, page 85]. O

Note: The optimal controller depends on the observations Y through the informa-
tion state m,. Such controllers are called separated, i.e. separated into a filter plus a
controller, Figure 6.

3.5.2 Optimal Control of Linear Systems (LQG)

Consider a linear system

Xip1 = AX), + BU, + GW,
Y, =CX,+HV,
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HMM

g (m) T

control HMM filter

Figure 6: Separation structure for HMM controller.

with quadratic cost
L(z,u) = 32Tz + $u/Au
®(z) = 32'Px

where ' >0, P >0, A > 0. Assume for simplicity, G=1 ,H=1,Q=1,R=1.
The conditional density
e = Pk ~ N (X, Zji)

is an information state. Since ¥y, is deterministic, Xy, is itself an information state for
the linear system. Thus we expect the optimal policy ¢g* to have the form

up = g" (Yor) = s (Xkx)

for a suitable function @j(x). It turns out that @wj(x) is the complete state information
controller derived earlier.

Theorem 3.50 Let Xy, be the conditional mean as determined by the Kalman filter. Let
Ly, be the gain sequence determined by the state feedback linear quadratic problem. Then

ur = 9" (Yor) = L Xy
1s the optimal policy for the partially observed LQG problem.

Note that this optimal controller is separated.
PROOF. See [38, page 105]. O
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linear system

Ly, Thk, Lklk
Tk

linear control Kalman filter

Figure 7: LQG separation structure.

3.6 Two Continuous Time Problems
3.6.1 System and Kalman Filter

Consider the (classical) system model

dz. = (Az. + Bu)dt + G dw (108)
dy = Czx.dt + dv (109)

where

1. z.(t) is the state of the system (a vector), given by a linear stochastic differential
equation driven by Gaussian white noise w(t),

2. §(t) represents the measured output variables, which are subject to additive Gaus-
sian white noise v(t),

3. u(t) is the control variable (a vector), which we take to be a function of the mea-
surement data y(s), 0 < s < ¢, which we write u(t) = K(y(s),0 < s <),

4. A, B, G and C are appropriately sized matrices, and
5. w(t) and v(t) have zero mean, variance 1, and correlation a.
Throughout we interpret stochastic differential equations in the Ito sense, so that, e.g.

dw(t)dw(t) = dt, dv(t)dv(t) = dt, and dw(t)dv(t) = adt.

The continuous time Kalman filter equations are

di. = (A, + Bu)dt + (Y.CT + Ga™)(dy — Ci.dt) (110)
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and
Y, = AY, + Y, AT + GGT — (Y.CT + Ga™)(CY, + aGT) (111)

with initial conditions Z.(0) = z.9, Y.(0) = Yy (the initial Gaussian parameters), see [49,
section 4.5], [16, Theorem 4.4.1 (when o = 0)].
3.6.2 LQG Control

In continuous time, the classical linear quadratic Gaussian (CLQG) problem is to minimize
the cost function

J(K) = E[/O [%ch(s)ch(s) + %UT(S)QU(S)] ds + %xCT(T)SxC(T)]. (112)

for the linear gaussian model (108), (109).
The optimal control is given in terms of the Kalman filter

u*(t) = —Q BT X.(t)Z.(t), (113)
where
X.+A"X, 4+ X,A— X,BQ'BTX,+ P =0, (114)

and X .(T) = 5, [49, Part 1], [16, Theorem 5.3.3 (when a = 0)].

3.6.3 LEQG Control

Another important class of stochastic control problems are the so-called risk-sensitive
problems. The risk-sensitive cost functions attempt to give larger penalties for large
deviations from desired values and tend to lead to designs which are more robust than
LQG controllers. In this subsection we switch to continuous time.

The classical linear exponential quadratic Gaussian (CLEQG) problem (a type of risk-
sensitive problem) is specified by modifying the LQG cost using the exponential function
as follows:

JHK) = E[exp u(/o (22l (s)Pa.(s) + u" (s)Qu(s)] ds + 22l (T)Sz.(T))].  (115)

Here, 1 is a parameter indicating the sensitivity to risk. If g > 0, the problem is risk-
sensitive, and consequently gives greater weight to the size of the integral compared to the
LQG case. If pu < 0 is referred to as risk-seeking. The risk-neutral case y — 0 corresponds
to the LQG problem above,

%log JHMK) — J(K), (116)
see [8], [37].
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The CLEQG criterion is potentially infinite if u > 0 is too large. However, when finite
the problem is solvable and the optimal solution is

u'(t) = —Q'BYXE()[T — Y2 ()X ()] (1), (117)

c

where

di* = ([A+ pYPli* + Bu)dt + (YFCOT 4+ Ga)(dy — Cztdt), (118)

Y& = AP+ YPAT 4 GG 4 gy PYL — (YACT + Ga”)(CYY +aGT),  (119)

with initial conditions ##(0) = x., Y(0) = Y;, and

X! 4+ ATXF 4 XFA— XF[BQ'BT — uGGT) X" + P =0, (120)

with terminal condition X#(T') = S, see [8, Theorem 4.1 (when a = 0)], [49, section 8.5],
[14, Theorem 3.11].

It is important to note that the CLEQG filter (118), (119) is not the LQG Kalman
filter, but reduces to it when g = 0. The CLEQG state £#(t) can still be interpreted as a
state estimator for z.(t), but it is not the optimal minimum mean square error estimator:
in general @#(t) # Z.(t). However, ##(t) does serve as an information state for the CLEQG
problem, since the cost function (115) can be expressed in terms of it, see [8, Theorem

3.2]:
JHK) = E[/ exp(—ga:TSx)ﬂ”(x,t)dx] (121)

where 7#(x,t) is a gaussian density with mean #*(¢) and covariance Y/(¢). In general, it
does not seem possible to represent the CLEQG cost in terms of the Kalman filter state
Ze(t).
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4 Robust Control

References for this section include [30], [54], [19], [26], [4], [46], [31].

4.1 Introduction and Background

As mentioned in the Introduction, section 1, robustness concerns the ability of a con-
troller to cope with uncertainty, disturbances, and model errors. Typically, a controller
is designed on the basis of an idealized model, which may neglect some features of the
real system. The parameters of the model may or may not be well known. Further-
more, the real system may be subject to disturbances, noise and dissipative effects. A
robust controller should have good performance under nominal conditions, and adequate
performance in other than nominal conditions.
Figure 8 illustrates a common setup for robust control design.

uncertainty

physical system

controller

Figure 8: Setup for robust control.

Note that uncertainty has been explicitly included in the setup. The robust control
problem is to design a controller achieving the desired performance, explicitly taking into
account the presence of uncertainty. Robustness can be guaranteed only for the classes of
uncertainty that have been modeled.
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Standard approaches to robust control design include the use of H*> methods, and
integral quadratic constraint (IQC) methods. In H*, which originated in the frequency
domain [53] and gave rise to the (unwieldy) name, systems are regarded as possibly
nonlinear operators acting on signals, and stability and robustness are characterized in
terms of the boundedness of the operators. The controller is chosen to make the gain
or norm v of the closed loop physical system-controller combination considered as an
operator from disturbance inputs w to disturbance outputs z “small”. In view of the small
gain theorem (see, e.g. [47, Theorem 6.1.1 (1)]), the design is capable of accommodating
uncertainties of gain less than 1/v. Detailed knowledge of the uncertainty is not required,
save for the gain limitation and structural connections to the physical system. IQC
design is closely related, but here the uncertainty is characterized by an integral quadratic
constraint, and the controller is designed subject to this constraint. It is important to
know that not all robust control problems are feasible, for instance a designer may choose
too small a value of 7, and not be able to find a solution.

4.2 The Standard Problem of H,, Control

Now we describe in more detail the standard problem of H., control. The problem entails
a description of the plant and controller models, and definitions of the control objectives.
The standard control problem corresponds to the Figure 9, which we now explain.

w7 — =z

G
u y

K

Figure 9: The Closed-Loop System (G, K)

4.2.1 The Plant (Physical System Being Controlled)
Consider plants G' with the following structure
& = A(z) + Bi(z)w + By(z)u
G: ¢ z = Ci(x)+ Dis(x)u (122)
Yy = CQ(JJ) + D21<ZL’>’UJ

Here, z(t) € R™ denotes the state of the system, and is not in general directly measurable;
instead an output y(t) € R? is observed. The additional output quantity z(¢) € R" is a
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performance measure, depending on the particular problem at hand. The control input
is u(t) € R™, while w(t) € R® is regarded as an opposing disturbance input. Detailed
assumptions concerning the functions appearing in (122) are given in [31]. Here we note
that the origin 0 is assumed to be an equilibrium, and A(0) = 0, C1(0) = 0, C5(0) = 0.

4.2.2 The Class of Controllers

The plant G' was described by an explicit state space model and is assumed given. How-
ever, in the spirit of optimal control theory, we do not prescribe a state space model for
the controller K, since it is an unknown to be determined from the control objectives.
Rather, we simply stipulate some basic input-output properties required of any admissible
controller, namely that the controller must be a causal function of the output

Kyl e ()

and the resulting closed loop system be well-defined in the sense that trajectories and
signals exist and are unique. The controller K will be said to be null-initialized if K(0) = 0,
regardless of whether or not a state space realization of K is given.

4.2.3 Control Objectives

The H., control problem is commonly thought of as having two objectives: find a con-
troller K such that the closed loop system (G, K) is

1. dissipative, and
2. stable.

In §4.3 we define what is meant by these terms in the case of linear systems. We now
describe their meanings for nonlinear systems; this gives an extension of H., control to
nonlinear systems.?

The closed loop system (G, K) is y-dissipative if there exist v > 0 and a function
B(xg) > 0 ((0) = 0, such that

%/0 2(s)|*ds < 72%/0 [w(s)[*ds + (o) (123)

for all w € Loy and all T' > 0.

This definition is saying that the nonlinear input-output map (G, K) : w +— z defined
by the closed loop system has finite Lo gain with a bias term due to the initial state z
of the plant GG. This inequality expresses the effect of the uncertainty w on the system
performance z.

2The term “nonlinear H, control” has no precise mathematical meaning, but it has come into common
use in the control engineering community and refers to nonlinear generalizations of H,, control (which
has precise meaning for linear systems).
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While dissipation captures the notion of performance of a control system, another
issue with H,, control is stability of the system. The closed loop system will be called
weakly internally stable provided that if G is initialized at any zg, then if w() € Ls[0, 00),
all signals u(-),y(-), 2(-) in the loops as well as z(-) converge to 0 as t — oo. By internal
stability we mean that the closed loop is weakly internally stable and in addition if the
controller has a state space realization, then the controller state will converge to an
equilibrium as t — oo.

Dissipation and stability are closely related; see, e.g. [50], [32], [33], [46]. Indeed,
dissipative systems which enjoy a detectability or observability property also enjoy a
stability property. In our context, suppose the system (G, K) is z-detectable, that is, w(-)
and z(-) € L?[0,00) imply z(-) € L?[0,00) and z(t) — 0 as t — co. By z-observable we
mean that if w(-) =0, (-) =0, then z(-) = 0. If (G, K) is y-dissipative and z-detectable,
then (G, K) is weakly internally stable (see [31, Theorem 2.1.3]).

Solutions to this problem are descrbed in [46], [4], [31].

4.3 The Solution for Linear Systems

We recall here the well-known solution to the H,, control problem for linear systems, see
[19], [45], [30], etc. The class of linear systems considered are of the form

T = AC(7+B1’LU+B2U
G : Z = Clx + D12U (124)

Yy = CQI + Dglw.

4.3.1 Problem Formulation

The class of admissible controllers K are those with finite dimensional linear state space
realizations
n = Agn+ Bixy + Bagu
K
u =Cg+ Dgy

Given v > 0, the H,, control problem for G is to find, if possible, a controller K such
that the resulting closed loop system (G, K) : w — z satisfies:

(i) Dissipation: The required dissipation property is expressed in the frequency domain
in terms of the H,, norm of the closed loop transfer function (G, K)(s) as follows:

1 (G B = 5UP O (G, K) ()] < -

(ii) Stability: We require that the closed loop system
(G, K) is internally stable.
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4.3.2 Background on Riccati Equations

Recall a few facts about Riccati equations. An algebraic Riccati equation
YA+AL+YRYE+Q=0 (125)

with real matrix entries A, R, () and R, () selfadjoint, meeting suitable positivity and
technical conditions (see, e.g., [54, Chapter 13]), has upper and lower solutions ¥, 2, so
that any other self adjoint solution ¥ lies between them

2 <X <3,

The bottom solution is called the stabilizing solution because it has and is characterized
by the property
A+ RY, (126)

is asymptotically stable. Likewise Y., is antistabilizing in that
—(A+ R%,) (127)

is asymptotically stable.

4.3.3 Standard Assumptions

There are a number of “standard assumptions” that are needed for the necessity and
sufficiency theorems about H,, control. These can be expressed in various ways and here
we follow [45].

The first two conditions concern the rank of the matrices Do and Doy:

DI12D12 = El > 0, (128)
DQlD/Ql = F5 > 0. (129)

Next are two important technical conditions which take the form

A— ]wI B2
rank =n-+m forall w>0, (130)
C1 Drp
and
rank =n+1{ foral w>0. (131)
Co  Dn

These two conditions are commonly used in LQG control and filtering, and concern the
controllability and observability of underlying systems.
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4.3.4 Problem Solution

The necessary and sufficient conditions for solvability of the H,, problem under the stan-
dard assumptions are:

Condition 1: State feedback Control. There exists X, > 0 solving the control-type Riccati
equation

(A — BoE D0 ) X, + Xo(A — BoEE D)
(132)
+ X (52 B1B} — B2 By By) X, + C{(I — D12 By ' Dip)Cr =0

which is stabilizing, i.e.,
A— BoE['DI,Cy + (v 2B B, — BoE;'BY) X, is asymptotically stable.  (133)
Condition 2: State FEstimation. There exists Y, > 0 solving the filter-type Riccati
equation
(134)
+Y.(v72C1Cy — CLEy ' Cy)Y,e + Bi[I — Dy By ' Doy | By = 0
which is stabilizing, i.e.,

A— B\ Dy Ey'Cy + Yo (v 2C,Cy — CLE;'Cy) is asymptotically stable.  (135)
Condition 3: Coupling. The matrix X.Y, has spectral radius strictly less than ~.

Theorem 4.1 ([19], [45], [30]) The Hw control problem for G, meeting certain techni-
cal conditions is solvable if and only if the above three conditions are satisfied. If these
conditions are met, one controller, called the central controller, is given by

T =(A— ByE'DyCy + (v 2B\B) — ByE{'B)) X, )7
+(I = y72Y. X)) H(B1 DYy + Y.CHEy  (y — [Co + Doy B{ X ]T)
(136)
+(I =y 2. Xe) By +772Y.C D1a) (u + Ey ' [Di,Cy + By X ]7),

u=—E;D),Ch + ByX,|T.

It is important to notice that the filter for the H> controller in (136) is not the Kalman
filter. This solution was first given in [29], [19].
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4.4 Risk-Sensitive Stochastic Control and Robustness

An important connection between the deterministic H* problem and the stochastic LEQG
problem was discovered by Glover and Doyle, [29]. This can be seen by comparing the
solutions to each problem: (136) and (117) with the identifications v = 1/,/1,

Bi=(G0), B,=B8, (137)
1/2

01:<P0 ) D12:(Q?/2)’ (138)
Co=C, Dyy=(01). (139)

Both problems are equivalent to dynamic games, [30], [4]. Connections with algebraic
Riccati equations and disturbance attenuation were discovered in [44].

Mathematically, what underlies this connection is the interpretation of the risk-sensitive
problem as an equivalent stochastic dynamic game. In general terms, this corresponds to
a general convex duality formula (e.g., see [20, Chapter 1.4]):

log Ep[e’] = Sgp{EQ [/1-H(QI P)} (140)

where P and Q are probability distributions, and where the relative entropy is defined by
(e.g., see [42, Chapter 11])

d
H(Q| P) = Bqllos 2]
The duality formula (140) implies
logEple] > Eq[f] - H(Q | P) (141)

for any probability distribution Q which is absolutely continuous with respect to P.
We let f be an integral of quadratic function

T
f=n [ OPa) + o (OQuit)de,
0
and let P be a probability distribution corresponding to a nominal model used for con-

troller design. We also set Q to be probability distribution corresponding to the true
physical system, with deterministic disturbance w shifting the mean of the noise. Then

H(Q||P) = / fw(t)|2dt, (142)
and (141) implies the gain-type inequality [21], [11]:
Eoue] / 2 (6 Pr(t) + o (D) Qub)di] < %{bg iy / w(hPdey: (143)
of. (123).
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This shows that the performance (evaluated as a LQG mean with respect to the the
true distribution Q) of the LEQG controller (designed assuming the distribution P) when
applied to a real system is bounded from above by the sum of two terms. The first term
is a constant determined by the optimal LEQG cost, while the second is a measure of the

size of the “uncertainty”. This second term is zero under nominal conditions (w = 0).
See [11], [21] for further details.
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5 Optimal Feedback Control of Quantum Systems

References for this section of the notes include [5], [35], [36], [42].

5.1 Preliminaries

An operator T on a Hilbert space H is positive if (1, T¢) > 0 for all v € H. A
generalized measurement is defined as follows [42, section 2.2.3]. Let {M,,} be a collection
of operators such that

> MM, =1 (144)
The probability of outcome n when the system is in state p is
Prob(n) = (p, MIM,,), (145)
and the state of the system after the measurement outcome n is obtained is

T
J(n) = % (146)

A positive operator valued measure (POVM) [42, section 2.2.6] is a collection {E,,} of
positive operators F,, such that

> E, =1 (147)

A generalized measurement {M,} defines a POVM {E,,} via E,, = MIM,. A POVM may
define many generalized measurements, one of which is obtained by taking square roots.

It is straightforward to see that an orthogonal projective measurement {P,} (a PVM)
defines a POVM and a generalized measurement.

Let 901, denote the set of n x n complex matrices.

A linear map I' mapping operators on H to operators is called positive map if I'(A) is
positive for all positive operators A on H. T is completely positive (c.p.), ie. (I'®1,)(A)
is positive for any positive operator A on H ® 9M,,, for any n.

A quantum operation [34, section 3.1.2], [42, section 8.2.4] is a c.p. map I' such
that 0 < tr[I'(A)] < tr[4] for all positive operators A on H. A dynamic map or trace-
preserving operation is a quantum operation that satisfies tr[I['(A)] = tr[A], [34, section
3.1.2).

Every c.p. map I' can be expressed in operator-sum form

D(p) = > MnpM] (148)

for suitable operators {M,}, [34, Corollary 3.1.1]. If I is an operation, then > MM, <
I, [42, Theorem 8.1], [34, page 74] and if it is a trace-preserving operation then Y MM, =
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I. Note that if {M,,} is a generalized measurement, then the state reduction can be ex-
pressed as
I'(n)p
/
p(n) = =
(C(n)p, 1)

where I'(n) = M, pM] is a quantum operation.

Please note that use of the above terminology varies somewhat in the literature, with
some differences in the definitions. For instance, some authors may defined all operations
to be normalized tr[T'(A)] = tr[A].

Quantum operations and c.p. maps I are associated with adjoints I'T via

(149)

(Cp, X) = (p,ITX) (150)
for states p and operators X. This is the basic Schrodinger-Heisenburg duality.

5.2 The Feedback Control Problem

We consider the optimal control of a quantum system using standard digital or analog
electronics, Figure 10.

input quantum system output

u (nanoscale physical device) Yy

feedback controller K

(digital or analog electronics)

Figure 10: Feedback control of a quantum system

The problem is formulated as follows:

1. We use a simple discrete time model, and we assume all variables are discrete-valued.
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2. Evolution of the quantum system is interleaved with measurements.

3. The controller is a causal function of the measurement data, so that

U = Kk’(yla s 7yk)

4. The quantum system dynamics are modelled by a controlled quantum operation
['(u,y). This can include the effects of measurement and an external environment.
For fixed u,y it is a completely positive map (preserves positivity) and satisfies the
normalization condition

> C(wy)w, 1) = (w, 1) =1 (151)

yeY

The quantity

p(ylu,w) = (T(u, y)w, I). (152)
is a conditional probability distribution on the measurement values (depends on
current input value and state).

5. The performance objective J(K') can be expressed in terms of the conditional states.
The objective is to be minimized to obtain the desired optimal controller K*.

5.3 Conditional Dynamics
5.3.1 Controlled State Transfer

The idea is that if the quantum system is in state wy at time k, and at this time the
control value uy is applied, a measurement outcome y;1 will be recorded, and the system
will transfer to a new state wg. 1. The probability of yr.1 is p(yrr1|uk, wi)-

Selective or conditional evolution means that the new state wi,; depends on the value
of the measurement y; 1, and we write this dependance as follows:

Wi+1 = Ar(uk, Y1) wr, (153)
where [ y)
u,y)w
Ar(u,y)w = ———. 154
r(wy) p(ylu,w) (154)

Equation (153) is a discrete time stochastic master equation (SME), or quantum filtering
equation.

Example 5.1 Consider the operator I'(u, y) is given by

D(u,y)w =Y q(yla) PuB{wE, P, (155)
a,b
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where w is a state, and the adjoint is given by

Mi(u,y)B = qlyla)E}'P.BP,E} (156)

a,b
where B is an observable. Here:

1. E} are controlled operators that satisfy »_, E;' "E® = I. They can be used to model
the influence of an environment on the system via

E'w =Y Elwk' (157)
b

The simplest case is £} = T" for all b, which corresponds simply to closed unitary
evolution with no environmental influence:

% = T TwT™.

2. An observable A is measured. It is assumed to have a discrete non-degenerate
spectrum {a}. The normalized eigenvectors are |a), with projections P, = |a){a|

(Falt) = (al)a)).

3. The measurement of A is imperfect; instead values y are measured with probabilities
q(yla). The kernels satisfy »_ g(y[a) =1 for all a.

O

Example 5.2 (Two-state system.) We now describe a specific instance of Example 5.1,
viz. a two-state system and measurement device, where it is desired to use feedback
control to put the system into a given state.

A particle beam is passed through a Stern-Gerlach device, which results in one beam
of particles in the up state, and one beam in the down state. It is desired to put all
particles into the up state. In the absence of measurement noise, the following simple
feedback scheme [52] achieves this objective: the beam of particles in the up state is
subsequently left alone, while the beam in the down state is subject to a further device
which will result in a change of spin direction from down to up. The final outcome of this
feedback arrangement is that all particles are in the up state.

We extend this example by accommodating repeated noisy measurements. Physically,
the noisy measurements might arise from imperfectly separated beams, where a proportion
of each beam contaminates the other, and/or from interference or noise affecting sensors.

The pure states of the system are of the form

) = cal = 1) +aull) = ()

C1
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The states | — 1) and |1) are eigenstates of the observable

A= (‘01 (1)) (158)

corresponding to ideal measurement values a = —1 and a = 1. It is desired to put the

system into the state
0 00

T’U.
Wk WE41

Uk Yk+1

Figure 11: Two-state system example showing the controlled unitary operator 7% and the
noisy measurement device M-a with error probability a.

In this example we do not consider the effects on an external environment. We define
a controlled transfer operator I'(u,y) as the following physical process, Figure 11. First
apply a unitary transformation 7", where the control value u = 0 means do nothing,
while u = 1 means to flip the states (quantum not gate), i.e.

(é?) ifu=0
T =

01 )
(10> if u=1.

We then make an imperfect measurement corresponding to the observable A. We model
this by an ideal device (e.g. Stern-Gerlach) with projection operators

10 00
P1_<00>’P1_<01>

followed by a memoryless channel with error probability kernels

g(-1]-1) =1-a

g(-11) =«
g1 =1) =«
q(1]1) =1-«
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where 0 < av <1 is the probability of a measurement error (cf. [42, Figure 8.1]).
The controlled transfer operator is therefore (from (155))

L(u,y)w = q(y| — 1) P T wT*TP_y + q(y|1) P T wT" T P,.

In this example, the control u can take the values 0 or 1, and output y has values —1 or
1 (U={0,1}), Y ={-1,1}).

If we write a general density matrix as

o= (‘”E ”12) , (159)
Wig W22

then the controlled operators I'(u, y) are given explicitly by

o - (1 — Oé)a)n 0
o, —lw = ( 0 o
. awi1 0
[0, Nw = 0 (1— a)ws
. o (1 — a)w22 0
I'(1,-w = 0 e

ra,Hw = (OASZQ (1 —(())z)chu)

5.3.2 Feedback Control

In the above description of the quantum system (153), we have not described how the
controls uy are determined by the measurements y; via a feedback controller K. We now
do this.

Feedback controllers should be causal, i.e., the current control value uy cannot depend
on future values of the measurements i1, Ygi2,.-.. On a time interval 0 < kK < M — 1
this is expressed as follows:

K: {K07K17'-'7KM71}

where
uy = Ko
Uy = Kl(?h)
uy = Ko (y1,y2)
etc.
To simplify notation, we often write sequences ug,, U, 41, - .., Ug, aS U, k,- Lhen we

can write ug = Ky(y1x). A controller K can be restricted to subintervals £ < j < M by
fixing (or omitting) the first arguments in the obvious way. We denote by K the class of
all such feedback controllers.
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Wo P11 w1 D2 %)
2a(1 — ) wéo’_l)’(l’_l)

wo % wg)’_l) a?+ (1 - a)? wéo’_l)’(l’l)
% wgo’l) 2a(1 — ) w§0,1),(0,71)
a?+ (1 —a)? wéo’l)’(o’l)
Po = Wo P1 P2

Table 1: State evolution under the controller K.

A feedback controller K in closed loop with the quantum system, Figure 10, operates
as follows. The given initial state wy and controller K are sufficient to define random
sequences of states wp s, inputs up p—1 and outputs y; ar over a given time interval 0 <
k < M iteratively as follows. The control value w is determined by Ky (no observations
are involved yet), and it is applied to the quantum system, which responds by selecting
y1 at random according to the distribution p(y;|ug,wp). This then determines the next
state wy via (153). Next u; is given by K;(y1), and applied to the system. This process
is repeated until the final time.

The controller K therefore determines controlled stochastic processes wy, up and yy
on the interval 0 < k < M. Expectation with respect to the associated probability
distribution is denoted Effo o- The state sequence wy is a controlled Markov process.

One way a controller K can be constructed is using a function

U = u(wk, k?)

where wy, is given by (153) with initial state wo. This controller is denoted K3 . The SME
equation (153) forms part of this controller, viz. its dynamics, and must be implemented
with suitable technology (e.g. digital computer). Controllers of this type are said to have
a separation structure, where the controller can be decomposed into an estimation part
(i.e. filtering via (153)) and a control part (i.e. the function u). The separation structure
arises naturally from the dynamic programming techniques, as we shall see.

Example 5.3 (Two-state system with feedback, Example 5.2 continued.) We consider a
particular feedback controller K for a time horizon M = 2 defined by

7 7 . 0 lfylz]_
uy = Ko =0, U1—K1(yl)—{1 ifyy = —1. (160)

We apply K to the system with initial pure state

1 1 (11
b = =l = 1)+ 1) oren =4 (17 ) (161)

The result is shown in Table 1, which displays the resulting conditional states

w§“°’y1) = Ap(uo, y1)wo,

u’ 7u7 u7
wé 0,91),(u1,y2) 0,Y1)

= AF(UL yg)w§
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and the associated probabilities. Explicitly, the terms shown in Table 1 are:

b1 = p(yl\uo,wo), P2 = p(yﬂul,wﬁ

©0-1_ ((1=a)0 on_[(a 0
1 "( 0 o) Tlo@a-aq

0,~1),(1,—1 0,1),(0,—1 10
DD 0 >:%(01>7

wéo,fl),(l,l) wéo,l),(o,l)

- wramar (o aer)

Also shown are the non-selective states:

Po = Wo

pr = p(—1]ug, wo)w!” ™ + p(1]ug, wo)w ™"

(01)

Y
(110" VY
11 o0
06D

(P +a(l —a) 0

_§< 0 a(l—a)+(1—a)2)’

At time k = 0 the control u = 0 is applied. If y; = —1 is observed, as a result of

the imperfect measurement, the system moves to the state wio’_l). Since y; = —1, the

controller K (160) gives u; = 1. This results in the states wgo’_l)’(l’_l) or wéo’_l)’(l’l),
depending on the outcome of the second measurement y,. If, on the other hand, y; = 1 is
observed, the system moves to the state w§0’1). Since y; = 1, the controller K (160) gives
u; = 0, and hence wéo’l)’(o’_l) or wéo’l)’(o’l), again depending on the outcome of the second
measurement y,. This is illustrated in Figure 12.

Note that when o = 0 (perfect measurements), the feedback system terminates in the
desired pure state py = [1)(1|, as discussed above. The role of feedback control is clearly
demonstrated here. With imperfect measurements, 0 < a < 1, the system terminates
in the mixed state ps given by (162), with the degree of mixing (indicating the expected
degradation in performance) depending on the measurement error probability parameter

a

N |

(162)

trp3 = (@ +a(l—a))? + (a(l —a) + (1 — a)?)?
<l if0<ax<l
=1ifa=0.
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wo w1 Wo P2

Figure 12: Physical realization of the two stages of the two-state system with feedback
using controller K. Due to the merging of the beams in the second stage, we have the
intermediate state @y = %wéo’fl)’(l’fl)~|—%w§0’1)’(0’71) if yo = —1 (with probability 2a(1—a)),

or Wy = %wéo’_l)’(l’l) + %wéo’l)’(o’l) if yo = 1 (with probability o? + (1 — a)?).

5.4 Optimal Control

In this section we summarize dynamic programming results for a well-known type of finite
time horizon optimal control problem, [5, 38]. The optimal control problem discussed here
can be considered to be a prototype problem illustrating measurement feedback in the
quantum context. The dynamic programming methods used in this paper for solving the
optimal control problems are standard.

We define a cost function to be a non-negative observable L(u) that can depend on
the control u. The cost function encodes the designer’s control objective. We also use a
non-negative observable N to define a cost for the final state.

Example 5.4 (Two-state system with feedback, Example 5.3 continued.) To set up the
cost function L(u) to reflect our objective of regulating the system to the desired pure

state |1), we define
1 —10
o= (30)

where A is the observable corresponding to the projective measurement (158). We note
that the expected value of X? is

(1[X2[1) = tr[XZ[1)(1]] =0
(= 1X?[ = 1) = te[X? = 1)(—1[] =1

which gives zero cost to the desired state, and nonzero cost to the undesired state. We
shall also introduce a cost of control action, as follows:

c(u) =

0 ifu=0
p ifu=1

where p > 0. This gives zero cost for doing nothing, and a nonzero cost for the flip
operation. Thus we define the cost function to be

L(u) = X* + c(u)] (163)
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and the cost for the final state is defined to be

N = X>.
This modifies our earlier objective of putting the system into the desired state by including
a penalty for control action. O
Let M > 0 be a positive integer indicating a finite time interval £k = 0,..., M. Given
a sequence of control values uy ar—1 = o, ..., up—1 and measurements yy ar = Y1, - - -, Y,

define the risk-neutral cost functional

M-1
JwO Efo Z Wz; <WM7N>]7 (164)

1=0
where w;, i = 0,..., M is the solution of the system dynamics (153) with initial state

wg = w under the action of a controller K. This is an appropriate quantum generalization
of the classical LQG type cost. The objective is to minimize this functional over all
measurement feedback controllers K € K.

Following [5] it is convenient to rewrite the cost functional (164). For each k, given a se-
quence of control values uy pr—1 = Ug, . . ., upr—1 and measurements Yi11,3r = Yk, - - -, YM,
define a random sequence of observables (), by the recursion ([5, equation (3.1)])

Qr =T (uk, Yrs1) Qi1 + L(wg), 0<k<M—1
Qu =N

When useful, we write

(165)

Qr = Qk(uk,Mfla Z/k+1,M)

to indicate dependence on the input and outputs. @) may be called a cost observable.
The cost functional (164) is given by

Juo(K) = Z (w, Qo(K (y1,m)o,m-1, Y1,m)) (166)
y1,MmEYM

Here and elsewhere we use abbreviations of the form

K(?JLM)O,M—l = (Ko, Kl(yl)7 cen 7KM—1(?/1,M—1))

Remark 5.5 The cost observable Q) given by (165) and the expression in (166) is anal-
ogous to the familiar Heisenberg picture used in quantum physics. It is very natural from
the point of view of dynamic programming, and indeed (164) and (166) are related by
iterating (165). Here is the first step:

(wo, Qo) = {wo, ' (uo, 1)@Q1 + L(uo))
= (wo, L(uo)) + (I'(uo, y1)wo, Q1)
= <w07 (u0)> (wh Q1>p(y1|u07w0)

where wy = Ar(ug, y1)wo and p(y1|ug, wo) is given by (152). O]
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The key idea of dynamic programming is to look at the current state at a current time
0 <k < M-—1 and to optimize the remaining cost from the current time to the final
time. This leads to an iterative solution. Accordingly, we define, for each 0 < k < M,
the cost to go incurred by a controller K (restricted to k <1< M — 1) to be

Jur(K) = Z (w, Qr (K (Yrt1,00) kM1, Yr+1,01)) (167)

Y1, MEYM—F

The dynamic programming equation associated with this risk-neutral problem is

V(w k) = inlfj{(w, L(u)) + Z V(Ar(u, y)w, k + 1)p(ylu, w)},
ue yeyY (168)

V(w,M) = (w, N)

where 0 < k < M — 1. This is the fundamental equation from which optimality or
otherwise of a controller can be determined.

Let V' be the solution to the dynamic programming equation (168). Then for any
controller K € K we have

Vi(w k) < Jus(K). (169)
If we assume in addition that a minimizer
u*(w’ k) S argrgin{(w, L(U)> + Z V<AF(U7 y)wa k + 1)p(y|u, w))} (170)
ue yeyY

exists® for all w, 0 < k < M — 1, then the separation structure controller K ;‘O defined by
(170) is optimal, i.e.
Juo,0(K5) = V(wo,0) < Jug0(K) (171)

for all K € K.

Example 5.6 (Two-state system with feedback, Example 5.4 continued.) We solve the
dynamic programming equation (168) and determine the optimal feedback controls as
follows. For k = M = 2 we have

V(w,2) = (w, X?) = wp

and hence for £k =1
V(w, 1) = wiy + min[Vy(w, 1), Vi(w, 1)]

where where Vy(w, 1), Vi(w, 1) are given in Appendix 5.5. Hence we obtain

. 0 if Vp(w, 1) < Vi(w,1)
uw&—{lﬁ%wU>WWM-

At time k = 0 we have

V(w,0) = wi + min[Vy(w, 0), Vi (w, 0)]

3The notation argmin,cy f(u) means the subset of values from U minimizing f.
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where Vj(w,0), Vi (w,0) are given in Appendix 5.5, which gives

oo 0 i Vo(w,0) < Vi(w,0)
u(w,0) = { 1 if Vo(w,0) > Vi(w,0).

The optimal risk-neutral feedback controller is given by

*

up = K% o =u*(wo,0), uy=K25 (y1) =u*(wy, 1)

w wo

where w; = Ar(ug, y1)wo. Note that the control uy depends on 1y, through the conditional
state wy (separation structure). A physical implementation of the quantum system with
optimal risk-neutral feedback is shown in Figure 13.

filter control
wo — w%o’l) u*(wq,1)
y1 =1 U1

wo w1 wy P2
USRI R S physical system
y1=—1 Uy
wo — wgo’_l) u*(wi, 1)
filter control

Figure 13: Physical realization of the two stages of the two-state system with feedback
using the optimal risk-neutral controller K;}; (with wy given by (161), we have ug =
u*(wo,O) = 0, uy = u*(wl, 1))

Let’s consider the special case « = 0 and p = 0, with initial state (161). We then find
that Vy(wo, 0) = Vi(wp,0) = 0.5, and hence we take u*(wp,0) = 0; i.e. ug = 0.

Next, if y; = —1 is observed, we have wy = |—1)(—1|, Vo(w1,1) = 1 and Vj(wy,1) = 0.
Hence we take u*(wy,1) = 1, i.e. w3 = 1. However, if y; = 1 is observed, we have
wy = |1)(1], Vo(wi,1) = 0 and Vj(wy,1) = 1; and hence we take u*(wy,1) =0, i.e. uy = 0.
In either case we achieve the desired state ps = wy = [1)(1].

This action is the same as that seen before for the controller K. The same controller
is obtained for 0 < o < 0.5 and p = 0, but wo will be a mixed state. If p # 0 the optimal
controller K ;‘g will result in control actions that in general differ from those of K. 0J
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input physical system output
state wg
w eqn. (153) Yy
control filter
" l—  state wyg
u”(wy, k) eqn. (153

feedback controller K L‘;

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 14: Optimal risk-neutral controller K:}g showing separation structure and states
of the physical system wy and filter wy.

5.5 Appendix: Formulas for the Two-State System with Feed-
back Example
The following quantities were used in the solution of the risk-neutral problem, Example

5.6:
Wo(w,1) = w1, Vi(w,1) =wep+p

Vo(w,0) = w1 + minfaws, p + way — awss)
+ minfwy; — awir, p + awss]

Vi(w,0) = p+ awiy + wag — awss
+ min[awll, P + Waog — Ckwgg]
+ mln[p -+ Wiy, W — Oéw22]
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6 Optimal Risk-Sensitive Feedback Control of Quan-
tum Systems

References for this section include [36], [7], [12], [41], [43], [34], [13].

6.1 System Model

We consider the problem of controlling an open quantum system S (e.g. an atom) that
interacts with an electromagnetic field B. We suppose that the evolution can be influenced
by control variables u that enter the system Hamiltonian H (u). The field B is continuously
monitored, providing weak measurements of the system S, the results y of which are
available to the controller K, which processes this information to produce the control
actions u. The control in general is allowed to be a causal function of the measurement
trajectory. The problem is to find a controller K so that it minimizes a risk-sensitive cost
function J#(K), which will be defined below.

In order to describe the quantum model for this problem, we need to consider how sys-
tem variables evolve with time. System variables (e.g. position, momentum) are operators
X defined on the Hilbert space underlying the system S. The evolution is determined by
interaction with the electromagnetic field, the influence of which is modelled by quantum
white noise. The quantum equations analogous to classical models (e.g. (108), (109)) are

dX(t) = (=X (t)K(t) — KT ()X (t) + MT(t) X (t)M(t))dt
+H[X (1), M(D)]dBI(t) — [X(t), MT(1)]dB(t)
and
dY (t) = (M(t) + MT(t))dt + dQ(2). (172)

We now explain these equations which use the framework of quantum stochastic differen-
tial equations, [28], [43].

Let u = u(-) be a control signal (a function of time ¢ with values u(t) € U). The
quantum model we use considers the system plus field as a total closed system with
unitary operator U(t) = U%(t) (interaction picture), which solves the quantum stochastic
differential equation (QSDE) [28, eq. (11.2.7)], [43, sec. 26],

dU(t) = {— K (u(t))dt + MdB'(t) — MTdB(t)}U(t) (173)

with initial condition U(0) = I, where

; 1
K(u) = %H(u) + MM,

Here, M is a system operator which together with the field operator b(t) = B(t), model
the interaction of the system with the channel. We denote adjoints with the symbol .
Note that equation (173) is written in Ito form (see, e.g. [27, Chapter 4]), as will all
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stochastic differential equations in these notes. With vacuum initialization of the field
channel, the non-zero Ito product is, [28, eq. (11.2.6)], dB(t)dB'(t) = dt. Then system
operators X evolve according to

X(t) = ji(u, X) = U ()XU(t),

and satisfy the quantum Langevin equation (QLE) (172), where M (t) = ji(u, M), and
K(t) = jilu, K (u(t).

Let v denote the vacuum state for the field, and let 7y be an arbitrary initial system
state. The initial state of the total system is py = 7y ® vul. We write, for operators A
and B,

(A, B) = tr[ATB].

We regard the field operator B(t) as an input field [28, Section 11.3.2], with corre-
sponding output field A(t) = j;(u, B(t)). The self adjoint real quadratures of the input
field is defined by Q(t) = B(t) + B'(t). For the output field real quadrature we write
Y (t) = ji(u,Q(t)), also self adjoint. This process satisfies the QSDE (172). The input
quadrature is self commutative [Q(t),Q(s)] = 0 for all s,¢, and corresponds to quan-
tum Brownian motion when the field is initialized in the vacuum state. Indeed, if Qp
denotes the set of all Wiener paths, the probability of a subset F' C € of paths is
PY(F) = (vvT, P;?(F)), where PJQ(F) is the projection operator associated with F' and
Q(s), 0 < s < T. The probability distribution P is the Wiener distribution, under which
the increments ¢(t) —¢q(s), 0 < s <t < T, are independent, Gaussian, with zero mean and
covariance (t — s). The output fields Y'(¢) are also self commutative, and define a proba-
bility measure P by P(F) = (pg, Py (F)), where PY(F) is the corresponding projection
operator.

The input and output fields satisfy the non-demolition conditions [Q(t), X] = 0, for
allt > 0, and [Y(s), X (¢)] = 0 for all s <¢. This means that we can continuously monitor
the output field Y (¢) without demolishing the system, say by homodyne detection. The
results of the measurement is a real record y(-) € g, which is used by a (classical)
controller K to produce the input control signal u(t) by u(t) = K(t, yj,). The notation
used here is meant to indicate the causal dependence of the control on the measurements;
Yjo,y indicates the segment of the measurement signal on the time interval [0, ], so in effect
the controller K = {K(t,-)} is a family of functions. The measurement record is given by
the SDE

dy(t) = tr[(M + M)r,]dt + dw(t), (174)

where w(t) is a Wiener process under P and

dmy = —%[H(u(t)),wt]dt + D[M|mdt  + H[M]mdw(t), (175)
where D[c|p = cpc’ — L(clep+ pcfe), and H(c]p = cp+ pct — ptr(cp+ pct). Equation (175)
stochastic master equation or Belavkin quantum filtering equation (e.g. [34, Chapter
5.2.5]).
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In unnormalised form, the Belavkin filter is
do, = (=K (u(t))o, — o, KT (u(t)) + Mo M)dt + (Mo, + o, M"dy(t).  (176)

Here, y is a standard Wiener process under the reference distribution P°. The normalized
conditional state an be recovered by

O

<Ut7 1>'

(177)

Ty =

6.2 Risk-Neutral Optimal Control

In this section we briefly discuss a risk-neutral problem of the type that has been studied
by [5], [6], [18], [13].

Let Ci(u) be a non-negative self-adjoint system operator depending on the control
value u, and let Cy be a non-negative self-adjoint system operator. These so-called cost
operators are chosen to reflect the performance objectives, and explicitly include the
control so that a balance between performance and control cost can be achieved. The
quantity

/T Cy(t)dt + Cy(T), (178)

where C)(t) = ji(u, Ci(u(t)), Ca(t) = ji(u,Cy), accumulates cost over the given time
interval and provides a penalty for the final time. The risk-neutral problem defined by
the quantum expectation

1) = (o, [ T )+ Co(T), (179)

where py = my ® v ® vl

The key step in solving the optimal control problem specified by (179) is a stochastic
representation followed by classical conditional expectation, which results in (recall section
3.5.1)

J(K) = E[/O (0, Oy (u(t))dt + (o)

— B / (01, Cr(u(t)))dt + (o7, Co)] (180)

where m, and o; are the conditional states, assuming interchanges of expectations and
integrals are justified.
Dynamic programming. The risk-neutral value function is defined by

W(O’, t) = 1%f Egt[\/T <0'5, Cl>d8 + <O'T7 CQ>] (181)
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and the corresponding dynamic programming equation reads

SW(o,t) + grelth{E“W(a, )+ Ci(u)} =0, 0<t<T,

W(o,T) = (o,Cy). (182)

We explain the meaning of the operator L* following classical stochastic control meth-
ods [23]. For a fixed constant control value u (i.e. u(t) = u € U for all t), o, is a Markov
process with generator £*, which is defined, when it exists, by

£41(0) = g Bl 0] = 10 153

for suitably smooth functions f(-). In fact, £*f(c) can be calculated explicitly for f of
the form

flo) = g((o, X1), ..., {0, X)), (184)
where g is a smooth bounded function of vectors of length J, and X, ..., X; are system
operators. It is given by

L ) = (185)

gix({o, X1), ..., (o, X)) o, MYX; + X; M) (o, MT X, + X M)

L
o
Il
—_

+ N | — >
N

9;((0,X1), ..., (o, X))o, — K (u) X; — X;K (u) + MYX,; M)

<.
I
—

for functions f of the form (184). Here g; and g;;, denote first and second order partial
derivatives of g.

If the dynamic programming equation (182) has a sufficiently smooth solution W (o, t),
then the optimal controller K* is given by

K*

o = (K (u(t))or — oK (1)) + MoM)dt + (Moo +oMDdy(t) g0

u(t) =u*(ol,t).

where u*(o,t) attains the minimum in (182). The dynamical part of this controller is the
Belavkin quantum filter, (176).

6.3 Risk-Sensitive Optimal Control

Instead of using the expected value of the quantity (178) as a cost function as in (179),
we consider the average of the exponential of (178) in the following way, since we wish to
generalize the LEQG cost (115). Define R(t) to be the solution of the operator differential
equation

dR(t) _p
— = 5Ci(R() (187)
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with initial condition R(0) = I. Here, u > 0 is a positive (risk) parameter. The solution
of (187) can be expressed as the time-ordered exponential

R(t) =exp <g /0 t C’l(s)ds> .

We then define the risk-sensitive cost function to be the quantum expectation
JH(K) = (po, RN (T)e" > R(T)). (188)

Here, py = m9 ® vv', as above.
It is shown in [36] that the quantum expectation can be replaced by an equivalent
classical expectation, viz.

J'(K) = E°[{of, )], (189)
where the unnormalized state o}’ (a density operator, or information state) is the solution
of the SDE

dof = (=K"(u(t))o} — of K" (u(t)) + Mo} M)dt + (Mo} + of' M")dys(t), (190)

or
dol = —%[H(u(t)), oy'ldt + D[ M]ol'dt + gﬂ[C’l(u(t))]afdt + H[M]otdy,(t), (191)
where H[c]p = cp+pcl, and K#(u) = K (u) — 113C4 (w). The initial condition is o#(0) = .
The expression (189) is similar to the classical forms [8, eq. (3.4)], [37, eq. (2.10)]. Another
useful representation is given in terms of the following normalized risk-sensitive state

T ey
namely .
JHK) = E”[exp(u/o tr(Cy (u(t))mf)dt) {m, ")) (192)

where E# denotes expectation with respect to the probability distribution P* defined by
dP* = AL.dP°, where

A = exp(—%/o |tr[(M+MT)7rf]\2dt+/0 tr[(M + M)k ]dy(t)).

The SDE satisfied by 7} is
dml’ = —%[H(u(t)), m'ldt + D[M|xldt + gH[C’l(u(t))]wfdt + H[M ]} dw" (t), (193)

where w*(t) is a standard Wiener process with respect to P* defined by

dy(t) = tr[(M + M) 7l]dt + dwh(t). (194)
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Dynamic programming. Define the risk-sensitive value function S*(o,t) for an
arbitrary initial unnormalized state ¢ and initial time 0 < ¢ < T by

§"(0,1) = inf B, [(of, ") (195)

where o4 denotes the solution of (190) at time 7" with initial condition o}’ = o (we have
made explicit the dependence on the initial state and time in the expectation notation).
Note that the cost (188) is given by

JH(K) = Eq ol{of, e"?)]
so that the optimal controller K** is determined by
JHKH*) = SH(m,0).

The method of dynamic programming in this context relates the value function at
time ¢ and at a later time t < s < T" along optimal trajectories via the relation

§"(0,1) = inf B, [5" (0", )] (196)

This is the principle of optimality, [24, Chapter VI], [38, Chapter 6]. Note that by
definition S*(o,T) = (o, €#“?). The dynamic programming equation is

2580, t) + 316%5“;“5“(0, t) =0, 0<t<T,

197
SH(o,T) = (o, eHc2). (197)

Note that in the dynamic programming PDE (197), the minimization is over the con-
trol values u, whereas in the definitions of the cost (188) and value function (195) the

minimizations are over the controllers K.
For fixed v € U and for f of the form (184), we have

L5 f(o > gl Xa), (o, X))o, MYX; + X M) (o, MTX, + X M)

J
7,k=1

l\:)ln—

J
+> " gi({0, X0), (o X)) (o, —KP(w) X, — XK (u) + MTX;MY(198)

Jj=1

If the dynamic programming PDE has a sufficiently smooth solution S*(o,t), then the
optimal controller K** can be obtained as follows. Let u**(o,t) denote the control value
that attains the minimum in (197) for each o, t. The optimal controller is obtained by
combining this function with the dynamics (190):

K - )i — of KM (u(t)) + Mo MY)dt + (Mo} + o' M) dy(t)

(199)
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6.4 Control of a Two Level Atom

In this section we consider the application of the risk-sensitive control problem to the
example studied in [13], namely the feedback control of a two-level atom using a laser.

6.4.1 Setup

The amplitude and phase of the input laser can be adjusted, so via the interaction with
the laser the atom can be controlled. The real quadrature of a second field channel is
continuously monitored, say by homodyne detection, providing an indirect measurement
of the atom. The control input is complex, u = u, +iu; = |u|e®'8* € C (the control field
channel becomes a coherent state corresponding to u). The measurement signal ys() is
real. It is desired to regulate the system in the o, up state | T ) = (1,0)T (the down state

01 0 —1 10
: _ T _ _ o .
is|])=1(0,1)7, and o, = (10),0y— (2 0 ) and o, = (0 _1> are the Pauli

matrices).
To model this example we use an additional unmeasured channel which interacts with
the atom via an operator L. The corresponding risk-sensitive filter is [36]

dol' = (—K"(u(t))ol — ol K" (u(t)) + Lol' LT + Mol M")dt
(Mot + ol M) dys(t), (200)

where K* = {1 H(u) + s MM + {L'L — 5C4 (u).
In terms of the notation used in these notes, we have

L =kpo_, M=rso_, H(u)

00
2 2
Ky + Ry =1, J_:(lo),

_ _ 00 1p 12 10

i(u*L — uL),

Here, /i?c and x? are the decay rates into the control and measurement channels. The
parameters a, b and ¢ are weights for the components of the cost. Note that ( | |Cy(u)| |
) >0and ( | |Cy] | ) > 0 (if a > 0 and ¢ > 0), while { 7 |C1(0)] T ) = 0 and
(11]Cs| 7) =0, reflecting the control objective.

6.4.2 Information State

We use the framework described in previous sections to solve the optimal risk-sensitive
control problem. Since the second (u-dependent) part of Cy(u) is proportional to the iden-
tity, that part commutes with all operators and it is convenient to factor its contribution
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to the risk-sensitive state by writing

of = 2 (n(t)] + x(t)o, + y(t)o, + 2(t)o.) exp (%ub/o |u(s)|2d8)

=3 (T w2 e (b / s

Then substitution into the SDE (190) shows that the coefficients satisfy the SDEs

dn(t) = gpa(n(t) — z(t))dt + k. (t)dys(t) (201)
da(t) = —3(1 — pa)z(t)dt + 2k pu, (t)z(t)dt

+rs(n(t) + 2(t))dya ()
dy(t) = —5(1 - ,ua y(t)dt — 2k pu;(t)2(t)dt

)
—(1 = pa)z(t)dt — (1 + pa)n(t)dt
—2/’vf(ur( Ja(t) — ui(t)y(t))dt — ke (t)dya(t).
The representation (189) reads

dz(t)

JH(K) = EVfexp (%u / blu(s)| ds) Ln(T) - (1)), (202)

6.4.3 Dynamic Programming

We consider the value function (195) as a function of the coefficients, i.e. S*(n,x,y, 2, t).
In terms of these parameters, the dynamic programming equation is
%S"“(n, x,y, 2, t) + ggé{ﬁu;“S“(n, Ty, 2,t) + tpblu?S*(n,z,y, 2,t)} =0, 0<t<T,

St(n,x,y,2,T) = %(n — z)eke,
(203)
where the operator £/ is given, for sufficiently smooth functions f(n, z,y, z), by

[’muf = 1 2 2fnn + %%3(n+2)2fxx + /‘€ x fzz

—|—/{sx(n + 2) frw — K2D [y — /is(n + 2)x fy,

+fa(zra(n = 2)) + fo=5(1 — pa)z + 2k pu,2)

+fy(=3(1 = pa)y — 2ku;2)

+f.(—(1— —ua)z — (14 2,ua)

2k (urr — wy).
Here, the subscripts f,.., etc, refer to partial derivatives, and the arguments n, x, y, z have
been omitted.

To construct the optimal risk-sensitive controller K** we suppose that (203) has a
smooth solution, which we write as

S (n, 2, 2,8) = nexp (LW (n, 2, 2,1)) (204)
n
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The minimum over u in (203) can be explicitly evaluated by setting the derivatives of the
expression in the parentheses (it is concave) with respect to u, and w; to zero. The result
1s

2
Wy, 2 0) = LW e,y 2, 0) = 2WE 2y, 2, 1))
mn

2
(2. 2,t) = TLEW 2.y, 2,0) =y W (n 2.y, 2,1). (205)

/’1/7*
u;

The optimal risk-sensitive controller is then
Ko o u(t) = wt(n(t), 2(8), y(t), 2(0), 1) + i (n(t), 2(t), y(t), 2(2), 1), (206)

where n(t), x(t), y(t) and z(t) are given by (201).

Note that the dynamic programming equation (203) (which is a partial differential
equation of parabolic type) is solved backwards in time, using the terminal condition
specified: S*(n,z,y,2,T) = 1(n — z)e*. The infimum in (203) can be removed by
substituting in the optimal control values given by the explicit formulas (205), if desired.
However, the form (203) is better suited to numerical computation, since the optimal
control structure is preserved, [40]. Note that in this example, the risk-sensitive filter
(190) is replaced by the finite-dimensional SDE (201); this fact is important for practical

computational reasons.

6.4.4 Risk-Neutral Control
For comparison, consider the risk-neutral cost for this problem. Write
or = 5 (n(t)] + z(t)o, + y(t)o, + z(t)o.) . (207)

Then from the SDE (176), we find that

dn(t) = rsw(t)dys(t) (208)
dz(t) = —sx(t)dt + 2k pu,(8)2(t)dt + Ks(n(t) + 2(¢))dya(t)

dy(t) = —3y(t)dt — 2k pu;(t)z(t)dt

dz(t) = —z(t)dt — n(t)dt — 2k (u,(t)x(t) — w;(t)y(t))dt — ksx(t)dy2(t).

The risk-neutral representation (180) becomes

+5(n(T) — 2(T))d], (209)
and the dynamic programming equation is

SW(n,z,y,2t) + mf {E"W(n z,y,z,t)(aln — z) + blu)*)} =0, 0<t<T,

W(n,z,y,2,T) = (n — 2)e", (210)
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where

LUf = %ngann + %F&?(n +2)% foa + %“ngfzz
FRE (N 2) frw = K50 oo — (0 + 2)2 fo
+fo(— 32 + 2k U, 2)
by — 20 gu2)
+f (=2 —n =2k (u,z — uy)

Evaluating the minimum in (210) gives

2
wi(n,z,y,z,t) = %(xwz(n,x,y,z,t) — 2We(n,x,y, 2z, 1))
n

2
u:(,n/?gj?y? Z’t) = bf{‘:f (ZWy(/nW:E?y?Z? t) _yWZ(n7'x7y7 Z’t))7 (211)
i

cf. [13, eq. (15)]. The optimal risk-neutral controller is

K* o u(t) = up(n(t), z(t),y(t), 2(1), 1) + i (n(t), 2(t), y(t), 2(1), 1), (212)

where n(t), z(t), y(t) and z(t) are given by (208). Note that normalization of (208) results
in [13, eq. (7)].

Note that the expressions for the both the risk-sensitive and risk-neutral controllers
are similar, and involve a similar level of complexity for implementation. When a = 0,
the risk-sensitive SDEs (201) reduces to the risk-neutral or standard SDEs (208), though
the controllers will be different in general.

6.5 Control of a Trapped Atom
6.5.1 Setup

We now apply risk-sensitive optimal control to the problem of cooling and confinement
of a quantum mechanical oscillator undergoing position measurement considered in the
context of the linear quadratic Gaussian optimal control problem in [18]. As discussed
there, this model corresponds in an appropriate limit to an atom trapped in an optical
cavity, where the atom imparts a phase shift on the light that depends on its position and
may be detected outside the cavity, see Figure 15.

In suitable coordinates, it is desired to keep the position ¢ near zero (confinement),
and the momentum p also near zero (cooling). A homodyne detection scheme on the light
reflected from the cavity (assumed perfect) provides information about the position g.
The Hamiltonian and measurement operators are

2
H = ;; + %mw2q2 + biuyp — bousq, M = V2kq.
m
Here, q and p are considered as operators. The mass of the atom is m, and w is the angular

frequency of the harmonic motion in of the atom in its confining potential. The parameter
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Figure 15: Atom in cavity feedback control.

k describes the sensitivity of the resulting measurement of position, larger values of k
corresponding to better measurement sensitivity. This parameter can in principle be
tuned by varying the power of the laser driving the cavity. The control input is v =
(u1,uz)T, with real coefficients by, by. The cost observables O and Cy are given by C} (u) =
%(q, p)P(q,p)" + %uTQu, C5 = 0, where P and @ are positive definite symmetric matrices.

6.5.2 Information State

It is shown in [18] that the conditional state m; is Gaussian if my is Gaussian. It also turns

out that the risk-sensitive states o} and 7' are Gaussian, as can be shown by lengthy

calculations. Indeed, the mean and covariance parameters of 7} are given by
¢"(t) = trlgmy], p(t) = tr[pmy]
and
Y = trlg*n] — (trlgnt])?, Yy = telpal] — (trpmt])?,
Yo, = trl(ap + pg)mt] — trlgmtr[pmi].
It is important to realize that these are not the conditional means and covariances for
position and momentum, which correspond to the conditional state 7; and are given by

[18, egs. (55), (48)-(50)].
The differential equations satisfied by these parameters are (when Pj3 = 0)

dg" = (pﬂ/m + M[PMY(IMQM + PQQY({;Z?”] + bﬂt)dt + 2Yq“dw“

dp = (=mw’q" + byus)dt + p[PriYjq" + PaY'p!] + 2Y i duw” (213)
and
Y = (2/m)Y} — 8"3(1/;1“)2 + ,U[Pu(yq“)2 + P22(Y¢f;;)2 — (ph? /4) Py
i = —amuY g, — SV + 20+ POV + PV~ (uA/4) P

Yo = Y /m = mo*Y = 8RYRYE 4 u[YE (PuY + PoY))).
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The initial conditions are ¢"(0) = qo, p"(0) = po, Y}(0) = Yq0, Y}'(0) = Yy, and Y (0) =
Y00, Wwhere qo, po, Yq0, Ypo and Y, are the Gaussian parameters for .
To facilitate more compact and general notation, we write

= () = (Gik)
Then the above equations take the form
dz" = ([A+ pY*"Plz" + Bu)dt + Y*H” (dy — Hx"dt) (214)
where dw* = dy — Hxz*dt and
Yi=AY* + YPAT —YPHTH — uP)Y* + GGT — (uh?/4)2PxT (215)

A_(—mw2 0 )’ B_(O bg)’

G:(O), H=2v2k(10), 2:( 0 1)

where

h -10

6.5.3 Optimal LEQG Control

We consider now how the optimal control is determined. In terms of the Gaussian pa-
rameters, the cost representation (192) takes the form (omitting some immaterial terms)

7K) = Blexp(§ [ (T (OPa" (1) + o (0)Qu(t))ir) (216)

Consequently, the problem becomes a standard state feedback LEQG problem for the
system (214), (215). The solution is [8], [49], [51]:

u'(t) = —Q7 BYXH()[I — py ™ (1) XM ()] T (1), (217)
where
Xn+ ATXP 4 XA — XH[BQ BT — n(GGT — (uh?/4))SPETIX! + P =0. (218)
It is important to note that this solution (217) differs from the classical LEQG solution
(117) via the ph? terms.
6.5.4 Robustness

Robustness of the QLEQG controller has been investigated in [51]. It can be seen from
the simulation results in Figure 16 that the QLEQG controller provides a more graceful
decline in performance (increase in average cost) than the LQG control controller as the
nominal model/phyiscal model discrepancy, 3, increases. This is typical of the robust
properties of a general LEQG controller, recall section 4.4.
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Average Cost

Figure 16: LQG vs. QLEQG (sample graph)
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