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Abstract

Topics in Stochastic Stability, Optimal Control and Estimation Theory
by

Maurice G. Filo

This dissertation consists of four parts that revolve around structured stochastic un-
certainty and optimal control/estimation theory.

In the first part, we consider the continuous-time setting of linear time-invariant
(LTT) systems in feedback with multiplicative stochastic uncertainties. The objective
is to characterize the conditions of Mean-Square Stability (MSS) using a purely input-
output approach. This approach leads to uncovering new tools such as stochastic block
diagrams. Various stochastic interpretations are considered, such as Ito and Stratonovich,
and block diagram conversion schemes between different interpretations are devised. The
MSS conditions are given in terms of the spectral radius of a matrix operator that takes
different forms when different stochastic interpretations are considered.

The second part applies the developed theory to analyze the mean-square stability
and performance of stochastic cochlear models. The analysis is carried out for a gener-
alized class of biomechanical models of the cochlea, that is formulated as a stochastic
spatially distributed system, by allowing stochastic spatio-temporal perturbations within
the cochlear amplifier. The simulation-free analysis explains the underlying mechanisms
that give rise to cochlear instabilities such as spontaneous otoacoustic emissions and/or
tinnitus. Furthermore, nonlinear stochastic simulations are carried out to validate the
predictions of the theoretical analysis.

The third part revisits the development of numerical methods to solve optimal control

problems using a function-space approach. This approach has the advantage of unify-

viil



ing the framework upon which the various (existing) numerical methods are based on.
In fact, this approach motivates the definition of various system and projection oper-
ators that make the derivations conceptually transparent. Furthermore, the function-
space approach builds useful geometric intuitions that inspire the development of new
projection-based methods.

In the last part, we propose a methodology of optimal path design for sensors through
a distributed environment. We consider time-limited scenarios where the sensors can only
make a small number of measurements, but where some portion of a physics-based model
is available for the field of interest (such as temperature). We consider both point-wise
and tomographic sensors. The main idea is to recast the sensor path planning problem
as a deterministic optimal control problem to minimize metrics related to the optimal

estimation error covariance.
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Chapter 1

Introduction

The dissertation spans a broad spectrum of topics under stochastic dynamics and optimal
control/estimation theory. Although the first two parts are connected: the second is an
application for the theory developed in the first, they can yet be read separately. In
fact, each part has its own introduction and appendices and can be read with minimal
reference to one another.

In the first part, we consider the continuous-time setting of linear time-invariant
(LTI) systems in feedback with multiplicative stochastic uncertainties. The objective of
this part of the dissertation is to characterize the conditions of Mean-Square Stability
(MSS) using a purely input-output approach, i.e. without having to resort to state space
realizations. This has the advantage of encompassing a wider class of models (such as
infinite dimensional systems and systems with delays). The input-output approach leads
to uncovering new tools such as stochastic block diagrams that have an intimate connec-
tion with the more general Stochastic Integral Equations (SIE), rather than Stochastic
Differential Equations (SDE). Various stochastic interpretations are considered, such as
[to and Stratonovich, and block diagram conversion schemes between different interpre-

tations are devised. The MSS conditions are given in terms of the spectral radius of a
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Introduction Chapter 1

matrix operator that takes different forms when different stochastic interpretations are
considered.

Much effort has been made to make this exposition self-contained. This part is or-
ganized to first describe the problem statement and then immediately state the results.
Thus, the reader can get the flavor of this work without having to dig into the technicali-
ties. After stating the results, we provide the proofs and underlying analysis from which
the results are based on.

The second part applies the developed theory to track the mean-square stability
and performance of stochastic cochlear models. Instabilities that emerge due to random
perturbations at the level of the cochlear amplifier are investigated. These perturba-
tions are allowed to be time-and-location-varying to emulate the stochastic nature of the
possible sources of biological disturbances. Various scenarios are considered to exam-
ine the effects of different types of disturbances on the instabilities. Particularly, it is
shown that different types of disturbances (e.g. correlated, uncorrelated, localized) in-
duce spontaneous vibrations at different locations on the cochlear partition. This leads to
Spontaneous Otoacoustic Emissions (SOAEs) with different frequencies in the absence of
any stimulus. Furthermore, it is believed that if these spontaneous vibrations are intense
enough, they may be perceived as tinnitus.

The stability analysis is carried out on a generalized class of biomechanical models
of the cochlea that is formulated in continuous space-time by defining relevant spatial
operators. Furthermore, the analysis is simulation-free and is performed by borrowing
notions from stochastic and robust control theory that is developed in the first part of the
dissertation. Finally, nonlinear stochastic simulations are carried out to validate the pre-
dictions of the theoretical analysis. The simulations show that the nonlinearities saturate
the spontaneous stochastic vibrations of the basilar membrane, but do not significantly

deform its vibration modes (and thus the emitted frequencies).
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The third part revisits the development of numerical methods to solve optimal con-
trol problems using a function-space approach. This approach has the advantage of uni-
fying the framework upon which the various (existing) numerical methods are based on.
In fact, this approach motivates the definition of various system and projection operators
that make the derivations conceptually transparent. It also facilitates the classification
of the various methods and uncovers the connections between them. Furthermore, the
function-space approach builds useful geometric intuitions that inspire the development
of new projection-based methods.

Particularly, this part develops a preconditioned constrained-gradient descent (PCGD)
method which is based on projected gradient descent in infinite dimensional optimiza-
tion problems. The key is to exploit the special structure of optimal control problems
to precondition the state-control space, and thus achieve a higher convergence rate than
the well known gradient descent method.

Finally, in the last part, we propose a methodology of optimal path design for
sensors through a distributed environment represented by a field quantity. We consider
time-limited scenarios where the sensors can only make a small number of measurements,
but where some portion of a physics-based model is available for the field of interest such
as fluid flows, temperatures or concentrations. Thus the highly underdetermined inverse
problem can be augmented with dynamical models. We consider stochastic settings where
the fields are subject to partially unknown disturbances and boundary conditions. The
main idea is to recast the sensor path planning problem as a deterministic optimal control
problem to minimize metrics related to the optimal estimation error covariance, thus
converting the stochastic estimation problem to a deterministic operator-valued problem.
In the specific case of linear field dynamics, the signal to be designed is the sensors
paths which are inputs to the optimal error covariance Riccati equation, resulting in a

deterministic, nonlinear, optimal control problem where the trace of the error covariance

3
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operator is to be minimized. For sensing modalities, we consider point-wise sampling as
well as the more unusual case of line-integral measurements. The latter is motivated by

tomographic reconstruction scenarios with a small number of sensors.



Part 1

Structured Stochastic Uncertainty



Chapter 2

An Input-Output Approach to
Structured Stochastic Uncertainty in

Continuous Time

Linear Time-Invariant (LTT) systems with stochastic disturbances is a powerful modeling
technique that is used to analyze and control a large class of physical systems. While ad-
ditive disturbances are most commonly used to model process and measurement noise in
a system, multiplicative disturbances are often necessary to model stochastic uncertain-
ties in the system parameters (such as coefficients in dynamical equations). LTI systems
driven by additive stochastic processes are more common in the literature; whereas simul-
taneous additive and multiplicative disturbances are relatively less addressed. This chap-
ter develops a methodology to study the mean-square stability of continuous-time systems
with both additive and multiplicative disturbances, while adopting different stochastic
interpretations (such as It6 and Stratonovich).

The general setting we consider in this chpater is the continuous-time analog of that
presented in [3] and is depicted in Figure 2.1(a). An LTI system is in feedback with

6
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W z  dw z
— > > > e
g Y| |dr Y

M dn
Tn @i
(a) White Process Representation (b) Wiener Process Representation

Figure 2.1: The general continuous-time setting of linear systems with both additive and multiplicative
stochastic disturbances. Both block diagrams describe the same setting, given in (2.1) and (2.3), using
white processes (to the left) and Wiener processes (to the right), respectively. The LTI system M is
in feedback with multiplicative stochastic gains represented here as a diagonal matrix. In Figure (a),
w is an additive stationary white process, while vy, - - - , 7V, are multiplicative stationary white processes.
In Figure (b), dw represents the differential of an additive Wiener process, while d~v1, - - - , dvy, represent
the differentials of (possibly correlated) Wiener processes that enter the dynamics multiplicatively. The

signal z represents an output whose variance quantifies a performance measure.

stochastic gains Y (t), ...y, (t), that are assumed to be “white” in time (i.e. temporally
independent) but possibly mutually correlated. Another set of stochastic disturbances
are represented by the vector-valued signal w which is also assumed to be white but
enters the dynamics additively. The signal z is an output whose variance quantifies a
performance measure. The feedback term is then a diagonal matrix with the individual
gains {Y;} appearing on the diagonal. Such gains are commonly referred to as structured
uncertainties. Note that if the gains are deterministic (but uncertain), we obtain the
general setting considered in the robust control literature (e.g. [62]). The main objective
of the present chapter is to derive the necessary conditions of Mean-Square Stability
(MSS) for systems taking the form of Figure 2.1(a). The treatment is carried out using

a purely input-output approach (i.e. without giving M a state space realization). This

7
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has the advantage of encompassing a wider class of models M (e.g. infinite dimensional
systems).

In a discrete-time setting, there is no ambiguity of defining white (i.e. temporally
independent) signals. However, in a continuous-time setting, technical issues arise be-
cause white signals are not mathematically well defined when they enter the dynamics
multiplicatively. Hence, the block diagram in Figure 2.1(a) is only used to pose the
problem setup in an analogous fashion to the discrete-time setting in [3], but at the cost
of abandoning mathematical rigor. In fact, the equations describing Figure 2.1 can be
written using the white processes w and {y;} as

t
z yy w — 2(t) Z/M(t—T) w(T) "
y(t) 0 r(7)

r(t) = D(v(1)y(t), (2.1)

where M is the impulse response of M, and D(y(t)) is a diagonal matrix whose elements
are equal to those of y(t) := [\h (t) - Yn(t):| . 'To resort back to mathematical rigor,
we think of the white processes w and {7y;} as the formal derivatives of Wiener processes

(or Brownian motion) that are mathematically well defined [50]. More precisely, define

_ d;(t) dw(t) _ dr(t)

W)= =g wlt)i= g = s

(2.2)

*

such that ~(t) := [71(15) %(t)} and w(t) represent nonstandard, vector-valued
Wiener processes (i.e. their covariances do not have to be the identity matrix). Further-
more, 7(t) will be shown (Section 2.6.1.3) to have temporally independent increments
when M is causal and the Ito interpretation is adopted. Hence, the equations can be
rewritten using differential forms as

z dw z(t) t dw(T)

- M — = / M(t—T)
y dr y(t) 0 dr(7)
8
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dr(t) = D(dv(t))y(t). (2.3)

These equations are now mathematically well defined when given some desired interpre-
tation such as in the sense of Ito or Stratonovich. It will be shown in Section 2.3.2 that
different interpretations produce different conditions of MSS.

We should note the other common and related models in the literature which are
usually done in a state space setting and can be represented as Stochastic Differential
Equations (SDEs). One such model is a linear system with a random “A matrix” such

#(t) = A()a(t) + Bw(t), (2.4)

where A(t) is a matrix-valued stochastic process independent of {z(7),7 < ¢t}. One can

always rewrite A(t) in terms of scalar-valued stochastic processes so that
i(t) = (Ao + V() A1 + - - + V() An) 2(t) + Bw(t).

If the matrices Ay, ..., A, are all of rank 1 (e.g. A; = b;¢;, for column and row vectors b;,
¢; respectively, i = 1,...,n), then it is well-known [62] that the model (2.4) can always

be reconfigured like the block diagram of Figure 2.1(a) by setting

Ay | B By
M= 1Cl0o 0 |,
Co| 0O O
where By = [51 bn} and Cy = [Cik cj;] . In the example above, we have

chosen z = Cx. If the matrices {A;}?, are not rank one, it is still possible to recon-
figure (2.4) into a diagram like Figure 2.1(a), but with the perturbation blocks being

“repeated” [51].
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When the processes {V;} and w are “white” in time, we resort to the configuration
of Figure 2.1(b) to express the stochastic disturbances in terms of Wiener processes.

Exploiting (2.2) yields

dz(t) = Agx(t)dt + Bodr(t) + Bdw(t)

M:q () = Coa(t) (25)
\ z(t) = Cx(t)
dr(t) = D(dv(1))y(t). (2.6)

Equations (2.5) and (2.6) describe the block diagram of Figure 2.1(b) when M is given

as a state space realization. In fact, the impulse response can be easily calculated to be

C
M(t) = eAot [B Bo] ,
Co

thus showing that models like those given in (2.4) are a special case of the purely input-
output approach that we consider here. On a side note, observe that the underlying
stochastic dynamics of the state z in (2.5) and (2.6) can be rewritten in a single SDE,

that involves both additive and multiplicative disturbances, as
dz(t) = Agz(t)dt + BoD(Cx(t))dv(t) + Bdw(t). (2.7)

Particularly, [17] studied SDEs having the form of (2.7) interpreted in the sense of Ito,
where B = 0 (i.e. no additive noise) and ~y is “spatially uncorrelated”, i.e. E[yy;] =
0,Vi # j.

Our goal in this chapter is to extend the machinery developed in [3] to provide a
rather elementary, and purely input-output treatment and derivation of the necessary
and sufficient conditions of MSS for systems like that of Figure 2.1. Furthermore, our
treatment covers both Ito and Stratonovich interpretations. It is shown that the condi-

tions of MSS can be stated in terms of the spectral radius of a finite dimensional linear
10
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operator defined in Section 2.3.2. It is also shown that this operator takes different forms
when different stochastic interpretations are prescribed (such as It6 or Stratonovich).
The chapter is organized as follows. First we provide some useful definitions and no-
tation. Then, in Section 2.2, we give a precise formulation of the problem statement by
setting up a general “stochastic block diagram” and describing the underlying assump-
tions. In Section 2.3, we present the main results of the chapter that can be divided into
two parts. The first part shows a block diagram conversion scheme from Stratonovich to
Ito interpretations, and the second part states the conditions of mean-square stability.
The special cases of state space realizations are then treated in Section 2.4. Sections 2.5
and 2.6 provide the detailed derivations that explain the results. Finally, we conclude in

Section 2.7.

2.1 Preliminaries and Notation

All the signals considered in this chapter are defined on the semi-infinite, continuous-
time interval R := [0,4+00). The dynamical systems considered are maps between
various signal spaces over the time interval R*. Unless stated otherwise, all stochastic

processes considered here are random vector-valued functions of (continuous) time.

Notation Summary

2.1.1 Variance & Covariance Matrix of a Signal

If v is a stochastic signal, then its instantaneous variance and covariance matrix are

denoted by the lowercase and uppercase bold letters respectively

v(t) :=E[v*(t)v(t)] and V(t):=Ev(t)v*(t)],

11
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where v* denotes the transpose of v. The entries of V() are the mutual correlations of the

vector v(t), and are sometimes referred to as spatial correlations. Note that tr (V(t)) =

v(t).

2.1.2 Variance & Covariance Matrix of a Differential Signal

If the differential du of a stochastic signal u appears in a stochastic block diagram
(see Figure 2.2 for example), its instantaneous variance and covariance are represented

as

E [du*(t)du(t)] :=u(t)dt and E [du(t)du*(t)] := U(t)dt,

respectively. This is a compact (differential) notation for

E [u*(t)u(t)] ::/0 u(r)dr;  Elu(t)u*(t)] ::/0 U(7)dr.

2.1.3 Steady State Variance & Covariance Matrix

The asymptotic limits of the instantaneous variance and covariance matrix, when

they exist, are denoted by an overbar, i.e.

a:= limu(t) and U := lim U(¢).

t—o00 t—o00

2.1.4 Second Order Process

A process v is termed second order if the entries of its covariance matrix, V(t), are

finite for each t € RT.

2.1.5 Probability Space

Let (2, F,p) be a complete probability space with € being the sample space, F the

associated o—algebra and p the probability measure. Let Lo(p) denote the space of
12
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vector-valued random variables with finite second order moments. Note that Ly(p) is a

Hilbert space.

2.1.6 Equalities & Limits in the Mean-Square Sense

Two stochastic processes x and y are said to be equal in the mean-square sense if
E [||z - sz] = 0, where throughout this chapter, ||.|| denotes the ¢* — norm for vectors
and the spectral norm for matrices.

A sequence of second order stochastic processes, {xy }, is said to converge to & € Ly(p)

in the mean-square sense iff imy_, ||zy — Z||* = 0.

2.1.7 White Process

A stochastic process v is termed white if it is uncorrelated at any two distinct times,
ie. E[y(t)y*(r)] = T'o(t — 7), where § is the Dirac delta function. Note that in the
present context, a white process Y may still have spatial correlations, i.e. its instantaneous

covariance matrix I' need not be the identity.

2.1.8 Vector-Valued Wiener Process

In a continuous-time setting, calculus operations on a white process entering the
dynamics multiplicatively are not mathematically well defined. Hence, it is useful to
represent a white process as the formal derivative of a Wiener process, i.e. y(t) := d’;—f),
where -« is a zero-mean, vector-valued Wiener process with an instantaneous covari-
ance matrix E [y(¢)y*(¢)] = T't. This can be equivalently written in differential form as
E [dy(t)dvy*(t)] = T'dt. Note that - is said to have temporally independent increments,

i.e. its differentials (d~(t), dv(7)) are independent when ¢ # 7.

13
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2.1.9 Partitions of Time Intervals

Let Py|0, t] denote an arbitrary partition of the time interval [0, t] into N subintervals
[tk,tgs1] for £ =0,1,--- /N — 1, such that 0 = ¢y < t; < --- < ty = t. The partition
step-size is denoted by Ay := tx1 — t; and the norm of the partition Py[0,¢] is denoted
by the bold letter A defined as A := ||Py]0, t]|| = sup;, Ax. Note that limy_,. A = 0.

2.1.10 Notation for Signals and Increments on Py|0, ]

With slight abuse of notation, a continuous-time stochastic signal {u(7),0 < 7 < t}
is represented at node t; of the partition Py[0,t] as ug := u(ty) for £ = 0,1,--- | N.
The increments of {u(7),0 < 7 < t} at t, are denoted by wy = u(tgr1) — u(ty) for
kE=0,1,--- /N — 1, and they represent a finite approximation of the differential form
{du(7),0 < 7 < t}.

A continuous-time stochastic process u is said to have temporally independent in-
crements if (du(t), du(r)) are independent whenever ¢ # 7. This implies that, on the

partition Py[0,¢t], (g, @) are independent whenever k # .

2.1.11 Stochastic Integrals

Calculus operations on a Wiener process are mathematically well defined when some
stochastic interpretation is prescribed (such as Ito or Stratonovich). Particularly, we
distinguish Ito and Stratonovich integrals using the symbols ”¢,” and "¢4”, respectively.
More precisely, let v be a vector-valued second order stochastic process and ~ be a vector-
valued Wiener process. If I'(t) := D(~(t)) is a diagonal matrix whose entries are equal

to those of ~(t), then the integral “ fot dl'(T)v(7)” may be interpreted differently using

14
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partial sums as

¢
/ dl(7) o, v(7) := lim kavk (2.8)
0 N—o0 =0

¢ p Y

dD(7) o5 v(7) == lim Y Ij———+L (2.9)
/0 s N—)ookzzo 2

The partial sums are constructed using a partition Py|0,t] as described in Section 2.1.9

and by following the notation developed in Section 2.1.10 for signals and increments.

2.1.12 Quadratic Variation

The quadratic variation, at time ¢, of a stochastic process v is denoted by (v)(¢) and

is defined using a partition Py[0,t] as
N-1
PR 3 7 2
(0)(t) := Jlim_ ;0 [

2.1.13 Hadamard Product and the Diagonal Operator

For any two matrices A and B of the same dimensions, their Hadamard (or element-
by-element) product is denoted by Ao B. For any vector v (resp. square matrix V),
D(v) (resp. D(V)) denotes a diagonal matrix whose diagonal elements are equal to v

(resp. diagonal entries of V).

2.2 Problem Formulation

In this section, we first provide a precise definition for Mean-Square Stability (MSS)
from a purely input/output approach. Then we present a “stochastic block diagram”
formalism that can be given a desirable interpretation by prescribing a suitable stochastic

calculus (Ito or Stratonovich).

15
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2.2.1 Input-Output Formulation of MSS

Let M be a causal LTT (MIMO) system. It is defined as a linear operator that acts on
the differential of a second order stochastic signal u, denoted by du. Its action is defined

by the stochastic convolution integral

y(t) = (Mdu)(t) <= y(t) :/0 M(t —7) du(t), (2.10)

where M is a deterministic matrix-valued function denoting the impulse response of M.
Without loss of generality, zero initial conditions are assumed throughout this chapter.
When u is zero-mean and has independent increments such that E [du(t)du*(7)] = 0 Vt #
7 and E [du(t)du*(t)] = U(t)dt, a standard calculation relates the input and output

instantaneous covariances as
t
:/]W@—ﬂIHﬂAF@—TMr (2.11)
0

Note that (2.11) holds for any stochastic interpretation (eg. Ito or Stratonovich) of the
stochastic integral in (2.10) as shown in Appendix 2.A. Therefore, the action of M as
described in (2.10) is not given a particular stochastic interpretation here. Unlike (2.10),
this matrix convolution relationship is deterministic, and it is only valid when the input
du is temporally independent (i.e. u has independent increments). Taking the trace of

both sides of (2.11) yields

y(t) = tr 'Y@) /th@—ﬂuumﬁ@—ﬂMT

N
S———

tr "t —T1)M(t—7)U(T))dr

tr (M*(t—7)M(t —7))tr(U(7))dr

tr(M*(t — 7)M(t — 7))dr sup u(r),

0<7<00

IN

16
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where the first inequality holds because for any two positive semidefinite matrices A and
B, we have tr (AB) < tr(A)tr(B) [13, Thm 1]. The calculation above motivates the

following definition for input/output MSS when the input is temporally independent.

Definition 1 A causal LTI system M is Mean-Square Stable (MSS) if for each input du,
representing the differential of a stochastic process with independent increments and uni-
formly bounded variance, the output process y = Mdu has a uniformly bounded variance,

i.e. there exists a constant ¢ such that y(t) < ¢ sup,u(r).

It is easy to check that M is MSS in the sense of Definition 1 if and only if ||M]|5 is
finite, where ||.||, denotes the H? —norm. When MSS holds, the output covariance has a
finite steady-state limit Y whenever the input covariance has a finite steady-state limit
U. From (2.11), it is straight forward to see that the steady-state covariances (if they

exist) are related as

Y = /OO M(7)UM*(7)dr. (2.12)

2.2.2 Stochastic Feedback Interconnection

Consider the “stochastic block diagram” depicted in Figure 2.2 where the forward
block represents a causal LTI system which is in feedback with multiplicative stochastic

gains represented here as the differential of a diagonal matrix denoted by dI'(t) where

dl'(t) :==D(dv(t)) and dy(t):= dy(t) - dyw(t)] - (2.13)

Furthermore, a different type of stochastic disturbance enters the dynamics additively
and is represented in Figure 2.2 as the differential of w.

The main objective of this chapter is to investigate the MSS of Figure 2.2 under the

following assumptions

17
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dw du M Y

d
dr n

d,

Figure 2.2: A continuous-time setting for a causal LTI system M in feedback with stochastic mul-
tiplicative gains {d7;} that represent the differential forms of, possibly mutually correlated, Wiener

processes. The equations describing the block diagram are given in (2.14).

e Assumption 1 M is a causal LTI (MIMO) system whose impulse response M
belongs to the class C of deterministic, matriz-valued functions defined in Ap-

pendixz 2.E. Note that for such M, 3 a continuous scalar function cpr such that

sup |[M(7)[| = eu(t).

o<r<t
e Assumption 2 ~(t) := [71(75) %(t)} is a zero-mean, vector-valued Wiener
process with an instantaneous covariance B [vy(t)y*(t)] := T't which can be equiva-

lently written as E [dvy(t)dv*(t)] = T'dt (refer to Section 2.1.8). Note that T is a

constant positive semidefinite matriz.

e Assumption 3 w is a zero-mean, vector-valued Wiener process with a (possi-
bly) time-varying instantaneous covariance matriz, i.e. E [dw(t)dw*(t)] = W (t)dt,
where W is a positive semidefinite matriz whose entries remain bounded for all

time. Furthermore, W is assumed to be monotone, i.e. if t1 < to then W(t;) <

W (ts).
e Assumption 4 ~ and w are uncorrelated for all time.

Throughout this chapter, whenever the Stratonovich interpretation is adopted, a more
18
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restrictive assumption on M is required for reasons that will become apparent in Sec-

tion 2.5. Thus Assumption 1 is replaced by
e Assumption 1’ M is Lipschitz continuous.

Note that the class of Lipschitz continuous functions is more restrictive than class C
defined in Appendix 2.E. In fact, it is fairly straightforward to see that if M is Lipschitz
continuous, then M € C.

The equations describing the block diagram in Figure 2.2 can be written as
(

y(t) = (Mdu) (1)
du(t) = dw(t) + dr(t) (2.14)

| dr(t) = dr(t)y(t).

Note that, without prescribing a stochastic interpretation for the calculus operations on

the Wiener processes w and T, the set of equations in (2.14) are not sufficient to fully
describe the underlying stochastic dynamics. We consider here the two most common
interpretations named after [t6 and Stratonovich; however, the analysis can be general-
ized to other interpretations as well. We encode the stochastic interpretations in (2.14)

by rewriting them as
§

y(t) = (Mdu) (¢)

du(t) = dw(t) + dr(t) (2.15)

dr(t) = dI'(t) o y(t); for o= {o;,0s},
\
where the last equation is the differential form of an integral equation that can be written

as
r(t) = /t d0(r)oy(r),  where o= {o 04}
0
Refer to Section 2.1.11 for an explanation of the different interpretations. Note that We
close this section by giving a definition for MSS of the stochastic feedback system in

Figure 2.2 by following the convention given in [16].
19
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Definition 2 Consider the stochastic feedback interconnection in Figure 2.2 satisfying
assumptions 1-4. The overall feedback system is said to be MSS if all the signals in the
loop, i.e. du,dr and y have uniformly bounded variances. More precisely, there exists a

constant ¢ such that

maz[[ul] ., [Irll o [yl } < ellwll -

The next section characterizes the conditions of MSS for Figure 2.2 for different stochastic

interpretations.

2.3 Main Results
Observe that the set of equations (2.15) can be rewritten as a single equation

t) = M(t — 7)dw(T M(t —7)odl(T)y(T);
u(t) / ( ><>+/0 (t — ) o dD(r)y(r) -

for o = {¢, 05}
Equation (2.16) is a linear Stochastic Integral Equation (SIE) of Volterra type. The Ito
version of (2.16) has been addressed in the literature ( [34], [5], [6], [4]). For example, it
is easy to check that (2.16), interpreted in the sense of It6, has a unique solution [4, Thm
5A] under the assumption that M is finite over bounded intervals (Assumption 1). How-
ever, SIEs interpreted in the sense of Stratonovich are less common in the literature. In
contrast, SDEs interpreted in the sense of Stratonovich [60] are analyzed by converting
them to their equivalent Ito representation using the conversion formulas that were de-
rived several decades ago (see e.g. [58]). In the present paper, the analysis is carried
out from a purely input-output approach, and thus a more general conversion formula is
required to convert an SIE interpreted in the sense of Stratonovich to its equivalent Ito
counterpart. In this section, we first describe the conversion scheme, then state the MSS

conditions of Figure 2.2 when different stochastic interpretations are adopted.
20
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2.3.1 Block Diagram Conversion from Stratonovich to Ito In-

terpretations

Consider the block diagram in Figure 2.3(a) such that Assumptions 1’, 2, 3, and 4 are
satisfied. As opposed to Figure 2.2, the multiplicative gains are now given a Stratonovich

7

interpretation indicated by the symbol “og” in the feedback block. Now we present a
theorem that describes a conversion scheme of block diagrams from Stratonovich to Ito

interpretations.

Theorem 1 Under Assumptions 1', 2, 3, and 4, the two block diagrams in Figures 2.3(a)
and (b) are equivalent in the mean-square sense. That is, all the signals du, y, dw and

dr in both block diagrams are equal in the mean-square sense.

dw du M Y dw_~ du M Y

dmi(t)
dm
dr Ty (t
dr - . o in(?)
d/)/n 1
O IS sM(0)oI
(a) Stratonovich Interpretation (b) Equivalent Ito Interpretation

Figure 2.3: (a) A continuous-time causal LTI system M in feedback with stochastic multiplicative
gains {d~;} that represent the differential forms of, possibly mutually correlated, Wiener processes. The
diamond ”¢5” in the feedback block indicates a Stratonovich interpretation. (b) The equivalent Ito
interpretation, in the mean-square sense, of the block diagram given in (a). The symbol “o” denotes the
Hadamard (element-by-element) product and “¢,” indicates an It interpretation of the multiplicative

gains.

The proof of Theorem 1 is given in Section 2.5. A remark is worth noting here.
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Remark 2.3.1 If M(0) = 0, the block diagrams in Figures 2.3 (a) and (b) become iden-
tical. This means that there is no difference between Ito and Stratonovich interpretations
if the impulse response is zero at initial time. This sort of reintroduces a notion of ”strict
causality” that forces the Stratonovich interpretation to behave in the same way as that of
Ito. Therefore, LTI systems M with relative degrees ' > 2 have the same MSS conditions

for both Ito and Stratonovich interpretations.

2.3.2 MSS Conditions

The MSS setting considered here is given in Figure 2.2 and is repeated here in Fig-
ure 2.4 to explicitly show the adopted stochastic interpretation of the feedback block. In
this section, MSS conditions are given in terms of a linear operator, denoted by L, that
acts on a positive semidefinite matrix to produce another positive semidefinite matrix.

Its role is to propagate the steady-state covariance (if it exists) of du, denoted by U,

dw du M Y

dr dm(t)

dryn (t)
o Y

Figure 2.4: Mean-square stability setting. This figure is similar to the general setting given Figure 2.2.
The only difference is that the stochastic interpretation of the feedback block is encoded by the symbol

“o” such that ¢ = ¢; denotes an It6 interpretation, whereas ¢ = ¢4 denotes a Stratonovich interpretation.

through the loop to yield that of dr, denoted by R. This “Loop Gain Operator” (LGO)

IThe relative degree of an LTI system with impulse response M is defined as the largest positive
integer p such that limg o sPM(s) < 0.
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is the continuous-time counterpart of that defined in [3] for the discrete-time setting. For

the Ito setting (i.e. © = ¢, in Figure 2.4), the LGO is denoted by L; and is given by

R=L;(U):=To (/OOO M(T)UM*(T)CZT) : (2.17)

Refer to Section 2.6 for a detailed derivation of the LGO. A key step in the derivation
of L; is showing that du is temporally independent which is required to propagate U
in the forward block M using (2.12). As will be shown in Section 2.6.1, this temporal
independence is a consequence of (1) the causality of M, (2) the temporal independence
of the stochastic multiplicative gains, and (3) the Ito interpretation. However, for the
Stratonovich setting (i.e. © = o4 in Figure 2.4), du is not temporally independent. This
is a consequence of the nature of the Stratonovich integral in (2.9) that “looks into the
future”. In this case, (2.12) cannot be used to propagate the covariance in the forward
block of Figure 2.3(a). Nonetheless, one can exploit the block diagram conversion scheme
in Section 2.3.1 and rearrange the block diagram in Figure 2.3(b) so that it looks like the
Ito setting as depicted in Figure 2.5. The equivalent forward block, now denoted by H,

is still a causal LTI system whose transfer function is
H(s) = (I — M(s)G)" M(s), (2.18)

where G := 1M (0) o T and M(s) is the transfer function of M. The input differential
signal dug in Figure 2.5 is now temporally independent and thus (2.12) can be exploited
to propagate the steady state covariance through the equivalent forward block H. Thus,
the LGO for the Stratonovich setting propagates the steady-state covariance (if it exists)
of dug, denoted by Uy, through the loop of Figure 2.5 to yield that of drg, denoted by

R;. It is now denoted by Lg and is given by

R, = Lg (Us) =T o ( /0 T HULH (T)dT) | (2.19)
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A

dryn
o, Y (t)

Figure 2.5: Rearrangement of the block diagram in Figure 2.3(b)

where H is given in (2.18). The spectral radius of L completely characterizes the MSS

condition as will be seen next.

Theorem 2 Consider the system in Figure 2.4 such that Assumptions 1-/ are satisfied.

The feedback system is MSS if and only if the two conditions are satisfied

1. The equivalent forward block in Figure 2.4 has a finite H*> — norm.

2. The spectral radius of the loop gain operator is strictly less than 1, i.e. p(L) < 1.
where

o For the Ito interpretation, the equivalent forward block is M, and 1L is given in

(2.17).

e For the Stratonovich interpretation, the equivalent forward block is H, whose trans-
fer function is given in (2.18), L is given in (2.19), and Assumption 1 is replaced

by Assumption 1.

The proof of Theorem 2 is given in Section 2.6. Observe that, under the Ito interpreta-

tions, the covariance matrix I' only plays a role in the second condition. However, under
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the Stratonovich interpretation, I' plays a role in both conditions since the equivalent
forward block ‘H now depends on I' (Figure 2.5). Therefore, the conditions of MSS can

be very different when different stochastic interpretations are adopted.

2.4 Application to State Space Realizations & SDEs

In this section, we consider the mean-square stability problems for both the Ito and
Stratonovich settings given in Figure 2.4, but for the special case when M is given a
state space realization. Thus, the underlying equations can be written as SDEs, i.e.

dx(t) = Az(t)dt + Bdu(t); y(t) = Cx(t)

du(t) = dw(t) + dr(t)

dr(t) =dl'(t) oy(t) for o= {o;,0s}, (2.20)
where the last equation refers to either an Ito or Stratonovich interpretation. The impulse
response of M can thus be written as M (t) = Ce*B. Then, the realization of the loop

gain operator, for each interpretation, can be calculated using (2.17) and (2.19). Starting

with the Ito interpretation, we have

R =1,(U) _ro(/ M(T)UM*(t )dr)
( ATBUB*eA*TdT) C

where X := f > eATBUB*eA" 7dr which satisfies the algebraic Lyapunov equation given
by
AX + XA*+ BUB* = 0.
For the Stratonovich interpretation, we use Figure 2.5 to give the equivalent Ito repre-

sentation. The impulse response of H in Figure 2.3(b) can be shown to be H(t) = CeAst
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with Ag = A+ 1/2B((CB) oT')C and the LGO can be similarly given a realization. To
summarize, let L; and Lg denote the loop gain operators for the Ito and Stratonovich
interpretations as given in (2.17) and (2.19), respectively. Then their state space realiza-

tions are given by

R = L,(0) R=To (CXC")
= (2.21)
(k=1,95) 0= A, X + XA; + BUB*,
where A; := A and Ag .= A+ %B((CB) o I‘)C’. Therefore, as a direct application of

Theorem 2, the necessary and sufficient conditions of MSS are (1) A is Hurwitz and (2)

p(Lg) <1 for k =1,S for 1to and Stratonovich interpretations, respectively.

2.5 Stochastic Block Diagram Conversion Technique

In this section, we provide a proof for Theorem 1. Consider the Stratonovich setting
in Figure 2.3(a) such that Assumptions 1/, 2, 3, and 4 are satisfied. The block diagram
can be described by a single SIE given in (2.16) with ¢ = o4, and the goal of this section

is to show that it is equivalent (in the mean-square sense) to

/Mt—wa /Mt—T)o,dF() /Mt—T)(MOOF) (7)dr,
(2.22)

where M (0) is denoted by M for notational convenience. This can be shown by exploiting

the following two propositions.

Proposition 1 Consider the SIE given in (2.22) (or equivalently (2.16) with ¢ = og)
such that Assumptions 1', 2, 3, and 4 are satisfied. Then the second moments of y and
its quadratic variation (Section 2.1.12) are both finite over finite intervals. That is, there

exist two scalar continuous functions c, and ¢, such that

sup E [|[y(n)"] = ¢, (t); sup E [(1)°(1)] = ¢,(t). (2.23)

0<r<t 0<r<t
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The proof of the boundedness of E [||y(r)||2} is gwen in [{, Thm 5A] while that of
the quadratic variation is given in Section 2.F. These bounds will be useful to prove

Proposition 2.

Proposition 2 Consider the Stratonovich integral

:/O M(t — 7)dL(1) o5 y(7),

where M satisfies Assumption 1, dU'(t) is defined in (2.13) such that = satisfies As-
sumption 2, and y 1is a stochastic process that satisfies (2.16) with o = 5. Then

S(t) = I(t) + $R(t) in the mean-square sense, where
t ¢
= / M(t — 7)o, dU(T)y(7) and  R(t) = / M(t —7)(MooT)y(r)dr
0 0
are Ito and Riemann integrals, respectively.

Proof: Start by using the definitions of the various integrals in Section 2.1.11 to

construct the partial sums over a partition Py|0,t] (2.1.9) as

N-1
1
=3 Z ( (t = tre)) Ty + M(t — tk>rk3/k)

=0
N-1
IN(t) = M(t — tk)Fkyk (224)

k=0
N-1
k=0

The proof is carried out on the partition Py[0,¢] but can be passed to the limit in Lo (p)
(since it is a Hilbert space and all Cauchy sequences are convergent). More precisely, we

are required to prove that limy_,o, E[D% ()] = 0 V¢ > 0,
1
where DN(t) = SN(t) — ([N(t) + ERN(t)) . (225)
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After carrying out a sequence of algebraic manipulations (Appendix 2.B), the expression

of Dn(t) can be rewritten as

Di(t) = 5 (Awlt) + J(0) + o (1) + En(t) + T5(1))
2 X (2.26)
+ 7 (v + v () + THO + TR,
where Nt
A(t) = 37 Mt =) ((3i7i = DA © Mo )
k=0
In(t) = i (M(t — t1) — M(t — tk))fkyk
vn(t) = Z_ <M(t — tp1) — M(t — tk)>ko0fkyk
k=0
On(t) == - M (t — tp1) D MoL ki
nn(t) = Z_ Mt = trs1)Ts (M(Ak> - Mo)fkyk
k=0
XN(t) = g M(t - tk+1)ko(Ak)2IJk (227)
TH(t) :== 2—: M(t — tyo)Thay for € {a,B,¢}
k=0

M (tpsr — tigr) — M(t, — tl+1)>fl?jl

T
L

2
i
g
7~ N N

M (tipr — tisr) — Mty — tisa)

N
I
o

+ Mty —t;) — M(tx — tl)> Ty,

k—1

Ck = Z (M(thrl — tl) - M(tk - tl)) U~Jl.
1=0
The rest of the proof shows that the second moment of each term in (2.26) goes to zero

in the limit as N goes to infinity. Note that there is no need to check the expectation of

cross terms (Appendix 2.C).
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2.5.0.1 Mean-Square Convergence of Ay (t)

Recall that ~, has independent increments that are also independent from present
and past values of y. Furthermore, E [Z;] = 0 with Z; := 4,7 — F'Ag. Then we invoke

Lemma 2.D.6 to yield the following inequality

E (I < 3 10— ) I°E [||(Z 0 20) ] £ [Jel ]
< 10l 3 10— )| E (120l ) E [l

where the second inequality follows from the sub-multiplicative property of the matrix
spectral norm with respect to matrix and Hadamard products (see [33]). Knowing that
e ~ N(0,TA), we can write 7, = I''/2€, /Ay, where T''/? denotes the Cholesky factor-
ization of I'. The random vector &, follows a standard multivariate normal distribution
for all £ = 0,1,...N — 1 such that &, and &, are independent for £ # [. To bound

E [||Zk||2}, we proceed as follows

E[|12[’ Mﬂﬂ@&—nﬂﬂWAﬂ

E [||T]]]1&&5 — 111" A7

E [|IT]|l1€x&k — 1117 AF]
:Ewmh4@gz—nwaﬁ—J»Aﬂ
= |l A% (E [lIgll'] = 2E [lIgl*] +n)
= |IT[[ AZ(n* + n).
where the second inequality follows from the fact that the Frobenius norm of a matrix is
larger than its spectral norm. The last equality follows by using Lemma 2.D.2, where n

is the number of gains ~;. Finally, we obtain

N-1
2< 2 2
B [ (OIF] < 1Ml )T (0 + ) 3 % =
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where Assumption 1 and (2.23) are exploited.

2.5.0.2 Mean-Square Convergence of Jy(t)

This partial sum is similar to that of Ay (), and thus we define Fy(t) := M (t —t41) —

M (t — tx) and invoke Lemma 2.D.6 again to yield

1170 ]:Z::HFk OIFE |||Ea || = el

N—-1

< ¢y (1) 1M (¢ = trsr) — M(t—t2)|[* Ay
k:()

< ¢ ()tr (T) AQVy (M) — 0,

N—o0

where the second inequality follows from (2.23), Lemma 2.D.2 and the fact that Hf kH <

||74|| since Ty = D(7},) so that

~ 2
E [Hrk

The last inequality follows from the fact that the quadratic variation of M is finite

} < tr (L) Ay (2.28)

(Lemma 2.E.1).

2.5.0.3 Mean-Square Convergence of vy (t)

By using the same previous definition of Fj(t), invoke Lemma 2.D.5 (with X} :=

koka) to yield

oo (s o s 1m) )
BT (ZHFk i (E {ka!ﬂ)%)

2
< ¢ (1) || Mo * e(2,m) |IT| (Z\!Mt—tzm M(t—tk)HAk>
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< e M e2.mA (VS (3))” 5 0

N—o0
where the second inequality follows from (2.23) and the sub-multiplicative property of

the spectral norm. The third inequality follows from Lemma 2.D.2 where
~ 4
e |[|ea]|| < czmiei a2 (2.29)
and the last inequality follows from the fact that the total variation of M is finite
(Lemma 2.E.1).
2.5.0.4 Mean-Square Convergence of 7y(t)

In a similar fashion to the previous calculation, define Gy := M (A) — My and invoke

Lemma 2.D.5 (with X}, := T'vGI%) to yield

E [l (1) (Z\\Mt—tku( It e |yk])122
<N§§||M - bl (B {kaWD%)

< ¢, (1), (t)e(4,n) ||T| P <Z|IM Ar) = MoIIAk>

— 0,
where the second inequality follows from (2.23), Assumption 1, and the sub-multiplicative
property of the spectral norm. Again, the last inequality follows from (2.29). The limit
is zero because Assumption 1 guarantees that M is right-continuous at ¢ = 0.
2.5.0.5 Mean-Square Convergence of xx(t)
Since w and {v;} are uncorrelated (Assumption 4), invoking Lemma 2.D.6 yields

E [l (0] ZHM -t |[[5 2 I a0
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< ¢y ()tr (T) Agtr (W) Ay
<cyOtr(D)ey(t) Yy  AF . 0 0,
where the second inequality follows from assumptions 1 and 3 and (2.28). The last

inequality follows because under Assumption 3, 3 a continuous scalar function ¢, such

that

sup tr (W(7)) = cu(t). (2.30)

0<r<t
2.5.0.6 Mean-Square Convergence of 0y(t)

By invoking Lemma 2.D.4, we obtain the following inequality

N— ) N N—1 2 2
HHN Z (t — thsr)] (E U ‘FkMOFkH }) E (Z H%IV) ;
k=0

k=0
where the second term converges to (I [{(y)?(¢)] % < /¢,(t) defined in (2.23). Now apply

the submultiplicative property of the spectral norm to yield

£ 100(01F] < 0 10817 3 et~ (2 U)“H )

N-1
< \/eq(t)y/e(d,n) [ITI* (1) | Mol — 0,

N —00
k=0

where the last inequality follows from Assumption 1 and Lemma 2.D.2 where ¢(4, n) ||T||* A%

[

2.5.0.7 Mean-Square Convergence of Tg(t), Th(t) and T%(t)

serves as an upper bound for the eighth moment E U

Observe using (2.27) that the pairs (I'y, ax), (T, 8x) and (I, () are independent for
all k=0,1,--- , N — 1. Then, for z € {«, 3,(}, invoking Lemma 2.D.6 yields

E [|IT5 (0 ZHMt—tkH I |[[5]  lhaet]
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=

< ¢, (t)tr (T) " g [zx|[*] A,

B
I

where the last inequality follows from Assumption 1 and (2.28). Now, we examine
E [||ozk||2] Define Fy; := M(tgs1 — tig1) — M(tx — t;11) and invoke Lemma 2.D.4 to

yield
E [floxl*] < ’:ZOEHF“”Q (E U(rlm) (E ’:Eéﬂﬂbé
< m||r||@§u&,znm
< /e2.n) HI‘H\/cht)ZQVé (M),

where A = sup, A;. Note that the second inequality follows from (2.23) and (2.29),
and the third inequality follows by observing that the sum converges to the quadratic
variation of M on the interval [0, tx] (Appendix 2.E). The last equality exploits the fact
that QV} (M) is an increasing function in ¢. Substituting in E [HTJ%(t)Hﬂ yields

N-1

E [IT5(8)[]°] < b (Dtr (T) Ve(2,n) [T /g (HAQVE (M) Y~ A,

k=0

< 3,0t (T) v/e(2,n) ||T]| 1/ c() AQVE (M)t — 0.

N—oo

Recalling from Appendix 2.C that there is no need to check the convergence of the cross

terms, the same arguments used for E || ]Tj{‘,(t)w] can be used here to show that

E[HTﬁ(t)Hz} 50 and IEMTﬁ,(t)HQ} 0.

N—o0 N—oo

This completes the proof of Proposition 2. [ |
A direct application of Proposition 2 to (2.16) with ¢ = og yields (2.22). This is exactly

the result shown in Figure 2.3(b) and given in Theorem 1.
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2.6 Loop Gain Operator & MSS Conditions

In this section, we give the mathematical derivations of the LGO (2.17) for the Ito
setting. The same analysis can be carried out for the Stratonovich case by using the
conversion scheme developed in Section 2.3.1. We first lay down the necessary framework
to construct a deterministic block diagram that describes the continuous-time evolution
of the covariance matrices of the various signals in the loop (see Figure 2.7). Once this
deterministic setting is constructed, the MSS analysis from there onwards resembles that

of the discrete-time counterpart in [3].

2.6.1 Stochastic Block Diagram Interpretation

Consider the stochastic continuous-time setting depicted in Figure 2.6(a) satisfying
assumptions 1-4. It is the same as the general setting in Figure 2.2, but it also indicates
an [to interpretation of the stochastic multiplicative gains. By using the definition of
Ito integrals in Section 2.1.11, we construct a discrete-time block diagram, depicted in
Figure 2.6(b), which explicitly describes the Ito interpretation of Figure 2.6(a). In fact,
it is constructed by using a partition Py|0,t] of N subintervals on [to,tx] := [0,t] as
described in Section 2.1.11. Therefore, Figure 2.6(a) can be interpreted as the limit of
Figure 2.6(b) as N — oo. Note that My denotes a finite dimensional approximation of
M on the partition Py|0,1], i.e.

N-1

y =Myt <= yn = Z M(ty — ti)tg,
=0

where the “tilde” is used to denote the increments of a signal (refer to Section 2.1.11).
The equations describing the block diagrams in Figures 2.6(a) and (b) can be respec-

tively written as
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dw du M Y Y
dm
dr ’
Q1 dyn Yn
(a) Continuous-Time Setting (b) Discrete-Time Setting

Figure 2.6: A causal LTI system M in feedback with stochastic multiplicative gains {d~;} that rep-
resent the differential forms of, possibly mutually correlated, Wiener processes. Figure (a) shows the
continuous-time MSS setting when the It interpretation is adopted. Figure (b) explicitly describes the
Ito interpretation of Figure (a) by using a partition Py|[0,¢] of N subintervals as explained in 2.1.11. In

fact, Figure (a) is interpreted as the limit of Figure (b) as N — oo.

[ y(t) = (Mdw) (1) [ = (M)
du(t) = dw(t) + dr(t) Uy = WN + TN

| dr(t) = dT'(t) o y(1) | 7v =Tyn
(2.31a) (2.31b)

The rest of this subsection shows that by adopting the It interpretation (2.31b), the
stochastic signal r will have independent increments. Furthermore, we will derive the
expression that describes the propagation of the instantaneous covariance through the
feedback block. The analysis is carried out using Figure 2.6(b) and then is passed to the

limit as N — oo.
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2.6.1.1 Disturbance-to-signals mapping

It is fairly straightforward to show that the disturbance w is mapped to the various

signals in the loop as

i (I —TMy)™
yl = (I —MyT)" "My | @ (2.32)
7 (I —TMy)"'TMy

2.6.1.2 Independence of (dI'(t),y(r)) for 7 <t

This can be shown by analyzing the second equation in (2.32). Examining the oper-
ator (I — MyI')~! allows us to write it, over the time horizon of the partition Py/[0, ],

as

1

—M(ty —t)To I

—M(tN—to)Fo —M(tN—tN_l)FN_l I

where * denotes the blocks of matrices that are functions of I'y, for k = 0,1,...,N — 1.

Hence the second equation in (2.32) can be written as

I
Yo I Wy
Mt —ty) I
YN * I Wy
Mty —to) - Mty —ty_1) I

Clearly, yy does not depend on 'y for any positive integer N. Furthermore, by carrying
out a similar reasoning, it is straightforward to see that [y is independent of the past
values of all the signals in the loop (particularly y). This analysis shows that (I'y, ;) are

independent for £ < N. Finally, taking the limit as N — oo completes the argument.
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2.6.1.3 Temporal independence of the increments of r

The following calculation shows that r has independent increments. For k£ < [, we

have
E [r77] = E [fkykyz*f?] =K [fkykyz*] E [ff] =0,

where the third equality holds because I has a zero-mean, and the second equality follows
because I' has independent increments (Wiener process) and also [ is independent of
present and past values of y (Section 2.6.1.2).

The combination between the causality of M and the 1t interpretation introduces a
sort of “strict causality” in continuous-time systems. Thus the multiplicative, temporally
independent gains {d~v;(t)} has a “whitening” effect. In fact, although y has nonzero
temporal correlations, the signal r is guaranteed to have independent increments dr, i.e.
E [dr(t)dr*(T)] = 0, Vt # T.

Finally, the instantaneous covariance of dr is calculated as

E[dr(t)dr(t)’] = E[dT )y ()y" (t)dl™ (t)]

= E|dU(0)E [y(t)y"(1)] T (¢)

where the second equality is a consequence of Lemma 2.D.1 since dI'(t) and y(t) are
independent (Section 2.6.1.2). The third equality is an immediate consequence of the

fact that dI'(t) = D(dv(t)). Finally, we have

R(t) =T o Y(t). (2.33)
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2.6.2 Covariance Feedback System

The goal of this section is to construct a deterministic feedback system that describes
the evolution of the instantaneous covariance matrices of the various signals in Figure 2.6
and finally derive the expression of the LGO given in (2.17).

In the previous section, we showed that r has temporally independent increments. As
a result, it is straightforward to see that u also has temporally independent increments,

because for k < | we have
E [axt;] = E [(wg + 75) (W0 + 71)7]

—0+0+0+E [wkyl*fﬂ

—E [y E[I7] =0,
where the third equality follows from the fact that w (Wiener process) and r (Sec-
tion 2.6.1.3) both have independent increments and the fact that w is independent of
past values of all the signals in the loop. The fourth equality follows from Section 2.6.1.2
and the assumption that w and I' are independent. Finally, passing to the limit as

N — oo yields that du is temporally independent.

As for the instantaneous covariance of @, we have

Therefore, the addition junction in Figure 2.6 remains as an addition operation on the

associated covariance matrices, i.e.

U(t) = W(t) + R(t). (2.34)
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Furthermore, the propagation of the covariance through the forward block of Figure 2.6 is
given by (2.11) which requires the input du to be temporally independent for its validity.
Finally, the propagation of the covariance through the feedback block is given by (2.33).
Therefore, (2.11), (2.33) and (2.34) can be used to construct the deterministic feedback

block diagram depicted in Figure 2.7, where each signal is matrix-valued. The advantage

t

W U / M(t — T)U(r)M*(t — 7)dr X
100 K 0044 s 0004
R

BRI

Figure 2.7: A deterministic block diagram describing the evolution of the covariance matrices of the

FoY(t) |«

various signals in the feedback loop of Figure 2.6(a). The forward block represents a convolution integral
of matrices and the feedback block represents a Hadamard (element-by-element) product. Note that all
the covariance matrices in the loop are positive semi-definite and non-decreasing in time when W is

non-decreasing, i.e. for to > t1, W(t3) — W(t1) > 0 (refer to [3]).

of the covariance feedback system in Figure 2.7 is that it describes a deterministic dy-
namical system unlike its corresponding stochastic feedback system in Figure 2.6. Before

we construct the loop gain operator, we give a remark.

Remark 2.6.1 All the covariance signals in Figure 2.7 are monotone. Particularly, if
t1 < ty then U(ty) < U(ty), where the matriz ordering is taken in the usual positive

semidefinite sense. Refer to [3, Section II-E].
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2.6.3 Loop Gain Operator

We are now equipped with all the necessary tools to define the continuous-time coun-
terpart of the LGO introduced in [3]. Over a finite time horizon [0, ], the instantaneous
covariance R(t) can be expressed in terms of {U(7),0 < 7 < ¢} using (2.11) and (2.33)

as

R(t)=ToY

—ToY()
~To (/Ot Mt — $)U(s)M(t — s)ds>
R(t) =To ( /0 MU - T)M*<T)dr) | (2.35)

The previous calculation motivates the definition of a finite dimensional linear operator

over the infinite time horizon, i.e. as t — oo

R=L(U):=To (/OOO M(r)UM* (T)dT) (2.36)

where U and R are the steady-state limits (if they exist) of the covariances. This linear
operator acts on a matrix to produce another matrix, and it propagates the steady state
covariance U “once around the loop” to produce the steady state covariance R. (and thus
the name loop gain operator, refer to Figure 2.7). Before moving to the next section, we

define here a truncated version of the LGO as

Ly (X):=To < /0 ' M<T)XM*(T)dT) | (2.37)

which will be useful when proving Theorem 2. Before stating the proof, we summarize

some useful properties of the LGO in three remarks.

Remark 2.6.2 The operator Ly defined in (2.37) is a monotone operator, i.e. if 0 <
X <Y, then 0 < Lp(X) <Lp(Y). The same property holds for L defined in (2.36) since
L = limy_,o, L. Refer to [3, Section II-E] for details, noting that the same arguments

also hold for integrals as well as summations.
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Remark 2.6.3 The operator Ly is also monotone in time, i.e. if Ty < Ty, then 0 <
Ly (X) < Lp(X) for any X > 0. This is easy to validate by checking that Ly, (X) —
Ly, (X) is positive semidefinite. Consequently, for any T > 0 and X > 0, we have
0 < Lp(X) < L(X).

Remark 2.6.4 The spectral radius of 1L is its largest eigenvalue which is guaranteed to
be a real number. Furthermore, the “eigen-matriz” associated with the largest eigenvalue
is guaranteed to be positive semidefinite. That is, if p(IL) denotes the spectral radius of
L, then U > 0 s.t. L(U) = p(L)U. Note that U is the matriz counterpart of the
Perron-Frobenius vector for matrices with nonnegative entries. This is the covariance
mode that has the fastest growth rate if MSS is violated, and therefore we refer to U as

the worst-case covariance. (Refer to [3, Thm 2.3] for more details.)

2.6.4 MSS Conditions

Equipped with the LGO, we can now present the proof of Theorem 2. The proof is
very similar to [3] and thus some of the details are omitted.
Proof:
“if”: Using (2.34) and (2.35), U(t) can be written as

U(t) =To (/Ot M(F)U(t - T)M*(T)dr) W)
<To ( /0 t M(T)U@)M*(T)m) W)
< ]L(U(t)) W),

where the first inequality follows from Schur’s theorem and the fact that U(t—7) < U(¢)
for all 7 € [0,t] (Remark 2.6.1). The second inequality follows from Remark 2.6.3. To

obtain an upper bound on U(t), we let I denote the identity operator and rearrange to
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obtain

I-L)U{¢) <W(t) <W

Ut) < (IT—-L)"*'W,

where the second equality is obtained by replacing W (t) with its steady state value W
since it is assumed to be monotone (Assumption 3). The third inequality is obtained by
applying [3, Thm 2.3] which guarantees that the operator (I—1L)~! exists and is monotone
whenever L is monotone and p(IL) < 1. Finally the stability of M (finite H*> — norm)
guarantees that all other covariance signals in the loop of Figure 2.7 are also uniformly
bounded thus guaranteeing MSS.

“only if’: First it is straightforward to show that MSS is lost if the H?-norm of M is
infinite (regardless of the value of p(IL)). Using Figure 2.7, we can write the covariance

Y (t) as
Y(1) = /0 CM(t - UM (¢ — 7)dr
_ /Ot Mt~ ) (W) +T o Y (1)) M*(t — 7)dr
> /Ot M(t = 7YW(H) M (t — 7)dr,

where the inequality follows from the fact that I' o Y(7) is positive semidefinite. Thus,
clearly Y () grows unboundedly when M has an infinite H*norm (take W(t) = I for
example).

Next, assume that M has a finite H?-norm. We will show that if p(IL) > 1, then U(¢)
grows unboundedly in time. We do so by examining U(t) at the time samples t; := kT,

where k is a positive integer and 7" > 0. Using Figure 2.7, we obtain
173
U(t,) =To / Mty — YU () M*(t — 7)dr + W (1)
0

>To /t " Mt — UM (1 — 7)dr + Wits)
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ty

>To M (ty, — 7)U(tg—1) M*(tx, — 7)dT + W (1)
te—1
>To / M($)U (b 1) M*(s)ds + W (t)

— Ly (U(tk_1)> +W(t)

U(ty) > ( ) Z]L’“( t,w) (2.38)

where the first inequality follows from the fact that the integrand is positive semidefinite,
the second inequality follows because U(7) > U(ty_y) for 7 € [ty_1,tx], and the third
inequality is a consequence of applying the change of variable s := ¢, — 7. The last
inequality is a consequence of a simple induction argument that exploits the monotonicity
of Ly (Remark 2.6.2). Establishing the inequality (2.38) allows us to use the same
arguments in [3] (repeated here for completeness) to show that U(t;) grows unboundedly.

Set the exogenous covariance W (ty) = U, where U is the worst-case covariance
described in Remark 2.6.4. Note that the initial covariance is Uy = U. Substituting in
(2.38) yields

k
Uty > Y L (U) . (2.39)
r=0
Since limy_, o Lp(U) = L(U) = p(L)U, then for any e > 0, 3 T > 0 such that ||p(L)U —
L7 (U)|| < €|[U]|. This inequality coupled with the fact that 0 < Ly (U) < p(L)U allows

us to invoke [3, Lemma A.3] to obtain

Lz(U)

v
=
Ay
|
&
c
I
c

(2.40)

where ¢ is a positive constant that only depends on U. Then, by (2.38), the one-step

lower bound (2.40) becomes

U(ty) > (ia) U = % U. (2.41)
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First consider the case when p(LL) > 1, then e can be chosen small enough so that
a > 1 and therefore {U(t;)} is a geometrically growing sequence. As for the case where

p(L) =1, we have a = 1 — €. Then for 0 < € < 1, we have

U = lim U(t) > -U.

_ 1
k—o00 €
This proves that U(¢) can grow arbitrarily large (although not necessarily geometrically)

since € can be chosen to be arbitrarily small. |

2.7 Conclusion

This chapter examines the conditions of MSS for LTI systems in feedback with mul-
tiplicative stochastic gains. The analysis is carried out from a purely-input output ap-
proach as compared to (the more common) state space approach in the literature. The
advantage of this approach is encompassing a wider range of models. It is shown that in
the continuous-time setting, technical subtleties arise that require to exploit several tools
from stochastic calculus. Different stochastic interpretations are considered for which dif-
ferent stochastic block diagram representations are constructed. Finally, it is shown that
MSS analysis for state space realizations can be transparently carried out as a special

case of our approach.
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Appendix

2.A Interpretations of Stochastic Convolution

Consider the stochastic convolution in (2.10) satisfying Assumption 1. Exploiting the
partition Py|[0,¢] described in Section 2.1.9 and the notation developed in Section 2.1.10

yield

where ty € [ty,tgr1]. The choice of tj prescrlbes a particular stochastic interpretation
of the integral, for example t;, = t;, corresponds to an Ito interpretation. The following
calculation shows that the covariance of y does not depend on the choice of t; when

M € C defined in Appendix 2.E.

= /Ot Mt —n)U(r)M*(t — 7)dr,
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where the third equality follows from the temporal independence of u and the fourth
equality follows from the definition of the covariance of du. The last equality is a con-
sequence of Riemann integrability which guarantees convergence to a unique value when
M € C. As a result, there is no need to prescribe a stochastic interpretation of (2.10)

since different stochastic interpretations play the same role in the mean-square sense.

2.B Calculation of Dy(t) in (2.25)

This appendix shows the required algebraic manipulations to arrive at the expression
of Dy(t) in (2.26). Start by adding and subtracting M (t — t;)Txyx in the partial sum of
Sn(t) in (2.24) to obtain

N-1

1 3
Sn(t) = + ( (t —trs1) Thyrsr — M(t — tk)rkyk)>
23
where Iy(t) is defined in (2.24). Adding and subtracting M (t — t;+1)kys in the sum of

the second term yields

Sn(t) = In(t) + %(QN(t) + JIn(1)), (2.B.1)

where Jy(t) is given in (2.27) and

2
L

Qn(t) == M(t — trsr)Tudi (2.B.2)

=
Il

Observe that Qn(t) (2.B.2) is a cross quadratic-variation-like term whose limit is not

obvious, so we examine the increments g using (2.16) with ¢ = o4. We have

Uk = Erg1(ter1) — Ex(te) + Sky1(trr1) — Se(te)

e Bt ot - (Qk + Jk> (2.B.3)
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N-1 .
where En(t) :== > M(t — ty)wg. Start by calculating Ej,
k=0
) k k—1
Bp =Y Mt — t)i — Y M(t, — )iy
1=0 1=0
k—1
= M(Ap)wy + Z (M(tkﬂ —t) — M(ty — tl)) W
1=0
Carrying out similar calculations for I, ks Qk and jk yields
Iy = M(A)Thy + ) (M(tk-i-l — ) — M(t), — tl)) Ly,
1=0
Qr = Mol'vyi, + (M(tk:—i-l —tiy1) — M(t, — tz+1)) Ly
1=0

k-1

Jp = (Mo - M(Ak))fkyk + Z <M(tk+1 —ti41)
1=0
— Mty —tip1) + M(ty, — t) — M (tg1 — tz))fzyu

where M, denotes M (0) for notational brevity. Substituting for the expression of gy
(2.B.3) in @Qn () (2.B.2) and collecting terms yield

Qu(t) = 5 (Ow(0) + nx(6) + T(0) + T (1)

0+ TS0 + 3 M~ o) FuMa
k=0

where Ox (1), ny(t), xn (£), TE(t), To(t) and TS (t) are all defined in (2.27). Adding and

subtracting M (t — tk)f‘ kMof‘kyk in the partial sum of the last term yields
Qn(t) = (eN( ) (t) + TR + TRE)) + v (D)
N-1
+xn(t) + TS () + Z M (t — t3) T Mol yy, (2.B.4)
=0
where vy(t) is defined in (2.27). Finally, Dy(t) is calculated as

DN(t) = SN(t) - ([N(t) + %RN(t)>
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- g(@w) Ry + JN<t>). (2.B.5)

Substituting for Qx(t) from (2.B.4), Ry(t) from (2.24), and Jy(¢) from (2.27), yields the

expression of Dy(t) given in (2.26) after exploiting the following equation
PuMoly — (Moo T)Ay = (’yk’y}; - mk) o Mo,

where 4, = D(I['y) is the vector formed of the diagonal entries of I'x.

2.C Second Moments of Cross Terms

Let x and y be two vector-valued random variables. The subsequent calculation shows

that to check if E [||z + y||2} is zero, it suffices to check that E [||x||2} =E [||y||2} = 0.

E [|lz +yII*] <E [(ll=ll +[ly1)*]
E [||2I* + [yl + 2 |21l 1]
E

[Hz1P°] +E [Ily11°]) + 2\/]E [Hlz”) E [llylI*).

IA

where the first inequality is a consequence of applying the triangle inequality, and the
last one follows from Cauchy-Schwarz inequality with respect to expectations. Observe
that if E [||z] \2] or E [||y] |2] is zero, then the cross term is zero. Therefore, to prove that
the variance of the sum of random variables is equal to zero, there is no need to calculate

the expectation of cross terms.

2.D Useful Equalities & Inequalities

This appendix provides a sequence of lemmas that give some useful equalities and

inequalities (upper bounds) that are used in the proofs throughout this chapter.
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Lemma 2.D.1 Let X and v be a matriz-valued and vector-valued random wvariables,

respectively. If X and v are independent and D, := D(v), then
E[D,XD,] =E[vw*] o E[X].
Proof: Let X;; denote the i entry of the matrix X. Then

E [D XD ] =K [UiXijUj] E [UZ"U]‘] E [Xz]]

= E[vv*], . E[X]

i 5 )

where the first equality holds because D, := D(v) is diagonal, and the second equality

hold because X and v are independent. The proof is complete since the Hadamard

product “o” is the element-by-element multiplication. [ |

*
Lemma 2.D.2 Let ¢ = {xl Ty - Z'n:| be a zero-mean random vector that follows

a multivariate normal distribution with a covariance matriz X := E [xz*]. Then
E[|l2|]"] = tr(2) and E[|2l|*] < c(p,n) IS,

where p is any positive integer and c is a constant that depends on p and n. For example,

one can check that ¢(1,n) = n and c(2,n) = n? + 2n.
Proof: For the second moment, we have

(][] ZE Zz = tr(%)

To calculate the fourth moment, let 3'/2 denote the Cholesky factorization of ¥ so that

x = 21/2¢ where ¢ follows the standard multivariate normal distribution. Then

E (i) = £ |[|=2¢] ] < i=ire e

(xe)
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“IsrE| Y ]

k1+ko+-+kn=p =1

“i=r Y A

kitkottko=p  i=1

—sre Y H%‘1

k1+ko++knp=p 1=1

=:c(p,n) ||Z]]",

where “I1”

is the double factorial operation. The inequality follows from the submulti-
plicative property of the norms, the third equality is a direct application of the multi-
nomial theorem, and the fourth equality holds because {¢;} are mutually independent.

th moment of a standard normal random

Finally, the fifth equality follows because the m
variable is (m — 1)!! when m is even. |
Throughout Lemmas 2.D.3-2.D.6, let {X;} and {yx} be two sequences of square

random matrices and random vectors, respectively, with bounded second moments. Fur-

thermore, let {F}} be a sequence of deterministic matrices.

Lemma 2.D.3 FExploiting the triangle inequality and the sub-multiplicative property of

the norm yields

XUk

N-1 2
(Z | F3 ]| 1] Xk ||yk||>
k=0

Lemma 2.D.4 Suppose that (X, yx) are in general dependent, but {X;} has indepen-

dent increments, i.e. (X, X;) are independent for k # 1. Then

N—1 2
B (z ||ykuz)
k=0

N[

2

N |=

XUk

NZ:HFMI E [|1X:]I"])
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Proof:

N-1 2
> BiXyy
k=0

N-1 2
<E (ZHFkHHchHHka)
k=0

N-1

N-1

2 2 2
DI IR sl
k=0

k=0

N—1 2 N—1 2 2
(znm?nka) . (zw)
k=0 k=0

where the first inequality follows from Lemma 2.D.3, the second follows by applying

<E

the Cauchy-Schwarz inequality, and the last one follows by applying again the Cauchy-
Schwarz inequality but with respect to the expectation. To complete the proof, we find

a bound on the first term of the last inequality. We have
N-1 2
(Z [1Fyl[? HXkH?)

N—-1
= > NIEIPIAIPE [1X]1 [1X]1]
k,l=0

< S IBIP IR & D )

k,l=0

@Hm (1) }>5>2

where the first inequality is obtained by using the Cauchy-Schwarz inequality with respect

IN

to expectations. Finally, putting the results all together completes the proof. [ |

Lemma 2.D.5 Suppose that (X, yx) are independent for k =0,1,--- N — 1. Then

>~ xin | | < (NZ_IHFkH(E [EAREI(MG) ) .

N|—=

Proof:

Xk

N-1 2
k=0
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HMH OMZ

[( X el ) (IR I el )

1
||Fk||||Fl|| ( (1l yel*TE (X gl 7])

(NZ_: |Fell (B || X][°] E [IlykIIQD%) :

where the first inequality follows from Lemma 2.D.3, the second inequality follows from

applying the Cauchy Schwarz inequality with respect to expectations, and the last one

is a result of the mutual independence of (X, yx).

Lemma 2.D.6 Suppose that E [X;] = 0, { Xy} has independent increments, i.e. (X, X))

are independent for k # 1, and (X, y;) are independent for k > | with k,l =0,1,---

Then

NZ:HFkH E [|IXel) E llyell”] -

N—1
Z Fr Xyys
k=0

Proof:

2 N—1 2
<E (ZHFkHHXkHHka)
=0

N-1
> FuXyn
k=0

N-1
= > IANPE [P )
k=0

N-1

+ 3 U IEIE] X sl el [E] 10

k,1=0
k<l

N-1

+ 3 UEIIENE] el 11Xl el [E] 1]

k,1=0
k>l

=

HFkH E [[[Xxl1* llysl "] +0+0

-7 -]

[1Fl P E (11Xl T E [yll*]
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where the first inequality follows by applying Lemma 2.D.3, and the first equality follows
from the independence of (X,y;) when k£ > [ and the fact that X} has independent
increments. The second equality follows because X is zero-mean, and the last equality

holds because the pair (X, yx) are mutually independent. [ |

2.E Total & Quadratic Variations of Deterministic
Functions

Let C denote the class of deterministic, matrix-valued functions M that can be decom-
posed into two parts M (t) = C(t) + D(t), where C(t) is differentiable and D(¢) includes

all the jumps (or discontinuities) of M, i.e.
M(t)=C(t)+ D(t); st. D(t) =Y AjL(t—1), (2.E.1)

where {A;} are constant matrices that correspond to the jumps at {7;}, and 1(¢) is the
Heaviside step function centered at zero. Note that if M is a scalar function, C boils
down to the class of functions with bounded absolute variations.

Define the total and quadratic variations of M € C over the interval [0, ] as

N—o0

TVEM) = Jim 3 1M () — M8l

N—oo

N-1
QY (M) := lim Y || M (tys1) — M(t)|[*,
=0
respectively, where Pyl0, ] (Section 2.1.9) is used to partition the interval [0, ¢].
Lemma 2.E.1 If M € C, then TV (M) and QVE (M) are finite for any finite time t.

Proof:  Since M € C, we exploit the decomposition in (2.E.1) to write the total

variation of M as

TV (M) = lim Z“Ck+Dk"

Nﬁoo
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N-1 N-1
< Jim 5 [[Cof |+ tim 37|
k=0 k=0
=TVL(C)+ TV, (D),

where the notation in Section 2.1.10 for the increments is used, i.e. Cj 1= C(tpy1)—C(ts).

TV, (C) is shown to be finite by exploiting the fact that C' is differentiable, i.e.

0

The integral is finite, because C' is differentiable and thus HC’ (t)H is finite for finite time.

Ck
k

TVE(C) = lim Z

N—oo
k=

T)HdT.

Furthermore, TV (D) is finite because

ZAj <]l(tk+1 — 1) — Ltk — Tj)) H

TVi (D) = lim

N—oo —
= > 14,11,
J

where the second equality follows from the fact that the increments of the Heaviside step

function are zeros everywhere except at the jumps {7;}. Therefore, TV (M) is finite

over any bounded interval [0, ¢] with an upper bound given by

HdT—G—ZHA I.

Similar reasoning can be carried out to show that QV¢ (M) is also finite. In fact, using

TV (M

similar arguments we obtain
oV (a1 < ) + Qv (o) +2 i 3 Je ||
<0+ )[4 +o.

J
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2.F Second Moment of Quadratic Variations

The goal of this appendix is to show that the second moment of the quadratic variation
of the solutions of (2.22) is finite over finite time. For simplicity, we consider the scalar
case with w = 0, My = 0 and I" = 1; however the same analysis can be carried out for the
general case. Over the partition Py[0,], (2.22) can be expressed as y, = .1 o M(ty —

t)y Y and thus the increments can be written as

k1
Uk = M(Ar)yrye + Z (thpr — 1) — Mty — 1))y
1=0

Using the inequality (a + b)* < 8(a* +b*) and the Cauchy Schwarz inequality, we obtain
1 2
=[] < sar(eoe s+ sehaie | (Sott) |.

where Lj; is the Lipschitz constant of M and A is defined in Section 2.1.9. Using
Lemma 2.D.5, E[¥}] = 3A2, and Assumption 1 yield the upper bound E [7;] < c(t)A?2,
where ¢(t) = 24 (¢}, (t) + Li,t") sup,, E [y*(7)]. Note that sup, ., E [y*(7)] is shown to be
finite in the corollary of [34, Thm 3.1]. Therefore, using the Cauchy-Schwarz inequality
with respect to expectations, the second moment of the quadratic variation over Py|[0, t]
can be bounded as follows

N-1 2 N-1 2 N-1 2

(%) |= (5 vFm) =0 (Z)
k=0 k=0 k=0

Finally, taking the limit as N — oo shows that E [{(y)?(#)] is bounded for finite time ¢.

%)
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Chapter 3

Introduction & Brief Physiology

The cochlea is a highly sensitive device that is capable of sensing sound waves across
a broad spectrum of frequencies (20 — 20000 Hz) and across a wide range of sound
intensities ranging from 0 dB (threshold of hearing) up to 120 dB (sound of a jet engine).
The cochlea was believed to be a passive device that acts like a Fourier analyzer: each
frequency causes a vibration at a particular location on the basilar membrane (BM). This
mechanism was discovered by the Nobel Prize winner George von Békésy who carried
out his experiments on cochleae of human cadavers. However, in 1948, Thomas Gold
hypothesized that the ear is rather an active device that has a component termed the
cochlear amplifier. Although Gold’s hypothesis was rejected by von Békésy, David Kemp
validated it thirty years later by measuring emissions from the ear. These emissions,
termed otoacoustic emissions (OAEs) are sound waves that are produced by the cochlea
and can be measured in the ear canal.

It is widely accepted that the outer hair cells, anchored on the cochlear partition, are
responsible for the active gain in the cochlea that produces these emissions. However, the
underlying mechanism is still not well understood. For example, spontaneous otoacoustic

emissions (SOAEs) — emissions generated in the absence of any stimulus — are studied
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in [24] and [39]. The remarkable high sensitivity of the cochlea makes it vulnerable to
stochastic perturbations that are believed to be the cause of these emissions. Particu-
larly, in [39], the authors studied the instabilities that arise in a linear biomechanical
cochlear model with spatially random active gain profiles that are static in time. In [24],
similar analysis was carried out on simplified cochlear models comprised of coupled active
nonlinear oscillators. The randomness, or disorder, was introduced via static variations
of a bifurcation parameter. In these previous works, the analysis was carried out through
Monte Carlo simulations by studying the stability of different randomly generated active
gain (or bifurcation) profiles.

In this part of the dissertation, we carry out a simulation-free stability analysis of
the linearized dynamics of a nonlinear model of the cochlea. Our analysis employs the
structured stochastic uncertainty theory developed in the previous chapters rather than
Monte Carlo simulations, where the active gain is stochastic in space and time and may
have a spatially-varying expectation and/or covariance. It turns out that letting the
active gain be a stochastic process puts the model in the standard setting of linear time-
invariant (LTI) systems in feedback with a diagonal stochastic process that enters the
dynamics multiplicatively (see Figure 4.2). This analysis allows us to predict the locations
on the BM where the dynamics are more likely to destabilize due to the underlying
uncertainties. It also provides a bound on the variance of the perturbations allowed such
that stability is maintained.

The rest of this chapter gives a brief exposé of the physiology of the ear as an adaptive
transduction device. For a more thorough reading on the physiology of the ear, we refer
the reader to [54].

The primate ear is built to adapt for different sound intensity levels and across the
entire audible frequency range (20Hz to 20 kHz). It is composed anatomically, of three

principal parts: outer, middle and inner ear (refer to Figure 3.1). The outer ear is
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Figure 3.1: Ear Anatomy

mainly composed of the pinna and the external auditory canal. The pinna collects and
transforms the sound waves and plays a role in sound source localization. The external
auditory canal serves as a filter, which resonates and amplifies tones ranging between 3
and 4 kHz. The middle ear is mainly composed of the ear drum (tympanic membrane),
the ossicles and the neighboring cavity. Sound pressure waves pass through the external
ear canal and reach the eardrum causing it to vibrate. The neighboring cavity balances
the pressure between the middle and outer ear thus preventing eardrum vibrations in the
absence of sound waves. Induced eardrum vibrations are then transmitted to the inner
ear via three bone structures (ossicles) that collectively act both as an amplifier of the
vibration force and as an impedance matching device between the air medium (middle

ear) and fluid medium (inner ear) thus preventing excessive energy loss as waves travel
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Figure 3.2: (a) Stretched Cochlea (b) Cochlear Partition

between the two different media. In the inner ear, the cochlea is the organ where the
main nonlinear biomechanical processing takes place. It is a sensory organ where sound
signals are transformed into electrical signals. The cochlea is divided into two chambers:
Scala Vestibuli (SV) and Scala Tympani (ST) filled with incompressible fluid and are
partly separated by the cochlear partition (refer to Figure ). At one end of the SV,
the oval window acts as an entry port where pressure waves arriving from the stapes
of the middle ear enter the inner ear. These waves travel along the SV and enter the
second chamber ST through a connection point (Helicotrema). Finally, a round window
at the other end of the ST serves to release pressure traveling in the incompressible
fluid. As the pressure waves travel along the two chambers, fluid pressure fluctuations
permeate the first wall of the cochlear partition to cause vibrations in two connected wall
structures termed the tectorial membrane (TM) and basilar membrane (BM). Anchored

in the BM are rows of thin cells termed inner and outer hair cells which are moved as
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the two membranes vibrate in different directions. The inner hair cells are the main
nerve cells that transduce the mechanical vibrations to electrical impulses. Finally, the
outer hair cells act to amplify vibrations specifically under low pressure fluctuations. The
mechanical characteristics of the BM varies along its length from being narrow and stiff at
the oval window (entry point) to being wide and compliant at the apex. This endows the
cochlea with spatially-tuned resonances: lower frequencies cause slow vibrations closer
to the apex while higher frequencies are closer to the oval window. Other factors that
contribute to cochlear response include dynamics of the fluid and active feedback of the

outer hair cells.
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Chapter 4

Mean-Square Stability Analysis of
the Cochlea

In this chapter, we show how the structured stochastic uncertainty theory developed in
the previous chapters can be exploited to analyze the mean-square stability of the cochlea.
This chapter is organized as follows: we start by providing a brief description of a class
of biomechanical models of the cochlea in section 4.1.1. Then, in section 4.1.2, we recast
this class of models in a descriptor state space (DSS) form using operator language (i.e.
in continuous space-time). In section 4.2, we reformulate the DSS form in a standard
setting that is particularly useful to carry out our stochastic uncertainty analysis. We
also provide the conditions for mean-square stability (MSS). We conclude this chapter
in section 4.3, where we present the numerical results of the possible instabilities caused

by stochastic gain profiles with different statistic properties.
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4.1 Biomechanical Model of the Cochlea

Throughout the literature, cochlear modeling attempts varied depending on two main
factors. The first is concerned with the degree of biological realism of the mathemati-
cal model. This is realized by the incorporation of various biological structures ( [25],
[41], [47]) and the dimensionality of the fluid filling the cochlear chambers ( [57], [26]).
The second factor is concerned with the computational aspect of the models. Different
numerical methods were devised to approach the spatio-temporal nature of the cochlea
( [46], [20]). Particularly, [19] used a finite difference method developed in [46] to dis-
cretize space and formulate the model in state space form. Moreover, computationally
efficient methods and model reduction techniques were developed for fast simulations of
cochlear response ( [7], [22]). This section starts by describing the mathematical model
adopted in this dissertation. Then, we reformulate the latter in a continuous space-time
descriptor state space form, using operator language. This form has two advantages: (a)
it encompasses a wider class of cochlear models and (b) it makes the dynamics more
transparent by treating the exact model and its finite dimensional approximation (i.e.

discretizing space by some numerical method) separately [23].

4.1.1 Mathematical Model Description

The mathematical model can be divided into two main blocks as illustrated in Fig-
ure 4.1(a). For a detailed derivation of the governing mechanics, refer to [19] and [22]
for a one and two dimensional modeling of the fluid stage, respectively. The fluid block,
commonly referred to as the macro-mechanical stage, is linear and memoryless under the
appropriate assumptions and approximations (refer to Appendix-5.A). This block intro-
duces spatial coupling along the different locations on the BM. Its output is the pressure

p(z,t) acting on each location of the BM. The governing equation can be written as a
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Cochlea

F G(u)

(b) Detailed Schematic Representing the Membranes Block

Figure 4.1: (a) The cochlea processes the acceleration of the stapes §(¢), in two stages, to produce the
vibrations at every location of the BM, u(x,t). The first stage is governed by the fluid that is stimulated
by both the stapes and BM accelerations to yield a pressure p(x,t) acting on every location of the BM.
The second stage is governed by the dynamics of the membranes. The two stages are in feedback through
the BM acceleration. (b) This figure is a schematic of a cross section (at a location x) of the cochlear
partition showing the membranes governing the dynamics of the micro-mechanical stage. The spatially
varying parameters m;, ¢;(z) and k;(x) are the mass, damping coefficient and stiffness of the BM and
TM for ¢ = 1 and 2, respectively. Furthermore, c3(z) and k3(x) are the mutual damping coefficient and
stiffness, respectively; while ¢4(z) and k4(x) are the damping coefficient and stiffness associated with
the active feedback gain from the outer hair cells (OHC) to the BM. The spring and damper between
the BM and the OHC have variable negative values to capture the effect of the active force acting only
on the BM without any direct effect on the TM. Their values depend on the the BM displacement u via

the nonlinear gain G(u). Equation(4.2) describes the underlying dynamics.

general expression, regardless of the dimensionality of the fluid and the numerical method
used, as
p(x,t) = =[Myii](z, ) — [M3](t), (4.1)
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where represents the second time derivative operation, and My and M are linear spatial
operators associated with the fluid and stapes mass, respectively. Refer to Appendix-
5.A for a more detailed discussion of these mass operators and their finite dimensional
approximations as matrices My and M,, respectively. The second block, commonly
referred to as the micro-mechanical stage, takes the distributed pressure p(z,t) as an
input to produce the BM vibrations u(x,t) at every location according to the following

differential equations
Imy 0 | |@ e +e3—G(u)ey) Gu)ey —c3| |u
0 mol| |U —7c3 C2+C3 v

%(/{51 + k’g — Q(u)k‘4) Q(u)k4 — k?g u P
—%k)g k?Q + ]{53 (% 0

where v(z,t) is the tectorial membrane (TM) vibration (refer to Figure 4.1(b)). Note
that the space and time variables (x,t) are dropped where necessary for notational com-
pactness. The constant b is the ratio of the average to maximum vibration along the
width of the BM, and g is the BM to outer hair cells lever gain. Refer to [47] for a de-
tailed explanation of the parameters. Finally, G is the nonlinear active gain operator that
captures the active nature of the outer hair cells, commonly referred to as the cochlear
amplifier. In the spirit of [41], the action of G on a distributed BM displacement profile
u is given by

_ v(x)
G(u)] (x,t) = 010, (2] D) (4.3)

where the gain coefficient y(x) represents the gain at a location z, in the absence of any

stimulus (u(z,t) = 0). The constants § and R are the nonlinear coupling coefficient and

BM displacement normalization factor, respectively. The operator @, is a normalized
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Gaussian operator such that its action on u is defined as

_ Jo tla = Qu&, ).
Sy dnlx — €)de

2

—

L =
Pn(x) = 77\/%6 S (4.5)

(4.4)

where L is the length of the BM and ¢, is the Gaussian kernel with a width 7. Note that
n = 0.5345 mm corresponds to the equivalent rectangular bandwidth on the BM (refer
to Appendix-5.D for a detailed explanation). Observe that the spatial coupling in the

micro-mechanical stage appears only in the nonlinear active gain (4.3).

4.1.2 Deterministic Descriptor State Space Formulation of the

Linearized Dynamics in Continuous Space-Time

This section gives a Descriptor State Space (DSS) formulation of the cochlear model
described in (4.1) and (4.2). The DSS form is given for the linearized dynamics around
the only fixed point which is the origin.

It can be shown (Appendix-5.C) that the linearized dynamics can be achieved by
simply replacing the nonlinear active gain [G(u)](x,t) in (4.2) by its gain coefficient v(x).
First, define the state space variable ¢(x,t) in continuous space-time as

V(x,t) = |u(z,t) v(x,t) alz,t) o(xt)| - (4.6)

Then the DSS form of the linearized dynamics is

5%1&(:10,15) = A )(x,t) + B5(t)
(4.7)

u(x,t) = C¢(1’at)7
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where £, A, and B are matrices of linear spatial operators defined as follows

0 0 0 0
z 0 0 0
0 0 mI+M; 0 —M,
0 0 0 meZ 0

./47 = Ao—f‘Bo’YCo; C = |:.'Z: 0 0 0:| )

0 0 7 ]
e 0 0 0 T |
B e T T S

I Tk — (ko + k3) g3 —(co + Cg)_

T
By = [O 0 7 O] ; Co := [%l@; —ky fes —cql

and Z is the identity operator. The equations in (4.7) represent a deterministic evolution
differential equation and an output equation that provides the distributed displacement
of the BM wu(x,t). Other outputs can be selected, such as the TM displacement, by
appropriately constructing the C operator. In the subsequent section, we slightly modify

the dynamical equations to account for stochastic perturbations in the gain coefficient

v(x).

4.2 Stochastic Uncertainties in the Active Gain

This section investigates the Mean Square Stability (MSS, which we will formally
define in section 4.2.1) of the linearized cochlear dynamics when the gain coefficient is a
spatio-temporal stochastic process. The stochastic gain coefficient, now denoted by ~(z, t)
to account for spatio-temporal perturbations, enters the dynamics (4.7) multiplicatively.

We first reformulate the dynamics as an LTI system in feedback with a diagonal stochastic
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gain which is a standard setting in robust control theory [62, Section 10.3]. Then we carry
out our MSS analysis based on Chapter 2. By tracking the evolution of the instantaneous
spatial covariances, MSS analysis allows us to predict the locations on the BM that are
more likely to become unstable due to the underlying stochastic uncertainty. We conclude
this section by defining and analyzing a linear operator, whose spectral radius provides

a condition for MSS.

4.2.1 Stochastic Feedback Interconnection

The purpose of this section is to separate the stochastic portion of the gain coefficient
in a feedback interconnection. We assume that ~(z,t) is a spatio-temporal stochastic
process that is white in time (but may be colored in space), and whose expectation and
covariance are independent of time. More precisely, let 7(z) be the expectation of v(z,t)

and J(x,t) be a temporally independent, zero mean stochastic perturbation, such that

_ Ely(z,t)] = 7(z) (4.8)
with Vit > 0,

Ely(z, )3(& 7)] = T(,£)d(t — 7)
where E[.] denotes the expectation, € is a perturbation parameter, 6(¢) is the Dirac Delta

function, and I'(z, &) is a positive semi-definite covariance kernel. Substituting (4.8) in

(4.7) yields

€2 0(a,1) = (Ay + BAC) (. 1) + B3(1)
(4.9)

u(z,t) = C(x,t).
The evolution equation in (4.9) is a Stochastic Partial Differential Equation (SPDE) that
is given an Ito interpretation in the time variable. For more details on Ito calculus, refer

to [50].
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Define a secondary output related to the difference in BM and TM displacements and

velocities as
y(x,t) := eCotp(z, t). (4.10)

Furthermore, define the active feedback pressure resulting from the stochastic perturba-

tions to be
pa(z,t) =y (2, t)y(,1). (4.11)

Therefore, using (4.9), (4.10) and (4.11), construct the feedback block diagram depicted

in Figure 4.2. This is a standard setting(Chapter 2, [42], [18]) for structured stochas-

5(t) o u(z,t)
—> E5;0 = Ay + Bopa + B F——>
M u=Cy
x,t
y = Cov y(z,t)
Pa(z,t)
Y(,t)

Figure 4.2: The linearized cochlear model in feedback with multiplicative stochastic gain. The block
to the top represents the deterministic portion of the linearized cochlear dynamics casted in a descriptor
state space form. The feedback block is a diagonal spatial operator that represents the multiplicative
stochastic gain. y(z,t) is the differential vibration and velocity between the BM and TM as given by

(4.10). pa(z,t) is the active pressure that results from the stochastic component of the active gain.

tic uncertainty analysis, where the feedback gain is a diagonal spatial operator. This
configuration is used to investigate the MSS of the cochlea which is formally defined
next.

Definition: The feedback system in Figure 4.2 is MSS if, in the absence of an input
(i.e. 3(t) = 0), the state ¢(x,t) and the active feedback pressure p,(x,t) have bounded

variances for all time.
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Therefore, to study MSS, we need to track the temporal evolution of the variances
and look at their steady state limits as t goes to +o00. This is the topic of the next

subsection.

4.2.2 Temporal Evolution of the Covariance Operators

This section tracks the time evolution of the covariance operators in the absence of
any input (i.e. we set §(t) = 0 for the rest of the dissertation). We use the term covari-
ance “operators” rather than covariance matrices because the spatial variables z and &
are continuous. After using some numerical method to discretize space, the covariance
operators can be approximated by covariance matrices. With slight abuse of notation, we
use the same symbol to denote the covariance operator and its associated kernel. Define

the following instantaneous spatial covariance kernels
(2,65 ) = E[p(x, )(E, 1))
Y(w, &) = Ely(z, )y(&, 1)]
P(x,&:t) := Elpa(z,1)pa(&, 1)] (4.12)
U, &1) = Elu(z, u(é, 1)
T(2,€) = BF(z,03(6,1)] ¥ >0.
Given that the stochastic perturbations ¥ are temporally independent, it can be shown

that the time evolution of the covariance operators are governed by the following operator-

valued, differential algebraic equations
EXE" = A XE" + EXAL + ByPB;
Y = CoXCE (4.13)
P=To),
where x is the adjoint operation and o is the Hadamard product; i.e. the element-by-

element multiplication of the kernels P(z,&;t) = T'(x, §)V(z, &; t).
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In order to study the MSS, we need to look at the steady state limit of the covariances.
We denote by the asymptotic limit of a covariance operator, when it exists, by an overbar.
That is

X = lim X(¢); Y= lim Y(t); P := lim P(t). (4.14)

At the steady state, the covariances become constant in time and thus their time deriva-
tives go to zero. Hence, the steady state covariances, if they exist, are governed by the
following operator-valued algebraic equations:

A XE + 52244; + ByPB; =0

Y = ECXC (4.15)

P=To).
In the next section, we will use (4.15) to define a new operator as a tool to check the

boundedness of the steady state covariances.

4.2.3 Loop Gain Operator & MSS

Using (4.15), define the loop gain operator Lp, parametrized by the perturbation

covariance I', as
_ _ 75011‘5 =To (CO)ECE;)
]L’I‘(Pin) = 7Dout — (416)
ASXE" + EXAL + BoPuBy = 0.
The MSS condition is given in terms of the spectral radius of the loop gain operator as
explained next.

Theorem: Consider the system in Figure 4.2 where 7 is a temporally independent
multiplicative noise, interpreted in the sense of Ito, with instantaneous spatial covariance
I, and M is a stable causal LTI system. The feedback system is MSS if and only if the
spectral radius of the loop gain operator is strictly less than one, i.e.

p(Ly) < 1, (4.17)
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where Ly is defined in (4.16) and p(Lr) is its spectral radius.
The proof of this theorem is given in Chapter 2. This theorem will be used to find

an upper bound on the perturbation constant € above which MSS is violated.

4.2.4 Worst-Case Covariances

The loop gain operator maps a covariance operator P, into another covariance op-
erator P.y. Hence, the eigenvectors of Lp are themselves operators. When a finite
dimensional approximation of Lp is carried out using some numerical method, these
eigenvectors can be approximated as matrices. We are particularly interested in the
eigenvector (or eigen-operator) of Ly associated with the largest eigenvalue because it
has a significant meaning explained in this subsection.

First, since the loop gain operator is a monotone operator [3], it is guaranteed to have
a real largest eigenvalue equal to p(Lr). It is also guaranteed that the eigen-operator
associated with the largest eigenvalue is positive semidefinite, i.e. there exists a positive

semidefinite covariance operator P such that
Lr(P) = p(Lr)P. (4.18)

Note that P is the operator counterpart of the Perron-Frobenius eigenvector for matri-
ces with non-negative entries. Refer to [3, Thm 2.3] for a proof of the aforementioned
guarantees. If the stability condition (4.17) is violated, P will be the covariance mode
that has the highest growth rate, hence the name “worst-case” covariance. This provides
information about the locations on the BM that are more likely to destabilize due to the
stochastic perturbations of the gain. Particularly, since we are interested in the insta-
bilities at the BM, the worst-case covariance of the BM vibrations, denoted by U, can

be computed by propagating the worst-case pressure covariance P through the cochlear
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dynamics (at steady state) as follows

A XE 4 EXAL + ByPBy =0
(4.19)
U = cXcr,

where X denotes the worst-case covariance operator corresponding to the state space

variable ).

4.3 Instabilities in Linearized Cochlear Dynamics

This section contains the main results on the effects of stochastic uncertainties on
cochlear instabilities. The analysis is carried out for three different scenarios of the

perturbation covariance I'(z, £):
e S;: spatially uncorrelated uncertainties, i.e. I'(z,£) = 6(x — &)

e S,: spatially correlated uncertainties with a correlation length A, ie. T'(z,§) =

oAl —§)

e S;: spatially localized and uncorrelated uncertainties, i.e. I'(x, ) = ¢, (x — p)o(x —

£),

where ¢, and ¢, are the Gaussian kernels defined in (4.5) such that A is the spatial
correlation length and o is the spatial localization length. In the subsequent analysis,
scenarios S; and S, are treated simultaneously because, in both cases, the perturbation
covariance is a Toeplitz operator since I'(z, £) depends solely on the difference z —¢ rather
than the absolute locations x and £. However, in scenario Ss3, the perturbation covariance
is spatially localized and T'(z, ) depends on the absolute locations, and thus it is treated
separately in subsection 4.3.4. Recall that the linearized cochlear dynamics excludes

micro-mechanical spatial coupling along different locations of the BM; whereas, scenario
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Sy sort of reintroduces spatial coupling via the spatial correlations of the stochastic active
gain.

The condition of MSS (4.17) can be rewritten as

€< Wr), (420)

for scenarios Sq,Ss and S3. This bound is the maximum allowed perturbation in (4.9)
such that MSS is maintained. In this section, we compute the upper bound on € and the

“worst-case” covariance U for the linearized cochlear dynamics.

4.3.1 Numerical Considerations

This section describes the numerical considerations of the model and the numerical
method used to compute the spectral radius and worst-case covariance of Ly.

The numerical values of the parameters in this paper are taken from Table I in [39]
for the linear cochlea. However, the expectation of the gain coefficient, 7(z), (which was
considered to be spatially constant in [39]) is left as a spatially distributed parameter
to be tuned. The fluids block in Figure 4.1(a) considered here is the one dimensional
traveling wave as described in Appendix-5.A. A spatial discretization grid of step size
A, := L/N,, where N, = 400, is used to give a finite dimensional approximation of the
operators (as matrices) describing the dynamics in Figure 4.2 (refer to Appendix-5.B).

Special care has to be taken when dealing with spatially white continuous processes
(Scenario S;). Let I' denote a matrix approximation of the uncertainty covariance oper-

ator I' and approximate the Dirac delta function as

d(z) ~ A—rectAm (x)

(4.21)

1, if — &=

IA
8
IN

N’

such that, recta, := 7

0, otherwise
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Hence, the finite dimensional approximation of the perturbation covariance needs to be

scaled with the discretization step A, as follows

'=—1I 4.22
A ? ( )

x

where [ is the identity matrix.

Furthermore, our analysis requires the computation of the largest eigenvalue of the
loop gain operator and its associated eigenvector (or eigen-operator). The matrices that
approximate the spatial operators have a size of (4(N, + 1) = 1604), and keeping track
of the underlying sparsity of all the approximated operators is essential for carrying out
the computations efficiently. Note that to maintain the sparsity of (4.16) for scenario S,
we use a truncated Gaussian kernel to approximate ¢, given in (4.5), i.e. ¢y(z — &) =~
0, for |z — &| > d, where d is a pre-specified constant that represents a compromise
between computational accuracy and sparsity. Finally, the power iteration method is
employed for eigenvalue and eigenmatrix computations as recommended by [53]. This

requires solving the Lyapunov-like equation in (4.16) at each iteration.

4.3.2 Stochastic Gain Coefficient with a Spatially Constant Ex-

pectation

In this section, we set the expectation of the gain coefficient to one everywhere along
the BM, i.e. J(z) = 1. To study the effects of the spatial correlations in the gain
coefficient, we compare scenarios S; and S, by keeping in mind that S; can be seen as a
special case of Sy at the limit when A goes to zero. First, we compute the upper bounds
on € in (4.20) such that MSS is maintained. Then we compute the worst-case covariance
U in (4.19).

By applying the power iteration method on (4.18), we compute the spectral radii

p(Lr) and their associated eigen-operators P for scenarios S; and S, with different cor-
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relation lengths A\. Then, (4.20) yields the upper bounds on €. The results are illustrated
in Figure 4.3 showing the small upper bounds on e. This reflects the high sensitivity of
the model to such stochastic perturbations. As one would expect, a larger correlation

length A\ requires a larger perturbation to destabilize the linearized cochlea.

.  x10°
512" |
= 0.9 Unstable
= 09+ -
g Stable
M 0.6 8
5 —Correlated Perturbations
& 0.3 O Uncorrelated Perturbations
D 0< | | | | | |

0 5 10 15 20 25 30 35

Correlation Length A, [mm]

Figure 4.3: Mean Square Stability Curve: Upper bound on the perturbation parameter, €, of the
stochastic gain (4.8) whose expectation is (x) = 1. The black dot corresponds to scenario S; (uncorre-
lated gain perturbations) and the solid black line corresponds to scenario Ss (correlated gain perturba-
tions) for different spatial correlation lengths A. The figure shows that larger correlation lengths make

the model more immune to stochastic perturbations.

The eigen-operator P computed by the power iteration method is the worst-case
pressure covariance. The corresponding worst-case covariance of the BM displacement
U is then computed using (4.19). Figure 4.4(a) shows U for scenario Sy, zoomed in for
0 <z, < L/10. The intensity plot shows two sets of axes. The first axis represents the
location on the BM and the second represents the corresponding characteristic frequency
at each location, calculated using the Greenwood location-to-frequency mapping [27].
Observe that the covariance is band limited and the diagonal entries are dominant near
the stapes (r = 0). This shows that instabilities essentially occur at high frequencies.

Figure 4.4(b) plots the diagonal entries of U for scenarios S; and S, for different correla-
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tion lengths A. A smaller correlation length gives a slightly broader spectrum of unstable
frequencies. However, for small ¢, the effect of the correlation length on the shape of the
unstable BM modes is negligible. This is illustrated in Figure 4.4(c), where the dominant

eigenfunction of U is plotted for different cases.

4.3.3 Stochastic Gain Coefficient with a Spatially Varying Ex-

pectation

This section shows that the frequencies of instabilities (or, equivalently, the locations
on the BM) can shift depending on the shape of the expectation of the gain coefficient

7(zx). For illustration purposes, four different profiles of 7(z) are generated as

_ tanh(z/10) + 8
~ tanh(L/10) + 8’

Yo() (4.23)

where x and L are expressed in mm and § = 0, 2,4 and 6. First, we show the MSS curves,
similar to Figure 4.3 for the four different profiles generated using (4.23). Figure 4.5(b)
clearly shows that the shape of 7(x) affects the margin of MSS. Particularly, the larger the
dip in the gain coefficient, the higher € needs to be to destabilize the linearized dynamics
in the MSS sense.

Since the correlation length for small values of € has a negligible effect on the shape of
the unstable modes as shown in Figure 4.4(c), we only present the worst-case covariances
for scenario S;. In fact, the correlation length only affects the margin of stability as
illustrated in Figure 4.5(b). Figure 4.5(c) depicts the dominant eigenfunctions of U for
the four different profiles of 7(z). Clearly, the peaks of the unstable modes of the BM
shift depending on the shape of ¥(x). In fact, as the dip in J(x) is increased, the peaks

shift farther from the stapes resulting in instabilities of lower frequencies.
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4.3.4 Stochastic Gain Coefficient with a Spatially Localized Co-

variance

We now treat the case where the gain coefficient v(z, t) in (4.9) has a spatially constant

expectation, but spatially localized covariance given in scenario Ss, i.e.

Yz)=1 —and  T(z,8) = do(z — p)o(r - ),

for different values of o and p. Observe that for this form of I'(x, &), the covariance is
localized around p. Hence, this section investigates the cochlear instabilities that emerge
as a result of stochastic perturbations localized around a particular location on the BM.

In particular, we are interested in tracking the unstable BM modes for different values
of 1 and o, where p is the location of the perturbation and o represents the local spread
of the perturbation in the neighborhood of p. Following the same calculations of the
previous sections, we compute the dominant eigenfunction of the worst-case covariance
of the BM displacement U for different values of 1 and . The results are depicted
in Figure 4.6. Observe that localized perturbations of the active gain coefficient at
some location p of the BM causes instabilities in that neighborhood. Particularly, for
relatively small spread o = L/100, the instabilities emerge at the same locations of the
perturbations as shown in Figure 4.6(a). However, as the spread of the uncertainty is
increased up to ¢ = L/30 and L/10, the location of the instability shifts towards the
stapes. In fact, the wider the spread the larger the shift is as illustrated in Figures 4.6(b)
and (c).

This “basal shifting” resembles the phenomenon of detuning observed in the cochlea.
Acting as a frequency analyzer (or “inverse-piano”), each location on the BM vibrates in
response to a sound stimulus at a particular frequency. Thus, the BM has a frequency-
to-location map such that every stimulus frequency has a preferred place on the BM

called Characteristic Place (CP). The detuning phenomenon is observed as the shifting
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of the CP towards the stapes as the intensity of the stimulus (in dB) is increased. In
this section, we showed that increasing the spread of the stochastic perturbations also
shifts the BM vibrations towards the stapes. Nonlinear dynamics are necessary to model
the detuning phenomenon. However, modeling this “detuning-like” phenomenon doesn’t
require nonlinearities, instead a locally perturbed active gain is sufficient to explain it.
It is believed that these instabilities in the BM reflect back to the middle ear causing
SOAEs [49]. It is also believed that if these BM vibrations are intense enough, they can
be perceived as tinnitus. Our results suggest a mechanism that explains the frequencies
that can be detected in the ear canal due to SOAEs and/or perceived as tinnitus. As
a matter of fact, the shape of the statistics (expectation and covariance) of the gain
coefficient is a factor that controls the bands of the frequencies that are emitted as
SOAEs. These emissions arise due to (a) spatially variant inhomogeneities along the
cochlear partition and (b) temporal stochastic perturbations that give rise to structured

stochastic uncertainties.
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Figure 4.4: Figure (a) shows an intensity plot of the worst-case covariance U for scenario S; (uncorre-

lated gain perturbation) zoomed in for 0 < z,£ < 3.5 mm. The axes correspond to the physical location

z in mm on the BM and

the corresponding characteristic frequency f in kHz. Figure (b) shows the

diagonal entries of U for scenarios S; and S, for different correlation lengths A. Figure (¢) depicts the

dominant eigenfunction of U for the different cases indicating the insignificant effect of A on the shape

of the dominant eigenfunc

tions.
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Figure 4.5: Mean Square Stability Curves for different gain coefficient expectation profiles: Figure(a)
shows four different profiles of ¥(x) generated as examples of spatially varying gain coefficients using
(4.23). The same values of § are used in figures (b) and (c). Particularly, Figure(b) shows the upper
bound on the perturbation parameter e for the corresponding profiles of ¥(x) in Figure(a). The circles
correspond to scenario S; (uncorrelated gain perturbations) and the solid lines correspond to scenario
Sy (correlated gain perturbations) for different spatial correlation lengths A. Figure (¢) shows the
eigenfunctions of the worst-case covariance operator U corresponding to the different profiles of 7(z).

The peaks of the eigenfunctions shift consistently with the shape of the gain profiles.

81



Mean-Square Stability Analysis of the Cochlea Chapter 4

o =L/100
E 20 10.3 51 25 12 0.5 0.2 0.02
=) T T T T T T 1
g J [kHz] — = 2L/5
0.8r K
é —un=1L/2
£ 0.5r —u=3L/5
.éo 0.2 Ik
3 01f I LA | L
g .04 L L ) mml L L |
A 0 5 10 15 20 25 30 35
(a)
oc=1L/30
E 20 10.3 51 25 12 0.5 0.2 0.02
=) T T T T T T 1
g J [kHz] — = 2L/5
0.8r K
é —un=1L/2
g 0.5r —u=3L/5
2 02F
[€a)
£-01f
E -0.4 I I ) [mml I I |
A 0 5 10 15 20 25 30 35
(b)
oc=L/10
E 20 10.3 51 25 12 0.5 0.2 0.02
=) T T T T T T 1
g J [kHz] — = 2L/5
0.8r K
é —un=1L/2
_g 0.5r —u=3L/5
2 02F
[€a)
£-01f
E -0.4 I I ) [Inml I I |
A 0 5 10 15 20 25 30 35

()

Figure 4.6: Eigenfunctions of the worst-case covariance operator U for different localized gain co-
efficient perturbations. These figures show the dominant eigenfunctions of the worst-case covariance
operators for three different values of p and o. Particularly, in each figure, we fix ¢ and vary p. Each
thin curve represents a particular uncertainty spread function ¢, (x — ) (not drawn to scale in the
vertical axis) and each thick curve (with the same color) represents the corresponding dominant eigen-
function of the worst-case covariance operator. This figure illustrates the “basal shifting” observation

that resembles the phenomenon of detuning.
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Chapter 5

Nonlinear Stochastic Simulation of

the Cochlea

In the previous chapter, the MSS analysis is carried out on the linearized dynamics. In
this chapter, we carry out stochastic simulations of the nonlinear model to validate the

predictions of our analysis of the linearized dynamics.

5.1 Nonlinear Descriptor State Space Formulation in
Continuous Space-Time

We first start by formulating the nonlinear dynamics in a DSS form similar to that
given in section 4.1.2. Recall that, the nonlinear deterministic active gain is given by
(4.3) with ~(z) representing the gain coefficient. To include stochastic perturbations, we

substitute (4.8) in (4.3) so that the nonlinear stochastic active gain can be written as

V(@) + ey (x, 1)
1+0 [, (?3_22)] (z,1)

_. (wx) m(m)) ()] (1)
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Recall that @, is the Gaussian spatial operator given by (4.4), § = 0.5, R = 1 nm and
n = 0.5345 mm. By substituting (5.1) in (4.2), we can rewrite the nonlinear model in a

nonlinear DSS form as

£ 0 0(a,1) = (Ay(u) + Bo(w)Co) v, 1), (52)

where As (u) := Ag+B,(u)7Co and By (u)7Co are nonlinear spatial operators that represent
the deterministic and stochastic portions of the dynamics, respTectively. Note that &, Ay,
and Cy are all defined in (4.7), and Z’S’O(u) = {0 0 G(u) 0] . Therefore, (5.2) repre-
sents the nonlinear stochastic dynamics given in a DSS operator form, where the spatial
variable is continuous. This is really a Stochastic Partial Differential Equation (SPDE)

that needs to be discretized in space and time in order to carry out our simulations.

5.2 Description of the Numerical Method for Simu-
lations

In this section, we discretize (5.2) in space and time so that numerical simulations
become fairly straightforward to implement. On a side note, if the stochastic perturbation
7 = 0, (5.2) becomes a deterministic Partial Differential Equation (PDE). This can
be easily integrated by discretizing space using a spatial grid, and then employ a time
marching solver such as ODE45 in MATLAB. However, for an SPDE; one has to carefully
treat the scaling of the covariances with the discretization steps.

Space and time are discretized as x; = 1A, and t, = n/; with discretization steps
A, = L/N, and Ay = t;/N; for i = 0,1,..., N, and n = 0, 1, ..., Ny, where ¢; is the final

time. Let the BM and TM displacements on the discretized space-time grid be denoted
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by the vectors u, and v, € R¥*! respectively such that

U, = [u(xg,tn) u(watn)]T
v, = [U@O,tn) U(watn)]T.

Then the discretized state space variable can be expressed by v, € R*Net1) a5

For scenarios S; and S3, 4(x,t) is a zero-mean white process in space and time. It can

be approximated at the spatial grid points {z;},—01..n, and at time ¢, as follows

T
1
oo t) A t) %m’tn)} v v

where w,, € RM*! is a zero-mean Gaussian random vector with a covariance matrix
E [w,wl] = I for S; and E [w,wl] = D <[¢a($o—,u) o BT, —M)}> for Ss,
where D is the diagonal operator such that D(w,,) is a diagonal matrix with w,, arranged
on its diagonal entries.

For scenario Sg, 7(x,t) is a stochastic process that is white in time but “colored”
in space with a spatial covariance I'(z, &) = €2¢y(x — £). In this scenario, the noise is
smooth in space and there is no need to scale the covariance by the spatial discretization

step. More precisely, ¥(x,t) can be approximated as

T
1
Y(To,tn) Y(x1,tn) - V(XN I N ——=Wp,
Y(@o,tn) (@1, tn) (TN, tn) VA,
where E [wnwg } is now a symmetric matrix whose (i, 7)™ entry is given by ¢x(z; — z;).

Therefore, a first order approximation of (5.2) can be carried out in the spirit of the

Euler-Maruyama method [43] to obtain

Etbnir = By + AyAs ()Y + aBo(u,)D(w,)Cothy (5.3)
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where o = e\/m for S; and S3; and o = /A, for Sy. The matrices E, A5 (u,), Bo(un)
and Cy are all finite dimensional approximations of the operators &, A5 (u), Bo(u) and Co,
respectively (Appendix-5.B). Equation (5.3) represents the recursive numerical methods
nl

to solve (5.2) for all three scenarios with the right choice of o and E[w,w,,

5.3 Simulation of the Nonlinear Stochastic Model

To validate our MSS analysis of the linearized dynamics and evaluate how well it
copes with the nonlinear dynamics, we carry out a simulation of (5.2). This section
considers scenario S;. Hence, the numerical method used here is that given in (5.3) for
a = e2\/AJA, and Elw,w!] = I.

The nonlinear stochastic simulation shown here is for ¥(z) given in (4.23) with g = 2.
All other scenarios are in agreement with our MSS analysis; however, this particular case
study (5 = 2) is chosen here to illustrate the effectiveness of our analysis. Observe using
Figure 4.5(b) that for 8 = 2, the MSS condition is violated if € > 9.1 x 107%. We choose
€ = 1.1 x 107 which slightly violates the MSS condition for the linearized dynamics
and allows the nonlinearity to kick in and saturate the response. The spatio-temporal
response of the BM is depicted in Figure 5.1(a) for ¢ € [0,%;] with ¢; = 200 ms. The
response is maximal in a band limited region 10 mm < x < 20 mm which corresponds to
a frequency range of roughly between 1 kHz and 5 kHz. To be more precise, we compute
the empirical covariance Ugp, (2, €) as follows

1 [
Ugmp(2,€) = E/o uw(z, T)u(E, 7)dT. (5.4)
The time averaging replaces the expectation assuming ergodicity. Figures 5.1(b) and (c)
compare the empirical covariance to the predicted worst-case covariance. By visual in-

spection, we observe that the empirical results are in good agreement with our theoretical
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predictions. For a more precise comparison, we plot the first twenty dominant eigenvalues
and first three dominant eigenfunctions of both the predicted and empirical covariances
in Figure 5.1(d). This eigen-decomposition is referred to as the Karhunen-Loéve de-
composition. The eigenfunctions are the modes of BM vibrations that have the highest
growth rate and are more likely to destabilize for small perturbations of the active gain.
The plots doesn’t show any significant difference between the empirical and theoretical
results. In fact, although the nonlinear active gain slightly deforms the response, but its
fundamental role (in the absence of a stimulus) is to saturate the linearized instabilities

to form oscillations that remain bounded in time.

5.4 Discussion

The mechanisms underlying cochlear instabilities such as SOAEs and tinnitus are
still controversial and not well understood. This work suggests a new possible source of
cochlear instabilities: spatio-temporal stochastic perturbations of the active gain.

It is widely accepted that Outer Hair Cells (OHC) are responsible for the active gain
in the cochlea. This work proposes a simulation-free control theory framework to analyze
the effects of small stochastic perturbations that may occur on the level of the OHCs.
These perturbations can have several physical origins such as noisy nearby neuronal
activities, cellular activities, blood flow, etc...

Studying the effects of randomness in the active gain is not new [24], [39]. However,
the previous studies on this matter considered random spatial perturbations that are
time-invariant. This type of randomness is referred to as “frozen” or quenched disorder
in the statistical physics community. In fact, [39] investigated the effects of the frozen
spatial randomness by carrying out Monte Carlo simulations to study the statistics of the

instabilities. However, to achieve a broad spectrum of unstable frequencies, the authors
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allowed severe perturbations of the active gain which is not realistic. Without these severe
perturbations, the unstable frequencies would be limited to a band of high frequencies
only (Section 4.3.2). This doesn’t agree with the experimental observations where, for
example, SOAEs are mainly found between 0.5 and 4.5 kHz.

A more realistic case is to treat the active gain as a stochastic process, where the
randomness may occur in space and time, simultaneously. In addition to that, only small
perturbations of the active gain are considered (three to four orders of magnitude less
than [39]). A major advantage of our analysis is that it is simulation-free and no Monte
Carlo simulations are required to study the statistics of the emerging instabilities. In
our analysis, we also show that the band of unstable frequencies can be controlled by
the tuning of the structural parameters of the cochlea such as the active gain coefficient.
Hence, we show that even for very small perturbations, the unstable frequencies can
be shifted dramatically. Furthermore, examining localized stochastic perturbations in
the active gain allowed us to observe local instabilities that shift toward the stapes as
the localization length or spread is larger. This observation resembles the detuning

phenomenon present in the cochlea.

5.5 Conclusion and Future Work

This paper examines the instabilities that occur in the linearized dynamics due to
spatio-temporal stochastic perturbations in the distributed structure of the cochlear par-
tition. The simulation-free analysis is carried out through a structured stochastic uncer-
tainty framework. It is shown that the spatial shape of the expectation and covariance
of the gain coefficient affect the locations of the instabilities on the basilar membrane.
These instabilities eventually saturate to form bounded oscillations due to the saturation

nonlinearity of the active gain (4.3) producing spontaneous basilar membrane vibrations.
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It is believed that these instabilities are reflected to the middle ear as spontaneous otoa-
coustic emissions (SOAESs) [49] with frequencies corresponding to the location of the
instability on the basilar membrane. This analysis also suggests an explanation of one
possible source of tinnitus, which is less addressed in the literature. Particularly, if the
spontaneous BM vibrations were intense enough, they may be perceived as tinnitus.
Future work will address instabilities that may occur due to stochastic uncertainties in
structural parameters other than the active gain coefficient, such as the cochlear fluid

density.
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Figure 5.1: Nonlinear Stochastic Simulation. Figure (a) shows the BM response to spatially uncor-
related stochastic active gain (scenario S;) with an expectation given by (4.23) where 8 = 2 and a
perturbation of € = 1.1 x 1075. Figures (b) and (c) show a comparison between the empirical and
predicted covariances. The predicted covariance is computed for the linearized dynamics via the power
iteration method applied on the loop gain operator (4.16). The empirical covariance is computed using
the data obtained from one nonlinear stochastic simulation using (5.3) and integrated in time using (5.4)
assuming ergodicity. Figure (d) shows a comparison between the dominant eigenvalues/functions of the
empirical and predicted covariances shown in Figures (b) and (c), respectively. This eigen-decomposition
is referred to as the KarhunenLove decomposition. Clearly the theoretical predictions match the em-
pirical data, thus suggesting that the nonlinearities only saturate the response without significantly

deforming the waveforms. 90



Appendix

5.A Mass Operators

The fluids block in Figure 4.1(a) can be modeled in 1D, 2D, or 3D. In two dimen-
sions, Navier-Stokes equations boil down to the Laplace equation with the appropriate
boundary conditions as shown in [41]. This simplification is valid under the assumptions
of incompressible, inviscid fluid where the magnitude of the vibrations of the membranes
are negligible relative to the dimensions of the cochlea. These assumptions make the
fluid block in Figure 4.1 memoryless and amenable to be represented by the two linear
spatial operators M and M in (4.1). In this paper, we give these operators for the 1D
case only. Higher dimensions can be treated similarly. As in [19], the fluid block in 1D
can be represented by the traveling wave equation as follows

o2 9 %p(O,t) = 2p3(t)

bl t) = E'oii(:c,t); (5.A.1)
p(L, t) =0,

where p is the density of the fluid, H is the height of the fluid chamber and L is the

length of the BM. This is a linear system with two inputs: % and §. It can be shown that
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the solution of (5.A.1) is

Myil(e, 1) = =20 S () (b, 1) (5.A2)

[M3](t) := 2p(L — 2)5(2),

where (.,.) denotes the inner product in the space of square integrable functions over

A =—(n+ %)22—2 > Op(2) = \/%cos Kn—l— %) %x} :

for n =0,1,2,... It is fairly straightforward to verify that (5.A.2) is indeed a solution by

[0, L], and

substituting in (5.A.1).

Finite dimensional approximations can be obtained by representing M; and M, by
the matrix M; € RWeHtDxNetD) and the vector M, € RN=*1 respectively, where N, +1 is
the spatial grid size that discretizes the spatial variable x. This is done by truncating the
sum and by using a quadrature rule to compute the inner product (or simply a trapezoidal
rule). Note that finite difference methods, in the spirit of [19] and [46], can also be used
to approximate the mass operators. However, the spectral method we presented here

provides a better and more efficient approximation.

5.B Matrix Approximation of Spatial Operators

Let the matrices

F, € R(Nz+1)><(Nz+1); Ay € R4(Nz+1)x4(Nz+1);
B, € R4(Nz+1)><(Nz+1); Bo(un) c R4(Nz+1)><(Nz+1);
Co € RWet)x4Nat1). E € RANaF1)x4(NartD).
A (u,) € RV xAWNe+1)
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be the finite dimensional approximations of the spatial operators ®,, .4, By, [;)[)(U), Co, &
and A (u,), respectively. Using the trapezoidal integration rule on (4.4), we can construct

the matrix F), as
~ -1 .
F,=D(ET1) AT,

Nz+1)x(Ng+1

where D is the diagonal operator, Fn e R ) and its (i,7)™" entry is defined

o (i QL%
as (Fn> = ¢ 079 "2, 1 € RM*! is a vector whose entries are all ones and T €
ij

RWeHD)x(Net1) g g diagonal matrix defined as

ren(fy 11 1))

Furthermore, define the following diagonal matrices € R(Ve+1)x(Nat1)

Kl = D ( kl(xO) s kl(flsz)}) ) l = 17273’4;

Cl =D ( Cl(x(]) N Cl(er):|) s [ = 1,2,3,4;

D5 =D (_7(900) V(INx)]> )

1
é(un) =D (1 + %Fn(un o un)> ,

where o is the Hadamard (element-by-element) product. Therefore

I 0 0 0 0
0 I 0 0 0
E = 5 B = 3
00 $mI+M; 0 — M,
00 0 mol 0
0 0 I 0
0 0 0 1
AO = )
—4(Ky + K3) K3 —2(Cy + C3) Cs
I 7K — (K3 + K3) 705 —(Cq +Cg)_
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T
BO = [O 0 I O} ) C10 = [QK4 —K4 304 —04 ;

By(un) = {0 0 G(uy) Or;

A5 (up) := Ao + Bo(un)D5Co.

5.C System Linearization

The only nonlinear portion of the dynamics appears in the active gain given by (4.3).
Thus, to linearize the dynamics around the origin, it suffices to linearize the active gain.
Up to first order, the active gain can be expanded around some u, by letting u := u + eu.

The expansion is given by

G(u) = 6(a) + < | 5.6(0)| (@) + O(e)

where [2G(u)] (@) is the Fréchet derivative in the direction of @. It can be calculated as

follows

ou
_ﬁ 7P, (ut)
B (1460, (£))°

To linearize around the origin, we set & = 0. This yields

G(0)=~  and [%g(oﬂ (@) = 0.

Therefore, up to first order, the linearization around the fixed point of the active gain is

G(u) = v+ O(?).
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5.D Equivalent Rectangular Bandwidth

The width, 1, of the Gaussian kernel in (4.5) controls the spatial coupling length along
the BM. The numerical value of 7 in this paper is chosen based on the critical bands in
the cochlea. In psychoacoustics, the concept of critical bands was introduced by Harvey
Fletcher in 1933. He described the bands of audio frequencies within which two tones
interfere in the perception of each other, thus indicating the length of spatial coupling
along the cochlea. This band, which is termed Equivalent Rectangular Bandwidth (ERB),
is believed to be equivalent to 0.89 mm on the BM [45].

We model the spatial coupling along the BM using a Gaussian kernel as shown in
(4.3-4.5). Hence, we require to calculate the width 1 of the Gaussian kernel that fits an

ERB of 0.89 mm as shown in Figure 5.2. It is fairly straight forward to calculate 7, by

3dB by(x) = Norsd

‘¢7/(3‘7)

ERB = 0.89 mm

0 T

Figure 5.2: Equivalent Rectangular Bandwidth (ERB). The spatial coupling in the micro-mechanical

stage is modeled using a Gaussian kernel whose width is chosen to respect the ERB in the cochlea.

setting ¢, (0.89/2) = “2¢,(0), we get 1 = 0.5345 mm.
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Function Space Approach to
Numerical Methods in Optimal

Control
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Chapter 6

Introduction, Notation &

Preliminaries

The goal of optimal control is to design a control input for a given dynamical system,
so that a cost functional is optimized. In most applications, optimal control problems
(OCPs) cannot be solved analytically due to their mathematical complexity; instead,
numerically methods are designed to obtain approximate solutions. The objective of this
paper is to derive various numerical methods (first and second order) to solve OCPs using
a function-space approach. Some of the numerical methods derived in this paper already
exist in the literature [55]. However, our goal is to unify the framework upon which the
various numerical methods are based on. In fact, the results are re-derived by (1) treating
the OCP as an optimization problem in function space, and (2) exploiting the special
structure (control-state dynamics) of the optimization problem. This approach gives rise
to the definition of various system and projection operators that make the derivations
conceptually transparent. It also facilitates the classification of the various methods and
uncovers the connections between them. Furthermore, the function-space approach builds
useful geometric intuitions that inspire the development of new projection-based methods.
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Particularly, this paper develops a preconditioned constrained-gradient descent (PCGD)
method which is based on projected gradient descent in infinite dimensional optimization
problems [61]. The key is to exploit the special structure of OCPs to precondition the
state-control space, and thus achieving a higher convergence rate than the well known
gradient descent method [37].

A projection-based approach was proposed by Hauser [29], where the dynamically
constrained optimization is transformed into an unconstrained one by using a particular
trajectory-tracking, nonlinear, projection operator. A Newton method is then applied to
solve the resulting unconstrained optimization problem. Although the projection opera-
tor adds more computational cost, the convergence is guaranteed to be quadratic in the
vicinity of the solution [29]. Hauser’s method approaches the optimal control problem by
treating the dynamical system as a manifold in a Banach space as developed in [30]. In
this paper, we extend Hauser’s method to encompass a more general class of projection
operators. Furthermore, we show that the PCGD method yields a particular algorithm
that lies in the family of Quasi-Newton methods explained by Hauser. In fact, we carry
the dynamical constraints throughout without the calculation of second derivatives of
the dynamics (as Newton methods require). This allows us to give a geometric interpre-
tation for the method as a constrained-gradient descent, after preconditioning of the cost

functional.

6.1 Problem Statement, Notation & Preliminaries

This section is devoted to define some useful notation that is adopted throughout
the paper. The notation is essentially introduced to pose the standard optimal control

problem, using operator language, in function space. Let z(t) € R™ and u(t) € R™ denote

98



Introduction, Notation & Preliminaries Chapter 6

the state and control variables for 0 <t < T', respectively. Consider the general OCP

minimize J(x,u) = /TL(x(t),u(t))dt + ¢(2(T))

o 0 (6.1)
subject to @(t) = f(z(t),u(t)); z(0) = o,

where f: R" x R™ — R"”, L : R® x R™ — R", and the terminal cost ¢ : R® — R are all

twice differentiable functions, and @ € R" is a given initial condition. Furthermore, & (¢)

denotes the time derivative of z(¢). Note that the results in this paper are also applicable

to the case where f and L explicitly depend on time.

To rewrite (6.1) using operator language in function space, we let .20, T'| denote the
set of n-vector-valued, square-integrable functions over the time interval [0,7]. We use
the letters z € L2[0,7] and u € 1L2,[0,T], without the time argument, to represent the
state and control variables as functions of time. Furthermore, let z := (z,u) = {x* u*] *
denote the state-control pair, where x* denotes the transpose of . Note that the paren-
theses and vector notation for pairing x and u (to form z) is interchangeably used through-

out the paper for convenience. Define the time derivative operator D : X — L2[0, 7] as

[Dz](t) := x(t), where X C L2[0,T] is the domain of D defined as
X:={x €L2[0,7]): Dx € L2[0,T], (0) = zo}.

Note that D is a differential operator that is bounded on its domain (by construction), and
it imposes a Dirichlet boundary condition on the dynamics. Let C denote the nonlinear

dynamical constraints operator, that acts on z as

C:XxL2[0,T] — L2[0,T]
(6.2)
C(z) := f(z) — Da.

Therefore, the optimal control problem (6.1) can be rewritten as

minimize J(2)
‘ (6.3)
subject to C(z) =0,
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where the nonlinear cost functional J : L2 [0, T] — R is twice differentiable. The rest of

n+m

this section introduces more definitions and notation that are useful to derive the various

numerical methods using a function-space approach.

6.1.1 Inner Product

Let (.,.) and (.,.)g. denote the usual inner products in L2[0, 7] and R", respectively.

That is, for any z,y € L2[0,T] and v,w € R", we have

(x,y) ::/0 x*(t)y(t)de, (U, W)pn =V W.

In this paper, we consider real function spaces and thus the order in the inner products

is not significant.

6.1.2 Differential Operators

In addition to D, define the following time derivative operators Dy : Xy — L2[0, 7]
and Dr : Xy — L2[0,T], where
Xo :={z € L2[0,T] : Doz € L2[0,T], z(0) =0}
Xy :={z € L2[0,T]: Dz € L2[0,T], =(T) =0},
such that they have the same action as D, that is [Doz](t) = ©(t) and [Drx](t) = @(t),
but their domains of definition are different. Observe that the domain of D is an affine

subspace; whereas, the domains of Dy and Dy are linear subspaces. In fact, it is fairly

straight forward to see that the three operators are related as
GID = DO and DS = —DT, (64)

where 0, D and Dj denote the directional derivative of D and adjoint of Dy, respectively.

See Appendix 10.A for more details.
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6.1.3 Evaluation Operator & the Delta (Generalized) Function

Let St denote the evaluation operator that evaluates a bounded continuous function

in Xy at time ¢ = T'. That is, for any x € X, we have Spz := z(T"). Formally, we have
T
Spx = 2(T) = / 5(t — T)a(t)dt,
0
where ¢ is the Dirac delta function. Thus, the adjoint S} of Sy is given by
Sr(t)=06(t=1T), (6.5)

and with slight abuse of notation, we write (Srz, v)p, = (x,S;v) for any v € R™. Refer

to 10.B for a rigorous treatment that justifies this abuse of notation.

6.1.4 Subscripts & Superscripts

Throughout the paper, the subscript k is used to denote the iteration number of
the numerical methods. For example, 2;(t) denotes a vector-valued function at the k™

iteration. However, when there is a need to index the entries of the vector, we switch

(

notation to zik) where now the subscript i denotes the i'" entry, and the superscript

denotes the k™ iteration.

6.1.5 Partial Derivatives

Define the following partial derivatives, evaluated at a given zx(t) := {xz(t) UZ@)] ,

as
Qk(t) = 8§sz(t) e R™", Rk(t) = 85sz(t) S Rmej Nk(t) = &Cusz(t) e R™™,

O = [Oubuur)] ER", GF = iy r) € R,
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where for example, 9, L., ;) means the partial derivative (with respect to x) of L, evalu-

ated at 2;(t) := (21 (t), ug(t)), and the star denotes the transpose. Furthermore, define

. © | L)
Lk(t) = asz(t) = amsz(t) ausz(t) = >
Li(t)
Hy(t) := 0°L%, 4y = ' = ;
OuaL(ty DLzt Nii(t) R(t)

where the subscript of the partial derivative symbol “0” is suppressed to indicate the
total derivative (that is, the derivative with respect to all its arguments). Note that the
Hessians Hy(t), Qx(t) and Ry(t) are all symmetric matrices.

Now define the Jacobian of f evaluated at a given zx(t) as

Of oty = |:aa:fzk(t) aufzk(t):| = {Ak(t) Bk(t)} ;

where Ag(t) € R™™ and By(t) € R™*™. Furthermore, define the second derivative of f

evaluated at z; and acting on 2 as

() FP ()2 (t)

82fzk(t)(2(t)): ’ Fi(k)(t) — aﬁfl(zk@)) 8xufi(2k(t)) , (6.6)
: Ous filzk(t)) 02 fi2(t))

where f; denotes the i*" component of the vector-valued function f. Note that Fi(k) €
R+m)x(ntm) s the Hessian of the i*" component of f evaluated at z; and is symmetric.
To obtain a more compact notation, define the second derivative operator of f at z,
denote by Fi(t) := {Fl(k) (1), FQ(k)(t), o R (t)}, so that the second derivative of f can
be written as

O foniry ((1)) == Z*(t) Fi(t)2(t) € R, (6.7)
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which is nothing but a short notation for (6.6). This compact notation is particularly

useful to perform the following operation. For some A (t) € R", we have
#F®

(M, f2, (2)) = My 2 FZ) = <)\k7 : §> = <{F1(k)2 Fék)él )\k,5>

3 (k)

- <<Z ngugk>> zz> = (FihiZ, 2)
=1

where the operation Fj )\, is defined as

n

Fi®)Me(t) == > FP A" ). (6.8)

i=1

Finally, we obtain the compact equality

Oy 7 F2) = (Fodi, 3) . (6.9)

6.1.6 Geometric Notation

In this section, we introduce some geometric notation that is useful to provide geo-

metric interpretations of the relevant numerical methods developed in this paper.

e Dynamical Constraint Set:

Let 7T denote the set of trajectories satisfying the dynamics, that is
T = {z = (z,u) € X x L2[0,T] : C(z) = 0}.

e Trajectory Projection Operator:
Let II+ denote a nonlinear projection operator that acts on an arbitrary state-
control pair Z = (Z,4) to yield another pair z = (x,u) € T that are trajectories of

the dynamics as
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e Dynamical Tangent Space:

Let T, T denote the tangent space of T at z.
T. T :={2€Xyx L2]0,7T]:0C., (%) = 0}.
Note that T, 7 represents the linearized dynamics around zj.

e Oblique Projection Operator:
Let H% T denote a linear oblique-projection operator parameterized by H = H* >

0 that projects onto the tangent space 77, T .

1
H%kT(z) = argmin§<H(2 —Z),z— %)

st. 2eT,T.
Note that the projection becomes orthogonal if H is equal to the identity matrix.

In this case, the superscript H = I is dropped.

6.2 Brief Tutorial on Optimization in Function-Space

We give a brief review of how an unconstrained optimization in function space can be
(abstractly) solved using first and second order iterative methods. Consider a nonlinear
functional J : ¥ C LL2[0, 7] — R on some dense subspace of I.2[0, T, that is if n € U,
then J(n) € R. The goal is to find a particular function i that minimizes the cost

functional, that is

n = argmin 7 (7). (6.10)
1

An iterative method to solve (6.10) can be written, in general, as

Mer1 = M + QMg (6.11)
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that is, given the current estimate of the minimum 7, calculate an update direction 7
(at the current iteration k) and “move” along that direction in a step size of oy to obtain
a new estimate 7, 1. This iteration is repeated until a desirable convergence measure is
achieved. Therefore, the various numerical methods to solve (6.10) differ by the choice
of the update direction 7, at each iteration. We give two methods here: (a) a first order
method and (b) a second order method. Note that the step size ay can be chosen to be
a constant throughout all iterations, or can be designed using various schemes that exist
in the literature (e.g. [2]). Before we give a description of the two different methods, we

provide a brief review on gradients and Hessians of functionals.

6.2.1 Gradients & Hessians of Nonlinear Functionals

The directional (Gateaux) derivative of J, evaluated at 1, € U, acting on the direc-

tion of some 7} is defined as

e—0 €

Note that 0.7, is the gradient of J at n;. In fact, it is a linear functional whose action

can be expressed using an inner product (more precisely a bilinear form, see 10.B) as
ajﬁk(ﬁ) = <ajnk7 ﬁ> :

Furthermore, the second directional derivative of J, evaluated at 7, acting on the di-

rection of some 7) is defined as

82;777 (ﬁ) = llm aj’ﬂk‘Feﬁ (ﬁ) B ajnk (ﬁ) )

e—0 €

This can be seen as the directional derivative of the directional derivative of 7. Note
that 82jnk is the Hessian of J evaluated at 7. It defines a quadratic functional whose

action can be expressed as

82*7% (ﬁ) = <82‘777k777ﬁ>'
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Equipped with the gradient and Hessian of 7, the (abstract) numerical methods to
solve (6.10) can be developed as explained next. A first order method can be constructed
by picking the steepest descent direction (negative of the gradient) at each iteration, that

is
Mk = =0T, (6.12)

where 7, is the gradient of J evaluated at the current iteration 7. In fact, a necessary
condition of optimality is obtained by setting the gradient to zero, that is 07, = 0.

A second order method can be constructed by choosing the update direction as
- . 1 -
i = argmin T (k) + (0T, 1) + 5 <82jnkn, 77> , (6.13)
i

where 0.7,, and 97, are the gradient and Hessian of J evaluated at the current it-
eration 7y, respectively. In words, instead of solving the nonlinear optimization (6.10),
we approximate the nonlinear cost functional up to second order (linear-quadratic) and
thus solve a simpler linear-quadratic optimization at each iteration. This is referred to
as Sequential Quadratic Programming (SQP). In fact, the (abstract) solution of (6.13)
can be easily obtained by setting the gradient (with respect to 7)) of the linear-quadratic
cost functional in (6.13) to zero. This yields a linear equation to be solved for the update
direction 7

82*7% (ﬁk) = _ajﬂk' (6'14)

Note that this SQP is equivalent to solving the nonlinear equation giving the necessary
condition of optimality, 0.7, = 0, using a Newton iteration method (when oy, = 1).
This section gives two numerical methods to solve unconstrained optimization prob-
lems. However, the optimal control problem (6.3) has dynamical constraints. In this
paper, we show that the difference between various numerical methods in optimal con-

trol boils down to the technique of converting the constrained optimization given in (6.3)
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to an unconstrained one. That is, they differ by the way J is constructed. Once we have
an unconstrained optimization, the methods presented in this section can be directly

applied.

6.3 Gradient and Hessian of J

The gradient and Hessian of the cost functional J in (6.1) (or equivalently in (6.3)) are
given in this section, and will be used throughout the paper. The directional derivative

of J, evaluated at z = (xy,uy), acting on the direction of Z is calculated as

T
9.J.,.(2) =/ OL ., (yZ(t)dt + Op @y T(T') = (Li, 2) + (D), STT)gn = (L, Z) + (S70%, T)
0

X

0J

2k

g}

(2):< BTTTRL >=: (0., 7). (6.15)
Ly

See Section 6.1.3 for details on Sy and its adjoint 7. Equation (6.15) characterizes the

action of the gradient on Z.

The second directional derivative of .J, evaluated at zj, acting on the direction of 2

is calculated as

T
9*J,, (2) = / Z () Loy 2(t)dt + T (T) 2 (3 (T) = (HiZ, Z) + (37 Sr, SrE)gn
0

= (HyZ, 2) + (570} Sr%, 2)

R

N

T
82Jzk(2)=< O NT(b’“ ! Rk , >=: (02,5, 7). (6.16)
k k u

N

Equation (6.16) characterizes the action of the Hessian on Z.
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Lagrangian Approach

The goal of this approach is to transform the constrained optimization problem (6.3) into
an unconstrained one using the Lagrangian, that is we let J be the Lagrangian. Then
we apply the machinery explained in Section 6.2 to solve the resulting unconstrained
optimization.

Define the Lagrangian as
T(z,A) = J(z) + (C(2), \), (7.1)

where A(t) € R" is a Lagrange multiplier. To develop numerical methods using this

approach, we calculate the gradient and Hessian of the Lagrangian J.

7.1 Gradient of the Lagrangian

The gradient of the Lagrangian 7, evaluated at (zj, Ax), is a linear functional. Tts
action on a given (2, \), where Z := (%, 1), is calculated next. Starting from (7.1), we

have

8*7(%7%)(27 5‘) = 82‘7(2%7)%)(2) + 8/\*7(21«,)%)(5‘)
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= OJ, (3) + (9Cs, (3), M) + <C(zk), x> (7.2)
— O, (2) + (0.7 — Doit, M) + <C(Zk>, x>
= 0J. (3) + < [Ak Bk} , )\k> F(E, Dr) + <C(zk), X>

Llaé + (DT + Alt:))‘k + S}(ﬁi T
amxk,uk)\k)<~77j; 5\) - < LZ + Bz)\k » | u > ) (73)
f(xk,uk) —ka 5\

where the third and fourth equalities follow from (6.4), and the fifth equality follows from
(6.15). Note that a necessary condition of optimality is obtained by setting the gradient

to zero. That is, by invoking Appendix 10.E, the optimal variables (x,u, A) satisfy
w(t) = f(z(t), u(t)); z(0) = xo
A(t) = —A* (X)) — L7 (t); NT) = ¢* (7.4)

L(t) = =B (H)A(),

\

where A, B, L” L" and ¢" are all evaluated at (x,u).

7.2 Hessian of the Lagrangian

The Hessian of the Lagrangian 7, evaluated at (zx, \x) is a quadratic functional. Its

action on a given (%, \) is calculated next. Starting from (7.2), we have
O Ty (5, ) = 02T, (2) + (P (2), M) + <aczk(z), X> + <aczk(z), X>
= . (2) + (0 [+, (2), \) + 2 < [Ak Bk} 7 — Dy, X>
= 02T, (3) + (F*Fu, \) +2 < [Ak Bk] Z, x> 9 <Dogz~, X>

= 02T, () + (2, Ful2) + 2 < [Ak: Bkl ZA)—2 <Doa:~, X> ,
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where Fj, is defined in (6.6), and the last equality follows from (6.9). Note that Fp\; is

a time-varying matrix that is defined in (6.8) and can be written as

ZT AP () =3 LN (1) BN (1)

i | Oufi(a )M () 02 fi(z ()N (2)

Fr()Alt) = Wi(t) =: west) Wi | -
W) Wi(t)

Then, by using (6.16), the Hessian of the Lagrangian can be written as
Tl ) = (Hi+ W) 2.2) + (Siotsrnd) + | 4 B 53)

([ B 22)+ (Drhis) - (pis3)

Qr + WE* + 850iSr N+ We Dr+ A | |z T
—Do + A By, 0 A

(7.6)

It is worth to note that if the reader is familiar with gradients and Hessians in function

space, the expression (7.6) can be immediately obtained by inspection of the gradient
given in (7.3).

With the gradient and Hessian at hand, we construct a second order method to solve

the OCP as follows: given the current iterate (z, ug, Ay ), we calculate an update direction

denoted by (Zy, uy, :\k) Then we obtain the next iterate using some step size «; as

Tk+1 Tk Tk
Ug+1 | = | Uk + g ug | - (77)
M| [ i

In this approach, we give a second order method only, because using a gradient descent

(first order) method on the Lagrangian does not converge in general.
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7.3 Second Order Method for the Lagrangian Ap-
proach

A second order method is obtained by choosing the update direction 7 := (%, U, S\k)
according to (6.14). That is, by substituting the expressions of the gradient (7.3) and

the Hessian (7.6), we obtain

_j;k_
O Tannmn) |t | = =0T @)
M
Qr + Wi + S30p"Sr N + Wi Dr+ A | | @ Ly + (Dr + AP M + Stog
Ni+ W Re+wm B | || =— LY + B,
—Dy + As By, 0 b f(zg, up) — Dy,

This can be rearranged and rewritten as
Doi’k = Akfk -+ Bk&k + f(&?k, uk) — ka
Dy + M) + SHG(T) + 07) = — (Qu + W) i — Ap (M + M) — (N + W)y — L
(R + Wi iy = —(N} + W)z, — B} (Xk + Ak> s
This is the operator form of the differential equations that govern the update direction

(z,a, 5\) By invoking Appendix 10.E, we can get rid of S; and rewrite the result as

a linear differential algebraic equation (DAE) where the differential equations take the
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form a two point boundary value problem. We have

Ty Ay 0 Ty By, B [ (@, u) — Dy,

L = |+ iy, + .
Me| | = (Qu+WiEr)y —Ax| [\ — (N + W) —L — N\, — AL\,

T
k= {Ngjuw,gx B;] | = L= By
Ak

=
S

+
=
=
=g

such that 7,(0) =0 and Me(T) = ¢F + ¢85, (T) — M(T).
(7.8)

Finally, the algorithm for this second order method is summarized in Algorithm 1.
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Algorithm 1 Second Order Method: Lagrangian Approach

1: Start with an initial guess (z1,u1, A1) and set k = 1.

2: Given (zy, ug, \x), compute :

Ak - axf(xk,uk)a Bk - 8uf(rk,uk)7
Ly = axL?xk:uk)’ L= a“szxk»Uk)’
Qr = aiL($kauk)7 Ry, = agL(é%ﬂik)’

Nk - aruL(ack,uk)7

O = 0%, ) O = o)
Wer = 3 0 Fiwe u)A®, Wit = 3 il )X,
i=1 =1
W = (W, Wi = 3 Ol )AL,
i=1

3: Solve the following linear two point boundary value problem (with an algebraic con-

straint) to obtain (Zy, U, S\k)

d | Tk Ay, 0 Ty By, - f(xy, up) — Dy,
il |+ uy + .
Ak —(Qx + WET) =Ap| [ M — (N + W) —Li — X — A
. INE §
(Ri + Wi)ap = — Ny + W Bl | | — Li — B
INBW

such that 7,(0) =0 and Me(T) = o + 05T, (T) — Me(T).

4: Update the state, control and Lagrange multiplier using a step size ay:

Ll+1 Lk Tk
Upgr | = |ur| T Q% [Ty
Akt1 Ak Ak

5: Set k = k + 1 and go back to step 2. Repeat until convergence.
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Substitution Approach

In this approach, we convert the constrained optimization (6.3) to an unconstrained one
by substituting the dynamical constraints in the cost functional. This results in a new
cost functional that depends only on the control input wu.

Define the system operator H that acts on a control variable u to produce a state

variable z as

H:L2[0,T) — L2[0,7)
(8.1)
u+ x:=H(u) suchthat Dz = f(z,u),
where D is the time derivative operator defined in Section 6.1. By substituting the

expression of the state = H(u) in the original cost functional J of (6.1), we obtain a

new cost functional that only depends on the control input u, that is

T () = J (H(u),u) = /0 ' L([H(u)](t), u(t))dt + qb(ST’H,(u)). (8.2)
With the resulting unconstrained optimization problem at hand, we can develop first
and second order numerical methods to approximate the solution as follows: given the
current iterate uy, we calculate the update direction u; and obtain the next iterate using
some step size ay as

Uk+1 = Uk + Qg Uj. (83)
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Table 8.1: System Operator Derivatives and Adjoint. This table shows the expressions of the first and
second directional derivatives of the system operator H evaluated at a given uy and acting on some .
Furthermore, the adjoint of the directional derivative evaluated at wj is also shown. The expressions
are given in their operator forms and their associated differential equations. Refer to Section 6.1 for an

explanation of the time derivative operators D, Dy, and Dy, and the second derivative operator Fy.

Notation Operator Form Differential Equations Form

System zr = H(up) Dxy, = f(zg, ur) & = f(zr u); 26(0) = xo

Operator

Derivative i"k = aHuk (fL) fk = (DO - Ak)_l Bkﬂ QLCk = Ak.'i'k + Bk@; fk(()) =0

o ) Mo = —Aphe = x; M(T) =0
Adjoint = 0M;, (x) | = —Bi(Dr+A;)~'x
i = Bk

Second Z, = 0°H,, (@)

Derivative 2k =

The update direction depends on the gradient and/or Hessian of J which, naturally,
depend on the first and second directional derivatives of . Table 8.1 summarizes the
results of the calculations carried out in Appendix 10.C. It shows the formulas for the
first directional derivative, its adjoint, and the second directional derivative of H. The
formulas are written in both operator form and differential equation form. We now

proceed to calculate the gradient and Hessian of 7.
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8.1 Gradient of J(u)

Recall that the new cost functional 7 is a function of the control input u only. Using
the chain rule, we calculate the directional derivative of J in terms of the original cost

functional J. Starting from (8.2), we have

(s OHy, (1) OH.,
, =(0J,, U

<[8H* ] 8Jzk,u> =: (0T, W) , (8.4)

N

0T, (U

where I, is the identity matrix of size m, and zj, := (zg, ur) = (H(ug),ur). Note that
Ju,, given in (8.4) represents the abstract form of the gradient of J at wy. It is expressed
explicity in terms of original cost functional J and the system operator H. Substituting

the expressions of 1, from Table 8.1 and J.J,, from (6.15) yields

Ly + S5
3~7uk(ﬂ)=<— [B;(DT+A,:)‘1 Ll " u>

Ly
= (=B} (Dr + A}) 7" (L + Spof) + Lt 1)

0, (@) = (BpAe + Ly, @) =: (0T, 1) , (8.5)

where )\ is an intermediate variable (which is referred to as the costate in the literature)

and is defined as

e = — (Dr + A}) 7 (L + Siof). (8.6)

The differential equation associated with (8.6) can be obtained by acting on both sides

by Dr + Aj and invoking Appendix 10.E to obtain

Alt) = —ALOM() — LEW):; M(T) = oF. (8.7)
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Note that the A define in (8.7) is fundamentally different from the A introduced in the
Lagrangian approach, although they play similar roles. In the latter, A is a Lagrange
multiplier that doesn’t have to satisfy any differential equation. However, the former is
the costate variable that has to satisfy the differential equation in (8.7) at every iteration.

Nonetheless, these two A’s become equal at the optimum.

8.2 Hessian of J(u)

The Hessian of J at u; acting on @4 can be calculated using the chain rule. By cal-
culating the directional derivative of the gradient from (8.4), we can express the Hessian
in terms of the original cost functional J.

0" T, (1) =

u? )

< PJ.,. Owds | |0Hu, | |O0Ha, > < O, O*H,, (1) >
u )+
Ouads, 02, I, I, O, 0

OH.,

= < OH, [m} * I, uu> + {0y doy, 0P Moy () -

I,

Substituting the expressions of 9*H,, (@) from Table 8.1 and 9,.J,, from (6.15) yields

2 ~ [ ] 2 (97-[% ~ ~ x * T —lzxr =

0" T, (1) = oM, I 0°J., U, U ) + <Lk + 8705, (Do — Ag) zk]:kzk>
i i I,
| ] 2 a%uk ~ *\—1 T * T ~k ~
i i I,

OHu,

where Z, := @, Fy is defined in (6.6), and the second equality follows from (6.4).

Im

By using the same definition of the intermediate variable Ay in (8.6) and exploiting
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(6.9), we obtain

2 &Y — i * ] 2 57—[% ~ -~
FTJu (@) = ( |OH: 1| 07z, @, ) + (FednZe, Zr)

I
I 1 OHu, | OHuy, | | OHu, |
= |OH;, In| 9 x u,u )+ { FrAp U, u
L . I, I, I,

=<-8’H;§k Im- (82Jzk+mk> I uU>

where Fj\; is the time-varying matrix given in (7.5). Finally, substituting for 9*J,, from

(6.16) yields

0* T (W) = < [a%;;k Im} Qk + Wi + 30" Sr Ny + Wit | | 0Ha, >

N; 4+ Wy R+ Wl | I,

=: (0* T, U, @) . (8.8)

Equation (8.8) explicitly shows, in operator form, the action of the Hessian of J on a
given u. Note that the expressions of OH,, and its adjoint are give in Table 8.1. Equipped

with the gradient and Hessian of 7, we can now calculate the update direction @y in (8.3).

8.3 First Order Method for the Substitution Ap-
proach

A first order method is obtained by simply choosing the update direction u to be
the negative of the gradient, that is @ := —(Bj\, + L}), where )y is given in (8.7). The

algorithm for this first order method is summarized in Algorithm 2.
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Algorithm 2 Gradient Descent Method

1: Start with an initial guess u; and set k = 1.

2: Solve for the state xy:

j?k = f(a:k,uk); xk(O) = L.

3: Compute:
Ak — aﬂcf(a:k,uk)7 Bk - auf(xk,uk)u

r=0,L] LY =0,L; O = 0,65, 1)-

xkﬂ"k:)’ (xkfu'k)’

4: Solve for the costate \j:

>\k = —AZ)\k — i; )\k(T) = i
5: Update the control with a step size ay:
Uk+1 = U — Oék(BZ)\k + LZ)

6: Set k =k + 1 and go back to step 2. Repeat until convergence.
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8.4 Second Order Method for the Substitution Ap-
proach

A second order method is obtained by choosing the update direction 1, according
to (6.14). That is, by substituting the expressions of the gradient (8.5) and the Hessian
(8.8), we obtain

[aH;:k Im] o * Uik = —(Bide + LY).
N+ Wee Ry, + Wi I,
Carrying out the matrix-vector multiplications yields
oM, (Qr + Wi + Spdi"Sr) OHo, () + (R + Wi )
+ OH,,, (N + Wi )iy, + (N, + Wi 0Hy, () = —(Bie + L)
Now define &y := 0H., (i), and substitute for the expression of OH; from Table 8.1 to
obtain
— Bi(Dr + A) 7 ((Qu + Wi + S16Sr) i + (N + W)y
+ (N + W)@ + (Ry + W) = —(BpA, + L)

Finally, introduce a new intermediate variable

M= —(Dr + A7) 7 ((Qu + Wi + S Sp) o+ (Nu+ W) ), (89)
and therefore, the update direction uy is given by the following algebraic equation
(Ri + Wiy, = —Bi( A + Ak) — (N + W) — L, (8.10)

where &, = OH,, (i), and A solves (8.9) that can be rewritten as a differential equation

by invoking Appendix 10.E to get rid of S}.. We have

e = — AN — (Qr + WE) T — (N + Wi, M(T) = ¢7%a4(T). (8.11)
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Therefore, using Ty = 0H,, (tx), (8.11) and (8.10), we obtain the update direction by

solving the following linear two point boundary value problem with an algebraic con-

straint
d |Zx Ay 0 Ty By, 8
a N = B -+ U
Ak —(Qu+ W) —Ap] | A — (N + W)
i P ) (8.12)
(R, + Wiy, = — {Nz + Wy BZ} | =Ly — B
Ak

such that 7,(0) =0 and Me(T) = 052k (T),

where \; solves (8.7). The algorithm for this second order method is summarized in

Algorithm 3.
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Algorithm 3 Second Order Method: Substitution Approach

1: Start with an initial guess u; and set k = 1.

2: Solve for the state x(t):
Ty = f(xk,uk); .I’k(O) = Zg-

3: Compute:
A =0 Br = Ouf e
Ly = 0uLiyy )y Lk = 0uLly, s
Qi = 0§L(Ik’uk), Ry = aZL(zk,uk)a
Ni, = OvuLiay 1)
O = Oty (1) = 0i )
4: Solve for the costate A (t):

e = —ApAe — L M(T) = ¢

5: Compute:
Wit =3 0 il ue) A Wit =3 O i, u) N
i=1 i=1
Wi = (W)™ Wi =3 O filaw, ui) A
i=1
6: Solve for 1iy:
d jEk Ak 0 fk Bk B Ik(O) =0
% B = N + Ul 5
A —(Qu+ W) —Ap] | M — (N + W) Me(T) = "2, (T)
_ Ty, \
(Ry, + Wi ) = — [N,: + Wy B;;] | =Lk — Bpe
Ak

7: Update the control with a step size ay:

Uk+1 = Uk + Oékﬂk.

8: Set k =k + 1 and go back to step 2. Repeat until convergence.
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Projection-Based Approach

In this section, we generalize the projection-based method developed in [29]. This method
is particularly useful for optimal control problems where the dynamics are either unstable
or sensitive. Observe that in the numerical methods developed using the substitution
approach, a simulation of the dynamics @ = f(zx,ux) is required at each iteration.
However, for unstable or sensitive systems, such methods are not recommended, because
small perturbations in the control u; induce large perturbations in the corresponding
state x;. This causes the methods to behave poorly and thus leads to either divergence
or extremely slow convergence. In [29], the constrained OCP (6.3) is converted to an
unconstrained optimization problem by means of a nonlinear projection operator that
adds a degree of freedom to be tuned (a linear feedback gain). The objective of the
tuning (or design of the feedback gain) is to massage the dynamics to either stabilize
them or reduce their sensitivity to perturbations of the control input. In this paper, we
generalize this method by using a projection operator with a general nonlinear feedback
gain. This is advantageous in scenarios where, for example, a nonlinear feedback gain
is known to stabilize the dynamics of an unstable system. It is worth to note that our

mathematical derivations are slightly different from those in [29]. In our approach, we
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exploit the system operator H defined (and analyzed) in the previous section (see the
chapter on Substitution Approach for more details). This allows us to use previous results
throughout the derivations.

Similar to the other methods, we first show how the OCP (6.3) is converted to an
unconstrained optimization problem. Afterwards, what remains is simply the calculation
of the gradient and the Hessian of the resulting unconstrained cost functional. Although
the calculations are tedious, they really boil down to the proper application of the chain
rule. We start by defining and analyzing the projection operator similar to [29], but with

a nonlinear feedback gain.

9.1 Projection Operator

Define the projection operator P that acts on a state-control pair Z := (&, u), which
does not have to satisfy the system dynamics, to yield another state-control pair z :=
(x,u) that satisfies the system dynamics

A r = H(u)
z2="P(2) = (9.1)

where g : R" — R™ is a twice differentiable function such that g(0) = 0, and H is the
system operator defined in (8.1). Note that the projection operator in [29] is obtained
by setting g(z — &) = K(z — &), where K is a linear gain (that can be time-varying).
Observe that all trajectories of the dynamics (that is, the state-control pair (z,u) that
satisfies * = H(u)) are fixed points of the mapping P. In other words, if & = H (@) then

zZ ="P(2). Note also that P is a projection operator because P o P = P. Therefore, the
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OCP in (6.3) can be converted to an unconstrained optimization problem as follows

minimize J(2) minimize J(2)
‘ ‘ < minimize J(P(2)).

subject to C(2) =0, subject to Z = P(2),

Therefore the new unconstrained cost functional is
J(2)=J(P(2)). (9.2)

With the resulting unconstrained optimization problem at hand, we can exploit the
unconstrained optimization techniques explained in Section 6.2 to develop the numerical
methods as follows: given the current iterate Z;, we calculate an update direction, denoted

here by zx, and obtain the next iterate using some step size oy, as
73]@4—1 = ék + Qp2k- (93)

The update direction depends on the gradient and/or Hessian of J which, naturally,
depend on the first and second directional derivatives of P. Table 9.1 summarizes the
results of the calculations carried out in 10.D. It shows the formulas for the first direc-
tional derivative, its adjoint, and the second directional derivative of P. The formulas
are written in both operator form and differential equations form. We now proceed to

calculate the gradient and Hessian of 7.

9.2 Gradient of 7

The new cost functional is really the composition between the projection operator
P and the original cost functional J. Using the chain rule, we calculate the directional

derivative of J, evaluated at Zj := (T, Ux) acting on z := (z,u) as

0Tz, (2) = 0Jp(z,) (0P (2)) = (0p(z), 0P, (2)) = (OP%, (0Jz,) ,2) =1 (075, 2) . (9-4)
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Table 9.1: Projection Operator Derivatives and Adjoint. This table shows the expressions of the first

and second directional derivatives of the projection operator P evaluated at a given 2 := (2, tx).

Furthermore, the adjoint of the directional derivative evaluated at Zj is also shown. The expressions are

given in their operator forms and their associated differential equations. Note that H, 0H, OH* and 9?>H

are given in Table 8.1. We use Fj and G to denote the second derivative operators of f at z; and g at

Iy — xy, respectively. Refer to Appendix 10.D for details.

Notation Operator Form Differential Equations Form
Projection (g, ug) = P(Z, ) x = H(uy) = [k, ur); 21(0) = 2o
Operator (Zk = P(ék)) ug = U + g(Tr — xr) up = Uy, + g(Tp — x)
i, = (Ax — BrKy) %k + Br(ug + K,
(&, ik) = OPs, (2, ) Fr = OHo (1) T = (A = BB+ Bilus + Koz)
ivati Uy =u+ Kip(z — 7
Derivative (zk —op,, (g)) e = u+ Ki(z — T2) Up = U w(z — Zk)
= Ki (n+ Bihw)
(X i) = OP%, (X, 1) Xk = Kyl ~ .
Adjoint ~ [k = o+ Bk
: (e =0Pz(0)) i = 1 M, () . * *
Ak = —(Ay = BeKy)" A — (x — Kjp)
M(T)=0
(.’i’k, ﬂk) = 82P5 (-I, LL) i‘k = 6Hu (ﬂk) + 827-[%(11,6)
Second ' ' ' + Bi(z — Tx)"Gr(z — Ti)
Derivative (Zk = azpék (5)) Uy, = (z — T1) "Gz — Tp) — Ky _ N ~ _
Uy = (T — Tp)"Gr(z — T) — KT,
Zr(0) =0

126



Projection-Based Approach Chapter 9

where 2, := (21, ux) = P(%), 0J,, is given in (6.15), and 9P is the adjoint of IP;,
and is given in Table 9.1. Equation (9.4) gives the expression of the gradient of J at Z
in operator form in terms of J and P. Using (6.15) and Table 9.1, we can rewrite the

gradient in differential equations form as

Ky

0T, (2) = (0P, (Li + Spdi, Ly) . 2) = < (Li + By >Z> = (0Jz,2), (95)

I,

where K}, := 09z, -s,, and the intermediate variable Ay (which is similar to the costate

variable and Lagrange multiplier) is calculated by using Table 9.1
M = —(Ax — BeIy) " N — (LE + Spor — KiLY); M(T) =0,
which after invoking Appendix 10.E to get rid of &7 yields
M = —(Ap = Bely) A — (Lf — K LY) s A(T) = 6. (9.6)

Therefore, the gradient of J at Z; is given by (9.5) where A\ is given by (9.6) and
2, = P(2x). The necessary conditions of optimality are obtained by setting the gradient
to zero. It is easy to check that necessary conditions of optimality are the same as those

given in (7.4).

9.3 Hessian of J
The Hessian can be calculated by applying the chain rule on (9.4) to obtain

82*72k (_Z) = <82‘]7’(2k)8732k§7 aPZk—Z> + <6J7’(2k)7 aQ,PQk (—Z)>

= (0P; 0*J., 0Pz, 2, 2) + (0., Z) , (9.7)

where 25, := P(%) and 2z, := 90*P;, (z). Note that 0P, 0P; and O*P;, are all given

in Table 9.1. The rest of this section examines the second term in (9.7). In fact, the
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differential equation form of 9*P;, in Table 9.1 can be rewritten using the time derivative

operator Dy as

I, 1 0
5 — (’Do (A — BkKk)) (z;szk + By(z — 31,)*G(z — fk)) + ,
— Ky (x — Z)*Gr(z — Ty,)

(9.8)
where Zj 1= (Zy, ux) = OP3,(2). Note that Fi and Gy are the second derivative operators
of f at z; and g at &, — xy, respectively (refer to Section 6.1.5 for more details). To
express (0.J,,, Zx) in terms of z, we substitute for d.J,, from (6.15) and z; from (9.8) to

obtain

-1 1L +Sror| .
(0., 2) = <—(DT+<Ak—BkKk>*) [In il J-">
B k

= 1 1Lt +Sion
+ <—B;; (Dr + (A — Bik)°) {1,1 I R N A :ik)>

Li;
. < L+ Siok | 0 >
Ly (x — Z)*Gr(z — Ty)

= (Ney 25 FkZe) + (BiAe + Ly, (. — Tr)*Gr(z — @)

where )y is the intermediate variable defined in (9.6). By letting ) := BiA\x + L} and
invoking the inner product property of the second derivative operators (6.9), we obtain
(0.0, Z) = (FrdiZe, Zi) + (Grbi(z — T), 2 —

= (Fr \OPs, 2,0Ps, z) + <gk9k [In O} z— Z), [I 0] (z — 5k)>

I,
0

(9.9)
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Note that Fi\; is a time-varying matrix defined in (7.5). Similarly, we define another

time-varying matrix Sy as
Gr(1)0k(t) == > G007 (1) =Y 0% ((t) — ()0 (1) =1 Sk(t).  (9.10)
j=1 j=1

Thus, using the matrices Wy from (7.5) and Sy from (9.10), we can rewrite (9.9) as

WEe + Sk W Sp 0 Sp 0 S; 0
(0., 2k) = ( | 0P, P, + — OP;, - P, | 2,2
W W 0 0 0 0 0 0

Finally, by substituting (9., , z) in (9.7) and using the expression of 9*.J,, from (6.16),
we obtain the expression (in operator form) that describes the action of the Hessian,

evaluated at 2, on z

T () = < (apgk (

Qk + I/V]Z” + Sk + S}QbixST Nk + H/v)fu

Ny + W Ry + Wy

9.4 Second Order Method for the Projection Ap-
proach

A second order method is obtained by choosing the update direction z; according to
(6.14), that is 9*J;, (21) = —0Jz,. By substituting the expressions of the gradient (8.5)

and the Hessian (8.8), we obtain

Qp + W + S + S5d™ Sy Ny + W Sp 0 Se 0
873 ;k k k k T%E T k k 87);3 X k _ 87) gk k
Ny 4+ Wi Ry, + W 0 0 0 0
Sk 0 K
- 8735k Rk = — (L}CL + BZ)\k) .
0 O L,
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To obtain the differential equations that produce the update direction z;, we proceed as

follows. Recall that 0y := L} + Bj\, and let Z := (Zg, Ux) = 0Pz, (2k), then

Qk—f‘WIx—f—S*QZSxIST Nk—f—qu fk Sk 0 T Zi’k
8,ng k Tk k . . +
Sk 0 Tk i‘k K;;
(9.12)

For the sake of simplicity in the remaining mathematical manipulations, define the matrix

Ch as

0, = | T SRS Net Wit (9.13)

N; + W Ry, + Wy

Then, by recalling that @ = uy + Ki(zg — Zx) (refer to Table 9.1), and by defining

L
dy, = [Kk Im] : (9.14)
U
we can rewrite (9.12) as
I, | 0 Sk . Sk 3 K;
oP; | C Ty + Cy dy, — (zp —Tk) | + (T — Tp) = — Ok,
— Ky I, 0 0 I,
or
Xk Sk B K}
—+ (@k — l’k) = — g ‘gk, (915)
Fok 0 I
where
Xk Xk Xk I, | _ 0 Sk R
= 8'ng ; =} T+ Ch dp — (I_Ek — [L’k)

(9.16)
130



Projection-Based Approach Chapter 9

Using the differential equation form of 9P in Table 9.1, (9.16) can be rewritten as

Xk K =
= || (B + )
,ak Im
K; = I, | _ 0
= Bk>\k + |:0 ]m‘| Ch T + l:() ]m:| C di |, (917)
where the second intermediate variable S\k is defined as
< . Xk
Dy = —(Ag — BrKy) A — {In —K;;}
M
- L, | _ 0 Sk N
= —(Ay — BrKy)" A\, — [In —K,j] Ch Ty + Oy, di, — (z1 — T)
—-K; I, 0

Dr)j, = —(Ay — BrKp)* M — (ka + Wi+ S1op*Sr + K (R, + W;?u)Kk:)i’k + S(zr — Z1)

o+ (KL (NG + W) 4 (Ni+ W) K ) — (N + W)y + I (R + Wi)dy.

(9.18)
Substituting (9.17) in (9.15) yields
K} . I, | 0 Sk N 0
BiAk + [O [m} Cy Tp + [O Im} Ch dp + 0 | + (zp — Tp) = ;
which, by substituting for C} and 6y, yields two equations

(Bic+ Wity = = (N + Wi = (R + W) Ky ) = BiQh o+ M) = L (9.20)

By substituting for S(z, — Zx) and (Ry + W*)dj, in (9.18), many terms cancel out to

obtain

Drde = —Ath; — (@k S WE 4 SEot Sy — (Ny + W,gw)Kk) F — (Ni + Wi)dy — Bidg — LU
(9.21)
131



Projection-Based Approach Chapter 9

Furthermore, since (9.19) has to be satisfied regardless of the choice of the nonlinear gain
g (hence Sy), then x; = &) which also implies that u = . This further simplifies (9.20)

and (9.21) by substituting dy = Kz + ur = KT + Uy to obtain

(R + Wiy = —(N; 4+ W)y, — B (A + M) — LY

Do = —Aihe = (Qu+ Wi + 7017 ) — (N + Wi — Bid — L.
(9.22)
Finally, by combining 2z, = 0P;, (z;) and (9.22), and invoking Appendix 10.E, we ob-

tain the following linear two-point boundary value problem coupled with an algebraic

constraint
d | Tk Ay, 0 Ty, By, 3 0
E ~ = B + ug +
Ak _(Qk + Wg”) —A7 ] |\ — (N, + W) —Bi\, — LY
- Ty i}
(B + W)y, = — {N,;" + W B;;] | = BiA - LY (9.23)
Ak

such that  7,(0) =0,  M(T) = ¢7 54 (T).

The algorithm for this second order method is summarized in Algorithm 4.
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Algorithm 4 Second Order Method: Projection Operator Approach

1: Start with an initial guess (4, #1) and set k = 1.

2: Compute the projection (z, uy) := P(Zy, U ):

Ty = f(xlwuk)
up = U, + g(Tp — 1),

3: Compute:
Ak = azf(mk,uk)7 Bk = 6uf(zk,uk)a

Ly = 0oLy )y Lk = OuLis, )
Qk = L), Br = 02L(upup):
Ny = aqu(zk,uk)7 K, = 5292k—wk7
b = Oy, (1) B = 00uy(1),

4: Solve for the costate Ag(t):

5. Compute:
Wit = Zagfi(xkauk))‘z(k); Wit = Zazufi(wk’uk))‘z(k)§
=1 i=1
Wi = (W) Wit = 0L filaw, ui) A
i=1

6: Solve for (Zy, uy):

= + U +

ANl =@+ W) —ar| || [N+ W) —BiA — LY
N Ty .
(Ri + W)y = — [N;; + W Bz] | T B Ly
Ak

such that  74(0) =0,  M(T) = ¢ (T).
7: Update the control with a step size ay:

Tpt1 Tk " Ty
= ak

(/) U, Uk

8: Set kK =k + 1 and go back to step 2. Repeat until convergence.

133



Chapter 10

Preconditioned

Constrained-Gradient Descent

This section develops a preconditioned constrained-gradient descent (PCGD) method as
an iterative numerical algorithm to solve (6.3). The building blocks of the algorithm are
based on projected gradient descent methods in infinite dimensional optimization prob-
lems (for example [61]) . By utilizing the special structure of optimal control problems
and preconditioning the state-control space, we achieve higher convergence rates than
the well known gradient descent method [37].

Projection based methods have been widely used to numerically solve optimal control
problems with constraints ( [8], [44], [9] among others). These methods treat the dynami-
cal equality constraint as part of the cost functional. That is, the states are thought of as
functions of the controls within the cost functional, leaving only inequality constraints.
Typically, these methods project the cost functional gradient onto the feasible set de-
fined by the inequality constraints. The PCGD method developed in this section, on
the other hand, projects onto the dynamical equality constraint itself, thus treating the

states and controls within the cost functional as two independent variables. This allows
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us to precondition the state-control space to boost the convergence rate of the method.
This is possible because, generally, in optimal control problems, the complexity arises
in the nonlinear dynamics; whereas, the cost functionals are typically simpler (such as
quadratic functionals). We show that the PCGD method yields a particular algorithm
that lies under the family of Quasi-Newton methods explained by [29] (which is gener-
alized in the previous section). In fact, we carry the dynamical constraints throughout
without the calculation of second derivatives of the dynamics (as second order methods

require).

10.1 Geometric Description of the PCGD

We start by providing the geometric description of the PCGD algorithm. For clarity
of exposure, we consider three different cases in increasing generality: (a) quadratic cost
functional with spherical level sets, (b) quadratic cost functional with shifted ellipsoidal
level sets and (c) general positive semi-definite cost functional. For simplicity, the geo-
metric description is given, in the absence of a terminal cost, using a finite-dimensional
geometric demonstration. It should be noted that the geometric demonstration is not

meant to provide a rigorous proof but to build a geometric intuition.

10.1.1 Cost Functional with Spherical Level Sets

First, consider the simplest case where the cost functional has spherical level sets
(centered around the origin). That is, we set the cost functional in (6.3) to J(z) = 3(z, 2)
(see Figure 10.1-a). Observe that 0.J,, = 2z and 0*.J,, = I,,1m, where I,,,,, is the identity

matrix of size n + m. The algorithm proceeds as follows: given the current iterate zy,
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Optifnal Solution

~Level sets of J(z) .
T ~ Level sets of J(z)
(a) Spherical Level Sets: (b) Shifted Ellipsoidal Level Sets:
J(z) =1 (z2) J(z) =3 (Hz,z2)+ (L, =2)

=20 (2B — 2 = — L
M T { m A( m A) A}\

T
T, T
- in . oAz
a=1plr () —z) — [z /S L
2 Bk 1k
— ! / T, T
/ > / i 7)// 7
O— : u
L)

_—Level sets of

,]/, ( ,3)
X2

(¢) General Positive Semi-definite Cost Functional

Figure 10.1: The three figures show the dynamical constraints manifold 7, the tangent space T, 7 at the current

iterate zp and the level sets of three different cost functionals. The main idea is to project the vector anchored at the

current iterate zx and pointing towards the minimum of the unconstrained cost functional onto the tangent space. For

(a), the unconstrained minimum is the origin and the projection is orthogonal since the level sets are spherical. For (b),

the unconstrained minimum is shifted to z,, and the projection is oblique to respect the skewness of the ellipsoidal level

sets governed by the positive definite Hessian H. For (c), the unconstrained minimum may degenerate into an affine space

M, due to the possible non-definiteness of the Hessian. This makes the level sets take an elliptic cylindrical shape (thus

the need for a three dimensional representation). For all scenarios, an additional procedure is carried out, after taking a

step in the tangent space, to force the dynamical constraints to be satisfied. This is achieved by the projection I which

takes the u-component and computes the corresponding state x.
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compute the next iterate 21 using some step size oy, as

(

Ze =~z 7(8.J2,)

3 2]€+1 = 2r + Oék,%k (101)

\2k+1 = 7 (Zk41),

where Il7, 7 is an orthogonal projection operator that projects onto the tangent space
T, T, and Il is a nonlinear projection operator that projects onto the dynamical con-
straint set 7 (see Section 6.1.6 for more details). In words, the gradient 0.J,, = z is
first projected onto the tangent space, which really corresponds to the linearized dynam-
ics around z;. The negative of the projected gradient constitutes the update direction
along which we “move” using a step size aj to obtain Z;,;. Finally, we project 2y,
onto the constraint set using Il to force the next iterate zx,; to be a trajectory of the
nonlinear dynamics. Therefore, in this case, the PCGD is really the projected-gradient
descent method followed by a projection I1y. Figure 10.1-a provides a geometric picture
of (10.1). The spherical nature of the level sets gives rapid convergence properties of the
projected-gradient descent algorithm. In fact, if the dynamical system were linear (that
is, 7 in Figure 10.1-a is a straight line), it is easy to see geometrically that convergence

is achieved in only one step.

10.1.2 Cost Functional with Shifted Ellipsoidal Level Sets

We generalize the previous method to a linear-quadratic cost functional J(z) =
% (Hz,z)+ (L, z) where H is positive definite. Observe that 0.J,, = Hzy+ L, 0*J,, = H,
and z,, := —H 'L is the unconstrained minimum of the cost functional J. The level
sets of J are now elliptical and are centered around the unconstrained minimum z,, (see
Figure 10.1-b). Applying a projected-gradient descent method here is likely to result in

slow convergence due to the skewness of the level sets. The main advantage of treating
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the cost functional and dynamical constraints separately is that it allows to precondition
the original state-control space (x,u) based on the cost functional only. More precisely,

carrying out an affine transformation on the z-space defined as
Y =T()=Hi(z— 2) = 2=T"Y2)=z2pn+ H 27, (10.2)

yields a new cost functional J'(z’) = J(z) that has spherical level sets, because

J() = J() = 5 (Hz,2) + L, 2)

Hz,, + H%z',zm + H_%z'> + <L,zm + H_%z'>

1 1 1

<—L Y HY —HL 4+ H—%z’> n <L, _H 'L+ H—%z’>
(i o) = S (W32 0 L) = S (L H ) + L)
) 2 ) 2 ) 2 )

N~ N~ DN~

+ <L,H—%z’> — (L, H'L)
(L, 2m) (10.3)

where the last equality follows by exploiting the fact that H is symmetric positive definite
and thus H, H~', H=2, and H? are all symmetric. Recall that z, := —H 'L, and thus
the second term in (10.3) is a constant. Since the Hessian of J’ is the identity matrix, the
level sets in the new state-control space 2z’ are spherical. Therefore, applying a projected-
gradient descent in the transformed space yields a faster convergence rate. The PCGD
method in this case can thus be written as follows: given the current iterate zx, we obtain

the next iterate z;,; using some step size oy as
( /

2, = T(2x)

~/ !
k= _HTZ; T (aJZ;c)

Zew1 = 25 + iz (10.4)

2k+1 - T_1(212+1)

| 2e+1 = 7 (Z41),
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where 0(];;6 = 25, and T’ is the dynamical constraint set in the transformed z’-space.
The key idea here is that the projection of the gradient onto the tangent space is carried
out in the transformed z’-space where the level sets are spherical rather than elliptical.
The rest of this section shows that the orthogonal projection in (10.4) is equivalent to
an oblique projection (see Section 6.1.6 for details) in the original z-space. Using the

definition of the orthogonal projection, Z, in (10.4) can be written as

1 1
% = HTZLT’(_ZI::) = arg;rlin 5 (—z, — 2, =2, — ) = arg;nin 5 (z,+ 7,2, + 7,
st. ZeT,T st. 9CL(Z2)=0
k k

(10.5)
where C'(z') := C(z) is the dynamical constraint operator in the transformed z’-space.
Note that if Z’ is in the tangent space, then it has to satisfy the linearized dynamics,
that is 0C;;€(2’) = 0. Using the chain rule, we have 0C,, (2) = 86;;(11]%2). By letting
7 := H2%, we obtain dC., (2) = 0C;I,€(§’). Then, (10.5) can be rewritten in the original
z-space as

Z, = argrlnin % <H%(zk — )+ H23, H2 (2, — 2) + H%Z>
H2z

st. 0C,(2)=0

st. 0C,(2) =0

o= —H (2 — 2m). (10.6)

Finally, (10.4) can be rewritten in the original z-space as

(
e = _HﬁkT(zk — Zm) = —H:lékT(H_lan;c)

2k+1 = Zr + Oékgk (107)

KZkJrl = IIr <2k+1) :
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There are two key differences between (10.1) and (10.7). First, the projection is now
oblique (rather than orthogonal) with a direction defined by the Hessian H. Second,
H~'9J,, is now projected rather than the gradient d.J,,. In fact, the gradient is first
preconditioned before performing the projection. More precisely, the preconditioning
maneuvers the gradient at z; to point towards the minimum z,, of the unconstrained
cost functional J as illustrated geometrically in Figure 10.1-b (since H'0.J,, = 2z — zn).
Indeed, the preconditioning of the gradient together with the oblique projection have an
effect of shifting the level sets in Figure 10.1-b to the origin and “de-skewing” them to
become spherical as in Figure 10.1-a, and thus boosting the convergence of the PCGD

method as compared to the traditional gradient descent.

10.1.3 General Positive Semi-Definite Cost Functional

Now we consider the general case for any cost functional J described in Section 6.3.
First, consider the case where there is no terminal cost, that is ¢ = 0. We assume
that the Hessian at 2, Hy = 0%J, is generally positive semi-definite. The quadratic
approximation of the unconstrained cost functional J around the current iterate z; is

denoted by J; and can be written as

Je(2) = % (Hi(z — 2zx), 2 — z1) + (Lg, 2 — 21y + I (21), (10.8)

where Ly := 0J,,. In general, as opposed to the previous two scenarios, J; doesn’t have

a unique minimum because, possibly, H; might have a nontrivial nullspace. In fact, the

)

unconstrained minimum of J;, at the k' iteration, denoted by zr(r]f , satisfies

This is obtained by setting the gradient of J, to zero. Clearly, when Hy, is positive semi-

definite, the solution to (10.9) degenerates to an affine subspace denoted by My, that is
140



Preconditioned Constrained-Gradient Descent Chapter 10

This is illustrated in Figure 10.1-c. The degeneration of the unconstrained minimum into
an affine subspace causes the level sets to become elliptic-cylindrical (see Figure 10.1-c).

The PCGD method in this case is similar to (10.7)

(
gk = —Hi’;7—<zk — ZT(:))

2k+1 = 21 + akék (1011)

k2k+1 = Il (Zp41) -

The two differences (generalizations) are that the oblique projection direction, governed
by Hj, changes every iteration, and the unconstrained minimum 2 e M k. also changes
every iteration and is not unique. However, we show next that the subsequent iterate

2g+1 does not depend on a particular choice of zr(,lf) € M. Using the definition of the

oblique projection (refer to Section 6.1.6), we have

m

1
Zp = argmin§ <Hk(z1(jj) -z — 2), 2B 2>
: (10.12)
st. 0C..7z=

This is a linear-quadratic optimization problem whose necessary conditions of optimality

can be derived by constructing the Lagrangian at the k' iteration as

LBz R) = = (H(o® — 2 — 2), 20 — 2 — 5) + <X, aczkz> .

l\DI»—

Thus the necessary conditions of optimality are simply obtained by setting the gradient

of £L*) to zero. We have

oL®  (w, &) = (Hy(3 + % — 2 w>+<ac*xk, >+ £,0C., %)

(Zr>Ak)
< Hk(zk+zk—zm)+ac*)\k w > < w >
aC., 2 Een ¢
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Setting the gradient to zero yields the necessary conditions of optimality

H, c: | |z Hi(2 — 2
SR N #l s (10.13)
ac.. 0 | & 0

However, observe that the right hand side of (10.13) doesn’t depend on =¥ since for

any z,(q’»f) € M., we have Hk(zy(,f) — z) = —Lg. This shows that the next iterate doesn’t
depend on 2 e M.

Finally, the same analysis can be carried out to include the terminal costs to obtain

0%J,, ac: | |z —aJ.,
= . (10.14)
., 0 | | M 0

2k
Solving (10.14) gives the update direction Z;. Note that (10.14) is written in operator

form. To obtain the underlying differential equations, we substitute the expressions of

the Hessian and gradient of J from (6.16) and (6.15), respectively, to obtain

Qr +8705°Sr Ni Dp+ Aj| | Ly + 8195
N Ry, By Up | = — Ly )
—Do+ A, By 0 M 0

where JC,, = {_DU + A, Bk}. This can be rearranged and rewritten as

Doy = Apiy + Byiiy
Drp, + Si(¢%%i,(T) + ¢F) = —Qudp — Aldg — Nyily, — LT
Ryily, = —Nj@p — Bi\, — LY.

By invoking Appendix 10.E, we can get rid of &} and rewrite the result as a linear

differential algebraic equation (DAE) where the differential equations take the form a
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two point boundary value problem. We have

E ~ = ~ + U, +
Ak —Qr =AM — N, —L
P (10.15)
Ryuy = — {N,j BZ} | - Lk
Ak

such that 7;(0) =0 and Me(T) = & + 5 an(T).

Finally, the algorithm for the PCGD method is summarized in Algorithm 5.

10.2 Connection with the General Projection Ap-
proach

It turns out that the PCGD method is a particular realization of the family of quasi-
Newton methods developed by Hauser ( [29], [31], [56]) that is generalized in the previous
section. The Projection Operator based Newton Method for Trajectory Optimization
(PRONTO) employs a stabilizing projection operator to project the whole state-control
space onto the trajectory manifold. This transforms the constrained optimization prob-
lem into an unconstrained one to be solved using a Newton method. Subsequently, a
family of quasi-Newton methods can be devised (example [29]) in order to obtain descent
directions when the Newton method fails to do so.

The comparison with the projection approach can be done by examining Algorithms 4
and 5. Observe that by setting ¢ = 0 (which makes Il = P), and neglecting the
matrix Wy in Algorithm 4 yields Algorithm 5. In fact, neglecting W is exactly what
makes PCGD a quasi-newton method under the (Newton) projection approach. This
follows by examining (9.11) which shows that neglecting W} means that we are simply

approximating the Hessian, and thus constructing a quasi-newton method. Although
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Algorithm 5 PCGD

1: Start with an initial guess (Z1,4) and set k = 1.

2: Compute the projection (zy, uy) := (2, tr):

Uk = Uk,
3: Given (zy, ug), compute :
A = Ou fwpun) Bi, = Ouf g un)
L= 0uLiy ) Lig = OuLi{z )
Q1 = 02 L(zy i) Ry = 02L (s u)
Ny, = OpuLi(zy up),
o = az¢;k(T)7 ko= aa%(bl‘k(T)'

4: Solve the following linear two point boundary value problem (with an algebraic con-

straint) to obtain (Zy, Uy):

d | Tk Ay, 0 Ty By, 0
% _ = ~ + U +
S oMLY B BV R A I

. k
Ry = — [N,: B;;] | Lk
such that 71,(0) =0 and Mo(T) = 65 + o524 (T).

5: Update the state, control and Lagrange multiplier using a step size ay:

Tr4+1 Tk n Tk
fr— Oék

Uk+1 Uk Uk

6: Set k =k + 1 and go back to step 2. Repeat until convergence.
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this approximation may seem at first somehow heuristic, the derivations carried out to
develop the PCGD method gives a geometrical meaning to this approximation.

In fact, the PCGD method begins by keeping the control and state variables separate
as a constraint in function space that defines a manifold. A gradient descent algorithm is
then used but with a “constrained-gradient”, that is, a gradient that is projected onto the
tangent space of the constraint manifold. This is geometrically compelling, and has the
advantage of making the required preconditioning obvious since the objective is not mixed
up with the dynamical mapping as in PRONTO. In our derivation, a second projection
onto the actual manifold (to yield feasible trajectories) is done after the descent direction
is projected onto the tangent space. While the PCGD method can be regarded as a
particular realization of the family of quasi-Newton methods of PRONTO, the derivation
is geometrically more transparent and clarifies why the preconditioning (which is critical)
produces faster convergence. Finally, we note that the PCGD method can be easily
generalized to g # 0 to treat unstable or sensitive systems. This boils down to setting

Wy = 0 only in Algorithm 4.

10.3 Illustrative Numerical Examples

In this section, we present two numerical examples of nonlinear optimal control prob-
lems to compare the gradient descent method (Algorithm 2) to the PCGD method (Al-
gorithm 5). Note that the Armijo rule [2] is employed to calculate the step size «y in all

the numerical examples.
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10.3.1 A Continuous Stirred-Tank Chemical Reactor

The state equations for a continuous stirred-tank chemical reactor are given below [38,

Example 6.2-2]

d 2521

Pt —2(x1 +0.25) + (z2 + 0.5)e=172 — (x1 + 0.25)u,

d 2521

EIEQ =0.5— To — (Z’Q -+ 0.5)6"'1"'2, (1016)
x1(0) = 0.05, x2(0) = 0.

This dynamical system represents the first order, irreversible exothermic reaction con-
trolled by the flow of a coolant, u, through a coil inserted in the reactor. The deviation
from the steady state temperature and concentration are expressed by x; and x, respec-
tively. It is required to maintain the temperature and concentration close to their steady
state values without expending large amounts of control effort. The cost functional is

thus given by

1

J(x,u) = 5/0 | [2(6)" Qz(t) + Ru’(t)] dt, (10.17)

*

where Q =21, R=0.2, z = {xl $2] and [ is a 2 x 2 identity matrix. The results are
shown in Figure 10.2. The gradient descent method takes 39 iterations to converge with
considerable variations of the step size in each iteration . Whereas, the PCGD method

converges in only 4 iterations with a consistent choice of the step size at each iteration.

10.3.2 A Bilinear Quantum System

A quantum system acted upon an external field is governed by the famous Schrodinger

equation with a forcing term

(1) = [Ho + Va()l(0); 9(0) = o (10.18)

where 1) is the complex wave function, ¢ = v/—1 and A is the Planck constant divided by

27, but is considered to be one here due to normalization. The time-independent system
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Figure 10.2: Optimal Control of a Continuous Stirred-Tank Chemical Reactor. (a) and (b) show the
optimal control and states as calculated by the two methods with an initial guess of uy(¢t) = 1. (c)
shows the step sizes taken at each iteration for both methods. (d) compares the convergence rates. The
gradient descent method takes 39 iterations to converge with considerable variations of the step size in
each iteration . Whereas, the PCGD method converges in only 4 iterations with a consistent choice of

the step size at each iteration.
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Hamiltonian H, describes the internal dynamics of the system. V' is referred to as the
control Hamiltonian that describes the coupling of the system to the external field u(t).
In this section, we consider energy-optimal population transfers similar to that presented
in [28]. That is, we aim at finding a control u that transfers the system to a desired final

population and minimizes

1

J(m,u)zé

/gT [ () Qu(t)| + Ru(t)] dt, (10.19)

where |.| is the modulus of complex numbers and @ > 0 is designed depending on the

desired final population. By defining x = [real(w) imag(¢)| » we transform the complex

optimal control problem into a real optimal control problem of the following form

1 1
minimize J(z) = 5(37, Qx) + §(u, Ru)

z

d
subject to %x(t) = [A+ Bu(t)] z(t); x(0) =
0 H 0V ) 0
A= “I'; B= ; Q= “ B
—Hy O -V 0 0 @

In this example, we consider a three-state quantum system where it is required to carry

ES

out a population transfer : ¥g = [1 0 ()] = g = [0 0 1] in T = 207. Hence Q is

designed as

1 00
Q=10 1 0|,
000
and R = 1. The results are shown in Figure 10.3. Clearly, the gradient descent method
fails to achieve the optimum in 100 iterations, and it has to choose very small step sizes

to proceed. On the other hand, the PCGD shows a rapid convergence near the solution.
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Figure 10.3: Optimal Control of a Three-State Quantum System. (a) and (b) show the optimal control

and states as calculated by the PPGD method with a random initial guess of u1(t) = 1. (c) shows the

step sizes taken at each iteration of both methods. (d) shows the convergence rates on a log scale. The

gradient descent method fails to converge in 100 iterations, and it has to choose very small step size aj

to proceed. Whereas, the PCGD method shows rapid convergence near the solution.
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Appendix

10.A Directional Derivative & Adjoint

Let € Xy and = € X. The directional (Gateaux) derivative of Dz in the direction

of 7 is calculated as

[0, Dz] (Z) = lim

where the last equality holds because T € Xy. For short, we simply write 9, D = D,.

Furthermore, it can be shown that D} = —Dyr. Let z € Xy and y € L2[0,T], then

(Do, y) = / i )y (1)t

= - <'ZE,DT/y> )

where the second equality follows by applying integration by parts, and the third equality

follows by recalling that x(0) = 0 (since z € X,) and by requiring that y € Xy which

guarantees that y(7') = 0.
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10.B Rigged Hilbert Space and Bilinear Forms

Let Sy : ¥ C L2[0,7] — R™ be the evaluation operator over the subspace W. That

is, the action of Sy on some y € VU is defined as
Sry = y(7T).

Observe that Sy is an unbounded operator on IL2[0, T]; however, it is bounded over the
subspace ¥ := (,[0,T] (space of bounded continuous functions). The goal here is to
give a rigorous explanation that justifies the formal mathematical statement that for any
y € ¥ and v € R", we have

(Sry,v) = (y, Spv) (10.B.1)

where the first inner product is understood in R™, that is (Sry,v) = y*(T)v, and
S5(t) :=9(t —T). First, notice that the second “inner product” is not well posed, be-
cause Sjv ¢ 1L2[0,T]. However, with the suitable framework, this “inner product” is
given a meaning and the technical issue here boils down to a slight abuse of notation.
Let W' C U* be a subset of the dual space U* of WU, containing all linear continuous
functionals that map ¥ — R. Since ¥ is dense in .20, T'], then the triple (¥, 1L.2[0, T, ¥’)
forms a Rigged Hilbert Space where ¥ C 1L2[0,T] C W'. For any v € R", define the family

of bounded linear functionals S;v € U’ that map any y € U as

Sro(y) =y (T)v.

Furthermore, the action of the functional S;v on y € ¥ can be represented using the

canonical bilinear form [1] over U x U’ as

<y7 S;U>(\1/,\Iﬂ) = S;”(Z/)‘

Hence, for any v € R™ and y € W, this bilinear form (unlike the inner product) is well
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defined. Then, we have
(Y, Spv) ) = Spu(y) =y (T)v = (Sry, v).

Therefore, with a slight abuse of notation, we drop the subscript “(W, ¥')” of the bilinear
form to yield (10.B.1).

This extends the inner products in L2[0,7] to the more general notion of bilinear
forms on (¥ x V') and motivates viewing Sj : R® — U* as the adjoint operator of Sy.

It also justifies the common abuse of notation

= [ o1 0ar )

where the right hand side really means the bilinear form (y, S;v)(w,w). Finally we note

that we adopt this abuse of notation throughout the paper, for simplicity, since Xy, C V.

10.C Directional Derivatives & Adjoint of the Sys-
tem Operator

Let ‘H be the system operator defined in (8.1). To calculate the first and second
directional derivatives of H, we carry out a perturbation analysis. More precisely, we

perturb ug by et to obtain H(ug + e). A Taylor expansion in € yields

1
H(ug + ) = H(uy) + €0H,, (1) + 562827{»% (@) + O(e%). (10.C.1)
Define
Te = H(ug + €tt) (10.C.2)
T -— H(uk)
Ty, = OHy, (0)
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Ty = 0*H,, (0),
so that (10.C.1) can be rewritten as
Te = X, + €Ty + %62@ + O(€%). (10.C.3)
Using the definition (8.1) of the system operator, (10.C.2) can be rewritten as
te = f(xe,urx +eu); x(0) = xo, (10.C.4)

Substituting for the expression of x. given by (10.C.3) in (10.C.4) (while truncating

higher orders of €) yields
. p 1 2~ ~ 1 _ ~ ~ 1 2 —
Ty + €XTp + F€ Tk = flag+el|x+ STk | +et);  xx(0) 4 ex(0) + 3¢ 71 (0) = xo.

Then z4(0) = xo and 7, (0) = 74(0) = 0. Using the appropriate time derivative operators
to respect the domains (see Section 6.1 for details) and expanding f around zj := (xy, uy)

up to second order in €, we obtain

1 Iy + texy 1
Dzxy + €DyZy, + 5627)0@ = f(xg, ug) + €df,, ~2 + 56282fzk(jk, w)
U
~ Lo 2 Tk L, - 2 -~
Dzxy + €DyZy, + 7€ DoZy, = f(xr, ur) +€ | A, By ot 3¢ (Akxk + 0° f., (T, u))
U

Finally, to obtain the expressions of the directional derivatives of H, we equate the same
orders in e. In fact, equating the zeroth orders in e simply yields xy = H(uy), and

equating the first orders in € yields DyZr = ATy + B, and thus
i = OHy, (01) < & = (Do — Ax) " By

Furthermore, equating the second orders in € yields DoZy = ATy + 0*f,, (Tx, ). By

exploiting the notation for the second derivative in (6.7), we obtain

Ty = 82Huk (’[L) < I = (DO — Ak)_l ngkgku
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where Zj, is defined as

Ty, OHy, (@)

a a

Finally, since 9H,, = (Dy — A)~' By, then by using (6.4), we obtain
OM: = —B; (Dr+ Ap) .

10.D Directional Derivatives & Adjoint of the Pro-
jection Operator

Let P be the projection operator defined in (9.1). To calculate the first and second
directional derivatives of P, we carry out a perturbation analysis. More precisely, we
perturb 2y := (T, Ur) by €z := €(x,u) to obtain P(2; + €z). A Taylor expansion in €
yields

Plai+ €2) = P(2) + 0P, (2) + S0Py (2) + O(). (10.D.1)
Define
Ze = (T, ue) == P2 + €2) (10.D.2)
2k = (g, ug) = P(Z)
2= (Th, Ug) := 0P (2)
Ze o= (Tn, Ug) == 0P, (2),
so that (10.D.1) can be rewritten as
Ze = 2 + €2 + %Ezik + O(€). (10.D.3)
Using the definition (9.1) of the projection operator, (10.D.2) can be rewritten as
ze = H(ue)

(10.D.4)
ue = U + eu + g(Tx + ex — x.).
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Substituting the expressions of (x.,u.), given by (10.D.3), in (10.D.4) (while truncating

higher orders of €) yields

N 1,5 N 1
IL’k+€£L‘k+§€ Tp=H|up+e€ uk+§euk

1 1
uk+eak+§e2ﬁk:ﬁk+eu+g((ik—xk)+e<x—ik—§eik>>.

Expanding H around u; and g around Z, — x, up to second order in ¢, yields

(

1 1 1 1
Ty + €T) + 562@ = H(ug) + €0Hy, (ﬁk + éeak) + 562827{% <ﬂk + 561‘%)

~ L, . . - 1 _
Uk + €ug + 5 € e = U +eu+ g(Ty — xp) + €0z —uy, | T — Ty — €Tk

1 N
+ 5628295@k—xk (@ — Tk — §E$k> )

\

where the directional derivatives of the system operator H are given in Table 8.1. Note
that dg;, ., and 8%g;s, _,, are the Jacobian and second derivative of g evaluated at &y —zy,

respectively. By exploiting the linearity of 9H,, and truncating €, we obtain

;

1 1
Ty + €Tg + 58@ = H(up,) + €OH., () + 562 (a%uk (1) + O*H.oy, (ak)>

1
uy + €ty + §e2ﬂk = U + g(Tp — xp) + e(y + 09z —a, (T — .ik))

1 - _
\ + 5E(Pgnl@ = 1) = g5, (@),
Finally, to obtain the expressions of the directional derivatives of P, we equate the same
orders in e. In fact, equating the zeroth orders in € simply yields (g, ug) = P (&, ug) ,

and equating the first orders in € yields

Ty, = OHy, (Tx,)
Uy = u + Kip(z — Tp),

where K} := 0¢z,—s,. Equation (10.D.5) describes the action of 9P;, in terms of the

system operator H. Using the expression of OH,, in Table 8.1, we obtain the differential

equation form shown in Table 9.1.
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To calculate the second derivative, equate the second orders in € to obtain

Ty = OHy, (Ug) + O*Hy, (i)
(Zi‘k,ﬂk) = 82P2k(_,u) <= (10D6)
Uy = (z — Tx)"Gr(z — T) — Ky Ty,
where we exploit the notation developed in the section on Section 6.1.5 for the second
derivative of a vector-valued function. Again, by substituting the expressions of 0H,,
and 0°H,, from Table 8.1, we obtain the differential equation form shown in Table 9.1.

Now we calculate the adjoint of dP;,, denoted by OP; . We first write dP;, as an

operator-valued matrix. From (10.D.5), we have

[ x

S

u

where Z is the identity operator. Then the operation (Zy,ux) = 0P, (z,u) in (10.D.5)

can be rewritten as

i z (T 4 0My Ky) ' 0MHy, x
= 0P;, = { Ky I]
iy u T — Ki(T + 0Hy, Ky,) ' 0H., u
Then the adjoint is
IP;, = OM:, (T+KpoM:)  T—0H: (T+KioM:,) 'Kf|,
7

where OH;, is given in Table 8.1. To compute the action of the adjoint in terms of OH,
without the inverse operations, we proceed as follows. Let (Xy, fix) = 0Pz (X, i), then
Xk = K fuk
(10.D.7)
fir = OH;, (T + KoM, )~ (x — Kip) + p=: OH;, i + 1,
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where the intermediate variable ¢y, is defined as
ap = (T + K 0H, )" (x — Kin). (10.D.8)
But yy in (10.D.7) can be rewritten in terms of ay, as
i = Kifip = KpOH;, on + Kjp, (10.D.9)
and ay in (10.D.8) can be rewritten as
X — ar = K OH;, ap + K. (10.D.10)

Comparing (10.D.9) and (10.D.10) yields xx = x—ay or ap = x—Xx- Finally, substituting
for ay, in (10.D.7) yields
o . Xie = Ky [
(Xk, i) == OP% (X, ) <= (10.D.11)
fix = p+ OHy, (X — X))
By substituting the expression of 0}, from Table 8.1, we obtain the differential equation

form shown in Table 9.1.

10.E Replacing &7 with a Boundary Condition

In this appendix, we show that when &7 appears in a differential equation, we can
remove it by a suitable modification of the boundary condition.

Consider the following differential equation
At + f(t) +Siv=0; MNT) =0, (10.E.1)

where f is some bounded function of time and v is a constant vector. Integrating both
sides of the differential equation from 7" — € to T + € yields

/T+EA(t)dt+ /T+6f(t)dt+ /T+€5(t ~ Tudt = 0.

T—e T—e T—e
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When we take the limit as ¢ — 0, the second term goes to zero because f is finite to

obtain
MT+¢€) —XNT —¢)+v=0,

where we exploit the sifting property of the Dirac delta function. Given the original

boundary condition A(7") = 0, that is A(T" + €) = 0, we obtain
MT —¢)=ANT+¢€)+v=n0.

Therefore, the new boundary condition becomes A(T') = v, and hence (10.E.1) can be

replaced by the following differential equation

MNt)+ f(t) =0; MNT) =w.
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Introduction

Model-based dynamic estimation is a widely used methodology for incorporating partial
measurements of a process with some knowledge of its underlying dynamics. Most no-
tably is the Kalman filter in the Linear Quadratic case, and its many nonlinear versions.
In this paper, we are concerned with dynamical processes that are described by Partial
Differential Equations (PDESs) in two or three spatial dimensions, particularly ones that
describe fluid flow and advection of temperature and concentration fields. Incorporating
measurements into such basic physics models is referred to as “data assimilation” in the
Atmospheric Sciences literature [52].

The setting that motivates our current work is on a smaller scale such as local outdoor
environments, or time-critical situations such as forest fires or hazardous plumes. In such
situations mobile sensors collect limited measurements that need to be “assimilated” into
fluid flow models. Since temperature, concentration and flow fields follow well-known
physical laws, it is reasonable to expect that incorporating these PDEs can significantly
enhance the reconstruction fidelity and spatial resolution of limited measurements.

While the foregoing is a standard dynamic estimation and data assimilation problem,

our concern in the present work is how should mobile sensors move so as to optimize
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estimation errors in the dynamic setting? This is especially important if sensors’ ma-
neuverability and time is limited, and this optimization of the sensors’ paths become
critical. This is essentially a mobile version of the classic “sensor placement” prob-
lem [14,15,21,32,40].

The approach we adopt is a sort of double optimization (a min-min problem), where
the sensors’ paths are chosen to minimize metrics related to the estimator of minimal er-
ror. For example, if the underlying dynamics are linear and the estimation error criterion
is quadratic, then the optimal estimation error covariance (over a finite-time horizon) is
given by the differential Riccati equation of the Kalman filter. The sensor’s paths enter
as a time-varying signal in the “C matrix” of the system’s output equation, which enters
quadratically in the Riccati equation. One can now think of a purely deterministic op-
timal control problem where the dynamics are given by the matrix (or operator)-valued
Riccati differential equation, and the time-varying sensors’ paths are the “control inputs”
into this equation. The sensor paths can now be chosen to minimize criteria such as com-
binations of the trace of the error covariance and costs of sensor motion. In the nonlinear
dynamics case, the error covariance is not given by a Riccati equation, but the min-min
optimization problem formulation is still valid. The optimal path is chosen to minimize
an error criterion (error variance, relative entropy or others) of the best estimator. This
is similar in spirit to the approach adopted in [12,32].

First we formulate the optimal distributed estimation problem where the sensors’
locations are chosen a-priori. Then, we address the problems of sensor placement (for
static sensors) and path planning (for mobile sensors) in the subsequent chapters.

The setting is the standard stochastic estimation with process disturbances and mea-
surement noise. In addition, we do not assume that boundary conditions are known
or fixed, but rather stochastic with some prior knowledge of the relative time scale of

their variations (e.g. the daily cycle of the sun’s radiation heating). We model two
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different measurement operators: (1) point-wise measurements and (2) line integral mea-
surements. The latter being relevant to acoustic tomography sensing (which will be

addressed in details in the subsequent chapters).
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Acoustic Tomography & Estimation

of Static Temperature Fields

In this chapter, we first give a brief description on the basic concepts of acoustic to-
mography and explain how it can be exploited in estimating temperature fields. Then a
couple of case studies are considered to describe how we estimate unknown temperature

fields in 2 dimensions using tomographic sensing techniques.

12.1 Acoustic Tomography for Static Temperature
Fields

Acoustic Tomography [35], [36], [63] is a technique for reconstructing scalar fields (e.g.
temperature) or vector fields (e.g. wind velocity) from the time of flight of ultrasonic
sound signals between transmitters and receivers. The transceivers can be deployed
outside the region to be mapped which might be advantageous in some scenarios (such
as hazardous plumes, forest fires, etc.). In this section, we show how acoustic tomographic

can be exploited to estimate unknown temperature fields.
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In dry air, the equation that relates the temperature to the speed of sound is given

by
= Vb, (12.1)
where v = 2 ¢ is the speed of sound [m/s] at a temperature ¢ [°K]. 7o = 1.4 is the

adiabatic index, R = 8.31451 is the molar gas constant and M = 0.0289645 is the mean

molar mass of dry air. The velocity of an acoustic ray is given by
Upay = CTL+ 7, (12.2)

where 77 is the unit wavefront normal and ¥ is the wind speed. Denote by 7;; to be the
time of flight between transceivers i and j. Denote by ['to be the unit direction vector of
the line joining the two transceivers. Also, let I';; be the straight path from transceiver

i to j. Then, the time of flight 7;; is

1
Iy Ti; Uray-l

Hence the time of flight measurements are going to be some known nonlinear function of

the temperature and velocity fields

The goal of acoustic tomography is to recover the temperature and velocity fields from
available time of flight measurements. Naturally, some questions can be asked here: (a) is
this inverse problem solvable? (b) if yes, how many transceivers are required for accurate
recovery? (c) where to deploy the limited number of available transceivers? (d) how to
deal with dynamical fields that are time varying? The Fourier Slice theorem [48] proves
that using the Radon transform (which computes line integrals over the whole domain),
one can recover only the temperature field. However, other set of measurements are

needed in addition to (12.4) for a full reconstruction of the velocity vector field [10].
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For example, [35] utilizes the angle of departure/arrival of the acoustic waves using the
bent ray model. In this dissertation, we study the recovery of temperature fields in a

stationary medium (' = 0) with a straight ray model for acoustic signals (77 = f)

12.2 Posing the Inverse Problem

Let ¢(x,y) denote the temperature at location (x,y). Then the time of flight between

transceivers i and j, denoted by 7;;, is given by

dl
. 12.5
Tij /Fz‘j e ( )

Linearizing around some operating point 1), we obtain

1 3 1
Tij = Ve <§Lij “ a3 /rj @ﬁ(%y)dl) - (12.6)

with L;; being the distance between transceivers i and j. We denote the line integral of
the temperature field along I';; by m;; which can be expressed in terms of the time of
flight 7;; as

mij = 24 (ngj - fﬂznj) : (12.7)
For the rest of the dissertation, we assume that m;; is directly available as measurements.
Therefore the inverse problem for one line integral measurement is given by m;; = C;;(v),

where C;; is the line integral operator defined as follows:

C(0) = [ v (12.8)

Now, let m and C be two vectors that concatenate m;; and C;; for all possible lines,
respectively. That is, m := {m;;} and C := {C;;}. Let N,, be the number of lines used.

Then the inverse problem is to find ¥ (z,y) that satisfies

m = C(1). (12.9)
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Ultimately, since the scalar temperature field has an infinite number of unknowns and the
measurements (line integrals) are finite, then the inverse problem is under-determined. A
common method ( [35] and the references therein) to overcome this issue is to parametrize
the scalar field with a finite number of unknowns NV,, using some numerical method such as
finite elements or finite differences with N,, < N,,. Then a pseudo inverse is used to invert
the line integral operator. In other words, the numerical method is deliberately designed
to make the inverse problem solvable. However, for applications where the region of the
unknown field is large, and the number of transceivers is limited, this method will force
a coarse grid. This significantly degrades the reconstruction accuracy. A better scheme
should not depend on the numerical method used to solve the infinite dimensional inverse

problem.

12.3 Solution Schemes for the Inverse Problem

In this section, we show and compare three different methods to solve the inverse

problem (12.9).

12.3.1 Norm Minimization of the Error

In this section we present the method that has been widely used by signal processing
people and we thus call it “traditional method”. This method, as mentioned before,
parametrizes the scalar field with a number of unknowns less than the number of available
measurements so that a pseudo-inverse method can be applied to minimize the error.

Formally, this method solves the following problem

Y, = argmin||m — C(¢)|| (12.10)
P
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To solve this problem using finite elements, we cover the region with a tile of N, triangles

with a total of IV, nodes. Inside each triangle we have

n;=3

Y(@,y) = Y n(2,y) (12.11)

n;=1

where n; is the local index of nodes for a particular triangle, v, is the value of the scalar
field at the node of a local index n;, and ¢, is a linear basis function that is equal to 1
at the local node n; and zero at all other nodes in the region. Thus, ¢(x,y) is linearly
interpolated between the nodes. Finally, the line integral operator C;; can be numerically

approximated as follows (refer to figure 12.1)

TLtZNt nl=3
)~y [ WY duney)
m=1 I'ijNTriangle,,, =1
N 3 (12.12)
=D OB S AT
=1 m=1 Ij;NTriangle,,,

Eventually, using this method, C will be realized as some matrix C'. Moreover the

Figure 12.1: Line Integral on Finite Element Triangulation

unknowns can be formed as a vector

vec(Y) = [P1 Py ... 1/}Nn]T' (12.13)
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The problem can thus be expressed as
vec(1h,) = argmin||m — Cvec(v)]|. (12.14)
()

This problem can be easily solved using the pseudo inverse. Hence the reconstructed
temperature is

vec(1,) = (CTC)1CTm. (12.15)

For this method to give meaningful results, N,, needs to be greater or equal to N,,.
In applications with large region 2 and limited number of transceivers, the mentioned
condition means that the finite element grid needs to be coarse enough to reduce the
number of unknowns. This will give accurate reconstruction only at the locations of the
nodes. However, the accuracy will degrade significantly at the locations between nodes
especially for fields with rapid spatial variations. This is illustrated in subsequent case

studies.

12.3.2 Alternative Minimization

The actual inverse problem is different, in essence, from the approach presented in the
previous section. The number of unknowns is actually infinite and in practice we can only
obtain a finite number of measurements. This certainly fails to apply to the condition
for the previous approach: N,, > N,. In fact, the null space of the operator C is infinite
dimensional. A better solution scheme shouldn’t depend on the numerical method used.
Attempting to overcome this limitation, we incorporate the physical laws that govern the
scalar field under study. For the temperature problem, the field is governed by the heat

equation
Av(z,y) =0 for all(z,y) € Q
0? o

(12.16)
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Incorporating Physical Laws (Attempt 0): Instead of solving the inverse problem

in equation (12.9), we solve the following inverse problem

0 A
= Moy where M, = . (12.17)
m C

Here, the extra piece of information added is the physical laws that govern the interior
of the region €2 with no additional information on the boundaries. It turns out the null
space of My is still non trivial. This will be illustrated in the numerical example later

on.

Incorporating Physical Laws with a Minimization Criterion: The previous at-
tempt didn’t trivialize the null space of the operator to be inverted. Then there are
infinite number of solutions from which we have to pick the best in some sense. One way
to do that is by casting an alternative minimization problem. Two different minimization
criteria were chosen: the spatial variations and the spatial curvature on the boundaries;
that is, we minimize the tangential derivative J; and tangential second derivative 8% on

the boundaries, respectively.

Attempt 1:
) 1
Wi = argmin - (9, I))

P
(12.18)
subject to: Mgy =
m
Attempt 2:
S PN

@D* = arginln §<a{¢7 a{ >

(12.19)

subject to: Mgy =
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Solution of the Minimization Problems: In this section, we present the solution
procedure for attempts 1 and 2. In general, assume that the minimization problem is:

. = argmin Dy, Dy)
¥ (12.20)

subject to: M = b.
where D is a linear operator and b is some vector.

Using Lagrangian multipliers A\, we form:
1
L(P,N) = 5(7)1/), DY) + X (M —b). (12.21)

Hence to find the stationary points, we require the partial derivatives % and % to be

zero. Thus, we arrive at the necessary conditions:
DD* M*| ¢ 0

=|1. (12.22)
M 0| |A b

Equation (12.22) can be solved to recover the temperature ).
In the subsequent section, we give a case study where we estimate the temperature

distribution using line integral measurements as described in this section.

12.4 Case Study 1: Estimating a Static Temperature
Field on a Rectangle

Consider a two-dimensional rectangular region €2 of height H = 4 and length L =5
with no heat sources/sinks within. The boundaries admit Dirichlet conditions on the
top and the left (77 = 20 and 7o = 30) and the other boundaries admit Neumann
conditions (refer to figure 12.2). However, the boundary conditions (on 02) are assumed
to be unknown. The operators A, C J; and 8% are realized using a finite difference
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(0,H T, H) =T (L,0)
-0
g o
I 0° 4 9N —0 “
- (52 + 52T (@,y) = 3.
s 5
(0,0) Me0) (£,0)

Figure 12.2: Heat Equation on a Rectangular Region

method with a grid size of 30 by 20 and the linearization was carried out around 7' =
25. 14 transceivers are deployed on the boundary as shown in figure 12.3 and time of
flights between transceivers along the boundaries are not allowed thus giving N,, = 59

measurements. With this spatial discretization, the number of unknowns is N, = 600.

Figure 12.3: Location of the Deployed Transceivers

Clearly, the first method cannot be applied. In fact with this number of measurements
available, it can only recover the temperature field for a grid with a maximum of 59 nodes

(for example an 8 by 7 grid). This will certainly degrade the quality of the reconstructed
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field. Attempt O still has nontrivial null space. For this method, there are an infinite

number of solutions out of which that of a minimal norm is shown in figure 12.4. Indeed

A Particular Solution using the Traditional Method A Particular Solution using Attempt 0

x108
5000

Figure 12.4: Failed Temperature Reconstruction using the Traditional Method and At-

tempt 0

figure 12.4 shows how the two methods fails to reconstruct the temperature. However,
the large variations of the reconstructed field at the boundary in attempt 0 motivated us
to look for solutions with some conditions on the boundaries. Thus attempts 1 and 2 were
made. In fact, figure 12.5 shows the error percentage of the reconstructed temperature
fields using attempts 1 and 2. Although attempt 1 shows better reconstruction inside the
region, the reconstruction at the boundaries shows curvature variations. This motivated
attempt 2 where the curvature along the boundaries is minimized thus reconstructing
the temperature field with small errors.

The message taken from this case study is that when the number of transceivers
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Figure 12.5: Temperature Reconstruction using Attempt 1 and 2

is limited, there is no way around incorporating our knowledge from the physics to

reconstruct the unknown field accurately.

12.5 Case Study 2: Temperature Reconstruction on
a Disk, Analytical Example

To get insights and intuition on the number of transceivers required to fully recover
the temperature field, we study a particular example that can be analyzed analytically.
In this example, we consider the exact reconstruction of unknown temperature fields on a
disk using line integral measurements. The temperature field is assumed to be governed
by the two dimensional static heat equation.

Let  be the region strictly inside a unit disk. Let (x,y) and (r,0) be the Cartesian

and polar coordinates respectively such that

x = rcos(f) and  y =rsin(h). (12.23)
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Then, the region 2 along with its boundary 02 can be represented as follows:

Q={(z,y); 0<2*+y* <1} ={(r0); 0<r<1l,—-w<0<n}
(12.24)

o0 ={(z,y); 2°+y* =1} ={(r,0);r=1—-r<60 <}
Let ¢ (z,y) represent the temperature at location (z,y). Assume that the steady state
heat equation (Laplace equation) governs €2 with a Dirichlet boundary condition on 0f2.
02 o?
(W—i_@_gﬁ) Y(z,y) =0 (z,y) € Q
U(z,y) = h(9) (z,y) € 05

The Poisson Integral Formula [11] gives a closed form for boundary value problem (12.25)

(12.25)

in polar coordinates:

1 [ 1—72
Y(r6) = o /W e e 0 (12.26)

Line Integrals over Diameters: First, we assume that the line integrals are calcu-

lated on lines passing through the origin as shown in figure 12.6.

Figure 12.6: Unit Disk
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Define Cy to be the line integral operator where the line of integration is parametrized

by the angle 6.

Co: L2([0,1], [-7,7[) = R
bo (12.27)
Y= Co(v) = Y(r, 0)dl.

ag

The line integral can be divided into two parts

0 b 1 1
CHW):/ Y(r, 0)dl + ; w(r,e)dZZ/o ¢(r,9)dr+/0 Wp(r,0 + m)dr, (12.28)

by exploiting the fact that v (r, @) is periodic in 6.
Now, define
1
1) = / o(r, 0)dr. (12.20)
0
Hence
Co(vp) =1(0)+ 1(0 + ). (12.30)
Substituting the expression (r, #) from (12.26) in (12.30), we get
1 1 iy 1 — 7’2
1(0) = — h dod
(6) /027r/_7r (¢)1+T2—2TCOS(9—¢)¢T
I ! 1—7?
I LC) e
27 J_ . o 1L4+7r2—2rcos(d — ¢)
1 ™
o U CUEI

drdg (12.31)

where J is the integral of the Poisson kernel

1 1 — g2
J(¢) = /o 1577 = 2 cos(d) dr. (12.32)

Equation(12.31) suggests that the line integral I(f) is the convolution of the boundary
condition with the Poisson kernel J. As a matter of fact, the integral of the Poisson

kernel can be shown to have a closed form. It is given by

1

() = —1—cos(6) log(2—2 cos(6)) 27| sin ()| | trias (6 — ) + %m%(@ 5| 239
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tTiT(QS)

Figure 12.7: tris,(¢)

where trip(¢) is a triangular periodic function as shown in figure 12.7. Furthermore,
J(¢) is plotted in Figure 12.8. Since h(¢), J(¢) and I(¢) are periodic functions in their

argument, then their Fourier Series can be calculated.

o= 3 T =g [ gt

k=—o00 21 Jx
k=+o00 -
ho) = 3 hHE™ ik = oo [ b s (12.34)
k=—o00 -7
M= S° IHe I = / " 1(g)eMdg
o '
k=—00 -

J[k], h[k] and I[k] are the Fourier coefficients of J(¢), h(¢) and I(¢), respectively. In

fact, the Fourier series for J(¢) can be explicitly calculated

™

Jik] = = / (=1 — cos() log(2 — 2 cos())

- [
2] sin(@)] |trise (6 — 7) + %tm’%(gé) - %D ehdg  (12.35)
1

EE

Figure 12.8 plots the Fourier coefficients J[k]| of J(¢) and some truncated partial sums

of the Fourier series. Taking the Fourier Series of equation (12.30) yields
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Figure 12.8: Integral of the Poisson Kernel and its Fourier Series

Cr(v) = I[k] + * I[k] = (1 + *)I[k]
_ kT3 7 1+ (-1,
= (14 *\h[k]J[K] = Wh[k]
— F[k]h[k] (12.36)
R 0, k odd
Flk] =
%, k even

where Cy, (1) is the Fourier Coefficient of the line integral operator.

Culv)) = — / " Cy()e*dp. (12.37)

2 J_,
Equation(12.36) shows that Cy(¢)) = 0 for any angle 0 if the boundary condition h(f) has

only odd spatial frequency contents. This result is intuitive since the scalar field with

odd spatial frequency contents on the boundary forms an anti symmetric temperature
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distribution within the disk, and thus the line integral will cancel out. We conclude that
the operator Cy has an infinite dimensional nullspace and is not invertible: any scalar
field with anti symmetric components (due to odd spatial frequency contents on the
boundary) cannot be reconstructed from line integrals along the diameters.

As an illustrative example, we solve the forward problem using the following boundary
condition:

h(6) = 20 + 5 cos(0) + 3 cos(26) + 7 cos(36). (12.38)

The line integral for all possible 6 is calculated by first calculating ék(¢) using equa-

tion(12.36) and then calculate its inverse Fourier Series using:

k=400

Colth) = D Crlw)e™. (12.39)

k=—o0

Figure 12.9 shows the calculated line integral along with the Fourier Series and the im-

posed boundary condition.

Dirichlet Condition Fourier Cgefficients

35 20
0 15 —o0 iy
—x F
Sh
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= 20
5
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20 15 10 5 0 5 10 15 20 -4 4

Figure 12.9: Line Integral along Diameters of the Disk

Now to solve the inverse problem, we assume that we are given the line integrals for all
lines passing through the origin as shown in figure 12.9 and we are required to reconstruct

the scalar field ¢ (r, 0) using equations (12.34, 12.36 and 12.37). Figure 12.10 shows the
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original temperature field along with the reconstructed field. The reconstructed field is
not the same as the true field. In fact, it corresponds to the boundary condition with no
odd spatial frequency contents. Moreover, the unreconstructed field corresponds to the

field with only odd spatial frequency contents on the boundary.

True Temperature Field

1

Reconstructed Temperature Field Unreconstructed Temperature Field

()

Figure 12.10: Reconstructed and Unreconstructed Temperature Fields

As a conclusion, this reconstruction procedure is capable of reconstructing only the sym-

metric component of the temperature field.

Line Integrals along Radii: The reason for the aforementioned null space is that
the line integrals are along diameters. On the other hand, if sensors are allowed to be
deployed inside the region, then one can deploy only one transmitter at the origin and

spread receivers along the boundary. Then the line integral operator would be:

Co(1) :/O b(r,0)dr = 1(6). (12.40)

Hence, its Fourier series would be

Cr(1) = J[k]h[k] = hlk]. (12.41)
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Equation(12.41) suggests that the new line integral operator will never nullify the scalar
field unless the boundary condition is zero. That is, the null space of this operator is
trivial and hence it is invertible. As a conclusion, this scheme is capable of completely
reconstructing the temperature field from the line integrals. In practice, only finite
number of receivers can be deployed. In fact, to fully recover the temperature field
from a finite number of line integrals, the Nyquist-Shannon sampling theorem must be
respected. That is, if the highest spatial frequency contained in h(6) is Ny, then 2N, + 1

receivers are required to fully recover the temperature field.
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Chapter 13

Estimation of Dynamic Distributed

Fields Via Tomographic Sensing

In this chapter, we formulate the optimal distributed estimation problem where the
sensors’ locations are chosen a-priori. After developing the theoretical framework, we
consider a case study where we estimate an unknown dynamically evolving temperature

field in a two dimensional room.

13.1 Formulation of the Dynamic Distributed Esti-
mation Problem

The setting considered here is the standard stochastic estimation with process distur-
bances and measurement noise. In addition, we do not assume that boundary conditions
are known or fixed, but rather stochastic with some prior knowledge of the relative time
scale of their variations (e.g. the daily cycle of the sun’s radiation heating). We model
two different measuring operators for the cases of point-wise sampling, and line integral

measurements respectively. The latter being relevant to acoustic tomography sensing.
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13.1.1 Physical Dynamics and the Measurement Models

Let ¢ denote a dynamical field in a region 2 with its boundary 92 = 0Qp U 0Qy;
0Qp and 0y are subsets of the boundary where Dirichlet and Neumann conditions are
respectively imposed. The governing dynamics are transcribed by the following partial

differential equation:

5@ ) = Au(e, 1) +w(@, b 0(0,2) = Yo(w)

vt =un(e ) aeb(@n)]  =uxle)

8QD 6QN

(13.1)

where w is a zero-mean white Gaussian noise field with covariance P,. A is a spatial
operator defined on the domain of fields satisfying the boundary conditions in (13.1),
and 7 is a unit vector normal to 0Q2y. ¥p and ¥y are unknown, possibly time varying,
fields defined on the boundaries 0€2p and 0€)y, respectively. For the rest of the paper,
we drop the dependence of the fields on the spatial variable & whenever no confusion is
caused.

The available sensors are assumed to be capable of taking either point-wise or line
integral measurements (such as transceivers). For this purpose, define the line integral

and sampling operators as follows:
Cyvo = [ iz and G = i) (13.2)

The linear spatial operator C;; acts on a field, defined on €2, to yield its line integral over
the straight path I';; connecting transceivers 7 and j. On the other hand, C; samples the
field at the location @, of the point-wise sensor k. Taking all possible measurements by

the available transceivers and point-wise sensors, we get the output equation:
m(t) = C(t) + ve(t) (13.3)

where C is the vector concatenation of C;; and Cj, and v, is a zero-mean white Gaussian

noise vector with covariance R,.
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The ultimate target of this paper is to design schemes to assimilate our knowledge
of the model with the available measurements in order to optimally estimate the un-
known fields v, ¥p and ¢y. In fact, we target two challenges facing this problem: (1)
unknown boundary conditions and (2) where to place the sensors and how to control

their movement.

13.1.2 Incorporating Unknown Boundary Conditions and their
Dynamics

We now tackle the first challenge by modeling the dynamics of the boundary condi-
tions based on our knowledge of the physical laws governing the fields. By absorbing our
modeled stochastic dynamics of ¢)p and ¥y, we formulate the estimation problem in a
standard Kalman filter setting.

The boundary conditions ¥p and 1 can be seen as inputs to the dynamical system
defined in (13.1). Since they are unknown, we assume that they have dynamics of their
own. We model their dynamics by the following evolution equations driven by white

Gaussian noise:

%gl)@) = Apén(t) + Bpwp(t); £n(0) = Epo
(13.4)

%fzv(t) = Anén(t) + Bywn(t); En(0) = Eno
where &p and &y are the states of the dynamical systems modeling the Dirichlet and
Neumann boundary conditions, respectively. For example, if the modeled dynamics ?re of
first order, then £p = ¥ p. In the case of second order dynamics, £p = [¢ I %¢ D} and
so on. Moreover, wp and wy are zero-mean white Gaussian noise fields with covariances
Pp and Py, respectively. The operators Ap, Ax, Bp and By will shape the response of
the modeled boundary dynamics and are designed depending on the application at hand.

By absorbing the modeled dynamics of the boundary conditions (13.4) in (13.1), we
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get the augmented (continuous time) evolution equation with the corresponding output

equation:

he(t) = Ace(t) +we(t);  1he(0) = Yoo

m() = [c o} bolt) + velt) s

E{we(z, tyw;(x,7)} = Qe(®, x)5(t — 7)

E{v.(t)vI (1)} = RO(t — 1)

c

(G Yo A 0 0
Vo= |ép| Vo= [Epo| Ac=10 Ap 0

<y Eno 0 0 Ay

_w Pu 0 0

we:= |wp| Q= 1|0 BpPpBi 0
WN 0 0 BN'PNB}'(V

where §(t) is the Dirac delta function and ”*” is the adjoint operator. Note that, we
assume that there is no correlation between the different boundary conditions and the
interior field, hence Q. is block diagonal. If correlation is required in a particular appli-
cation, off-diagonal terms can be added.

Assuming that the sensors are already deployed in fixed locations, the C operator
is thus known and time invariant. Hence, the estimation problem can be optimally
solved using Kalman filters. The design parameters are the modeled dynamics of the
boundary conditions in (13.4) and (Q., R.) in (13.5). The design completely depends on
the application at hand. As a case study, the next section will illustrate an application

on temperature fields and acoustic tomography.
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13.2 Case Study: Dynamic Acoustic Tomography of
Temperature Fields

Acoustic tomography [35], [36], [63] is a technique for reconstructing scalar tempera-
ture fields and/or vector velocity fields from the time of flight of ultrasonic sound signals
between transceivers. The transceivers can be deployed outside the region to be mapped
which might be advantageous in some scenarios (such as hazardous plumes, forest fires,
etc.). In this example, we utilize the technique developed in the previous section to esti-
mate dynamic temperature fields in a static (zero velocity) medium. The measurement
scheme employed is based on tomographic sensing, i.e. line integral measurements are

taken.

13.2.1 Temperature Dynamics and Tomographic Sensing

Consider € to be a rectangular region to simulate a tWOTdimensional room as shown
in Fig. 13.1(a). Hence, the spatial variable x = {x y] is two dimensional. The
temperature field is governed by the dynamical heat equation with a diffusion constant
a. Unknown non-homogeneous Dirichlet conditions are imposed on the left (9€2;) and
top (0€22) boundaries to simulate heat sources/sinks (i.e. 9Qp = 0Q; U 0y). For
simplicity, the other boundary conditions (on d€2y) are known to be insulated walls with

homogeneous Neumann conditions imposed. Then the A operator in (13.1) is defined as

follows: o o
Ay = « (@ + a—y2> Y
(13.6)
with  ¢n(t) =0 and ¢p(t) = Vi)
¢D2 (t)

In acoustic tomography, transceivers measure the time of flight of ultrasonic acoustic
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Figure 13.1: (a) The 2-dimensional dynamical heat equation is considered with a diffusion constant a.
The unknown Dirichlet boundary conditions to the top and the left are allowed to be varying in space
and time. The Neumann boundary conditions to the bottom and the right are assumed to be known
and homogeneous, thus modeling insulated walls. (b) Transceivers are deployed on the boundaries to

measure the time of flight of ultrasonic signals between them.

signals. It can be shown [35] that the time of flight depends on the temperature field
along the path traveled. For simplicity, we assume that the transceivers are directly
measuring the line integrals of the temperature field along the straight paths between

them.

13.2.2 Modeling the Unknown Dynamics of the Boundary Con-
ditions

Since the boundaries with Neumann conditions are known to be homogeneous, x yy,
Ay and By are all zeros in (13.4). In this example, we assume that the temporal
frequency of the temperature variations along the boundaries are known to be less than
a given frequency f,. As aresult, we model the boundaries with Dirichlet conditions to be

the outputs of a second order low pass filter fed by a zero-mean white Gaussian noise field,
186



Estimation of Dynamic Distributed Fields Via Tomographic Sensing Chapter 13

wp. Let f, and ( denote the natural frequency and damping ratio of the second order low
pass filter. Note that wp can be divided into two separate sources, wp, and wp,, affecting
each Dirichlet boundary condition separately. That is, wp(t) := {le (t) wp, (t)] . Let
Pp, and Pp, denote the covariance of wp, and wp,, respectively. Based on a physical
intuition of the smoothness of temperature distributions, we assume that the temperature
fields along the Dirichlet boundaries are spatially correlated with correlation lengths of
o1 and 0y. Hence one way to represent the covariance is by using a Gaussian kernel as

follows:

(y—8)2 _ (z—x)?

Pp,(y,6) =are 1 ; Pp,(z,x) =age > (13.7)

Finally, by letting w,, = 27 f,, and recalling the dynamics of a second order low pass filter,

the parameters in (13.4) are summarized as follows:

0 0 A 0
0 0 0 T
Ap =
—w3T 0 —2Cw, L 0
0 —w3T 0 —2Cw, T
- - _ - N (13.8)
0 0 Yp1
0 0 Y2 Pp, 0
Bp = §p = Pp =
wZ 0 %@/)Dl 0 Pp,
0 wiz %tz

where Z is the identity operator.
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13.2.3 Numerical Results for Temperature Field Estimation

For a numerical example, we use L = 5 m and H = m with periodic Dirichlet

boundary conditions (period = 1 day) as follows:

=2 10 si
¥(0,y,t) =20 + 10sin (24><60t>

H,t) =30 — 10si
(x, H,t) =30 — 10sin (24 » 60t>

where t is expressed in minutes and 1 in °C. The initial temperature field is ¢q = 10°C.
The true diffusion constant « is 0.05m?s~!. To simulate an inaccessible interior region,
we deploy 14 transceivers on the boundaries, as shown in Fig. 13.1(b), allowing us to
take a total of 59 measurements at each instant of time. The operators A., C, and Q). are
realized using a finite difference method, by laying down a 35 by 40 two dimensional grid.
In our simulations, we assume that our sensors and the model in (13.6) are accurate, so
we let R, = 0.011 and P, = 0.01Z, where I and Z are the identity matrix and identity
operator, respectively. The design parameters are aq, as, 01,09, and f,. Their choice
should be based on the available information (physical intuition) on the temperature field.
For example, we predict that the temperature variations on the boundaries are around
40°C with a period more than 3 days. We also predict that the spatial temperature
variations along the Dirichlet boundaries are small. Then we choose a; = ay = 402,

' 01 = 5H and 0y = 5L. The low pass filter is designed to be critically

fo = & days™
damped, that is ¢ = 0.707.

To test the robustness of our estimation scheme, we carry out two simulations with
no prior knowledge of the initial temperature field in both cases. First, we assume that
we have exact knowledge of the diffusion constant, that is we know that o = 0.05. This is
still challenging the Kalman filter since the Dirichlet boundary conditions are unknown.

Fig. 13.2 shows two snapshots of the exact and estimated temperature fields at t = 12 min

and t = 2.5 hrs. The figure clearly shows how accurate the estimation is. For the second
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simulation, we assume that we don’t have perfect knowledge of the diffusion constant;
say we predict & = 0.1. This is considerably different from the actual diffusion constant.
Fig. 13.3 shows the estimation error as a function of time for both scenarios: exact and
perturbed diffusion constant. In fact, the figure shows how the estimation accuracy is
degraded for the perturbed model; however, it is still doing a very good job given the

severe perturbation of the diffusion constant.
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Figure 13.2: Performance of the Kalman Filter. This figure shows two snapshots of the exact tempera-
ture field and the estimated temperature field at ¢ = 12 min and ¢ = 2.5 hrs, respectively. The estimation
process is carried out by deploying 14 transceivers to take line integral measurements. A Kalman filter
algorithm that absorbed the dynamics of the unknown boundary conditions, as described by section
13.1, is employed to estimate the temperature field. Indeed, the figure shows the high accuracy of the

estimation even if the initial estimate was considerably off from the actual temperature field.
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Figure 13.3: Comparison between the performance of the Kalman filter with an exact and a perturbed
diffusion constant for the 2D heat equation. This figure shows the relative estimation error for two
different scenarios. The first scenario assumes that the diffusion constant is predicted exactly. The
second scenario assumes that the diffusion constant was predicted to be 0.1 when it is actually 0.05. The
relative error was calculated by taking the norm of the estimation error relative to the norm of the true
temperature field at each time instant. The red curve shows a drop in accuracy compared to the blue
curve. However, taking into consideration the large perturbation of the model, the performance is still

acceptable.
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Chapter 14

Optimal Sensor Placement & Path
Planning in Distributed

Environments

After formulating the estimation problem in the previous chapter, we target the challenges
of optimal sensor placement and path planning. This chapter deals with schemes to
design the C operator in (13.5) using optimal control theory. For simplicity, we consider
taking only one measurement (point-wise or line integral). Clearly, the optimization
problem at hand requires a performance measure to quantify the estimation accuracy. [12]
employs the mutual information between the estimated states and the measurements as a
performance measure for point-wise sensor trajectory planning. In this paper, we intend
to minimize the state estimation error variance which is the trace of the estimation error

covariance. For this purpose, define the state estimate and estimation error covariance,
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respectively as follows:

(1) = E{y (1)}
) (14.1)

E{[(t) = (][ (r) = (7))} = X ()3t — 7).
Note that, for notational convenience, the subscript of the state variable ¢, in (13.5) is
dropped for the rest of the paper. Let C, denote the measurement operator in (13.3)
parametrized by p. In the case of point-wise measurements, p is just the coordinates of
the measurement location. Hence, C, is a sampling operator that acts on a field 7 as

follows:

Cot = (p) = / 5@ — p)i(w)dz .

Cy(x) = 6(x —p)
where C is the adjoint operator of C,. On the other hand, in the case of line integral
measurements, p is the set of parameters of a line (for example polar coordinates in

Fig. 14.1). Hence, C, is a line integral operator that acts on a field 1 as follows:

o= | vl - / ( /

Co(x)= [ o(x—=x,())dl

Lp

d(x — azp(l))dl> v(x)dx

P

(14.3)

where I, is a line parametrized by p and x, is a position vector spanning I', (refer to
Fig. 14.1). The propagation of the estimation error covariance X in the dynamics of
(13.5) is governed by the continuous time Riccati equation. For notational convenience,

we define the Riccati operator as follows:
* 1 *
R(p,X) = AX + XA + Q. — EXCPCI,X. (14.4)

Equipped with a performance metric, tr(X), and a measurement operator C,, (14.2) and
(14.3), we will show next how to find the optimal locations for fixed sensors, and the

optimal trajectories for mobile sensors.
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Figure 14.1: Parametrization of a line in a region 2. Any line can be parametrized by its polar
coordinates p = (p, ). Let x,(l) denote a position vector that spans the line I';, as [ varies between [

to ls. Note that [y and I specify the shape of the region (.

0 Sip(x,t) = o%u“:(;y. t) 4+ w(z,t) I

$(0,6) = ¥, (1) P\ V(L) = i, (t)

Sensor

Figure 14.2: The one-dimensional dynamic heat equation is considered with a diffusion constant «.
The two boundaries satisfy Dirichlet conditions. The sensor capable of taking point-wise measurements

is located at x = p.

14.1 Optimal Static Sensor Placement

In this section, we consider another case study: the dynamical heat equation in one
dimension with unknown periodic Dirichlet boundary conditions on both ends (refer
to Fig. 14.2). Hence, in this example, 1p, (t) and ¢ p,(t) are unknown scalar periodic
functions of time with an unknown frequency f. We apply the technique described in
section 13.1 in a similar fashion to the case study in section 13.2. Thus, our modeled
dynamics of the boundaries in (13.4) are given by (13.8), where Z, Pp, and Pp, are all
scalars now. Our goal is to deploy one sensor, capable of taking point-wise measurements

continuously in time, at an optimal fixed location x = p. The optimization objective is to
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minimize the steady state ! estimation error. For a given sensor location pg, we know that
the steady state estimation error covariance, X, solves the algebraic Riccati Equation:
R(po, Xss) = 0. Hence, we can pose the underlying optimization problem as follows:

p= argmin  tr(Xy)
P, : {0<p<LiXes} (14.5)

s.t. R(p, Xes) =0
To explore and characterize the problem, we do a brute force search by computing tr(Xs)
for all possible values of p. Fig. 14.3 shows the cost function (tr(Xss)) as a function of
sensor location for different values of three design parameters: f,,, Pp, and 3, where we
let Py, = ST (recall that P, is the covariance of the white Gaussian noise field in (13.1)
and f, is the natural frequency of the second order low pass filter introduced in section
13.2.2). The conclusions that can be drawn here are: (a) as the natural frequency f,
is increased compared to the actual frequency of the Dirichlet boundary conditions f,
the filter realizes that the boundary conditions are varying rapidly and thus it would be
more informative to measure towards the interior. (b) as [ is increased, less trust is put
into the interior of the model, thus the filter chooses to measure locations in the interior
domain to compensate for the lack of trust. (c) as Pp, is decreased relative to Pp,, more
trust is put into the corresponding boundary and thus the filter chooses to measure the

other boundary (Note that Pp, = 20?).

14.2 Optimal Sensor Path Planning

In this section we allow the sensor to move around and take measurements (be it
point-wise or line integral). Our goal here is to design an optimal path for the sensor.

The optimization objective depends on the application requirement. In this section, we

!Steady state is achieved after the transient response (due to initial conditions) dies out. Hence, a
steady state can be fixed or oscillatory.
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Figure 14.3: Effect of the design parameters on the optimal static sensor location for the 1D heat
equation. This figure shows plots of the trace of the steady state estimation error covariance Xss as
a function of sensor location for point-wise measurements. The top plot to the left varies the natural
frequency of the second order low pass filter f,, compared to the frequency f of the periodic Dirichlet
boundary conditions. That to the right varies the intensity of the process noise inside the region of the

heat equation. The plot at the bottom varies the covariance of the white Gaussian noise feeding the low

pass filter of one of the two boundary conditions.

will consider two different objective functions.

This optimization can be thought of as an optimal control problem. We let the
control to be the velocity of the sensor in order to penalize it in the objective function.
Otherwise, the sensor would be allowed to move instantaneously from one location to

another. Hence the states are the covariance operator X and the sensor location p. Two
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different problems can be posed here:

PO = aogmin (@ () +§ [ ooy 2ar
. s.t. X(t) = R(p(t), X(1); X(0) =X (14.6)
p(t) = u(t); 2(0) = po
)= i [ () + B30 a
. 5.t (1) = R(p(t), X(t)); X(0) = X (14.7)
p(t) = u(?t); 2(0) = po

where p is the mobility penalty of the sensor. P, and P, are nonlinear optimal control
problems. P; searches for the optimal control that gives the best estimate at the final
time. So, given a time duration ¢;, the sensors are allowed to move to give the best
estimate at the end of the given time duration. On the other hand, P, searches for the
optimal control that minimizes the estimation error as the sensor is moving. To solve
the two optimal control problems, we form the Hamiltonian then develop the costate
equations. To do so, we need to calculate the Frechét derivatives: ((%R(p, X )) (0p)
and (;%R(p, X)) (0X). These are the directional partial derivatives of R(p, X) in the

directions of ép and X, respectively. It can be shown 2 that

(5R0.0)) 6n) = ~-2Won)2 "
(R ) ) (57) = e~ £,6,15 45X LA~ £,6,)

where £, := XC; R, " is the Kalman gain and W,(dp) := (B%[C;Cp]) (0p). The Hamilto-

nian functions for P, and P, are denoted by H; and Hs, respectively.

Hy = qu(t) + (A(), R(p(t), X (1)) + (At), u(t))
(14.9)

Ho :=tr(X(t)) + Ha

2The derivations for a simpler (finite dimensional) setting is given in Appendix B.
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The costates for P; can be shown to be:

A(t) = =AW [Ac = Ly (1)Cpiay] — [Ae = Ly (1)Cp()] “A(D)

At) = Ritrm*(t)x(t)wp(t)x@)) (14.10)

Alty) = =X%(tg);  Alty) =0
The costates for P, can be shown to be:

A(t) = =T — A@#)[Ac — Ly (£)Cpr)]—

[Ac — L) (1)Cpn)]"A(2)

. 1 (14.11)
A(t) = Etr(A*(t)X(t)Wp(t)X(t))
A(ty) =0; Atf) =0
The state equations for both P, and P, are the same:
(1) = Rp(1), X(1): X(0) = X
p(t) = u(t); p(0) = po (14.12)
_AMD)
\ u(t) = .

To solve the optimal control problems P, and P,, one needs to solve the costate and
state equations in (14.10) through (14.12). This is, numerically, a very large scale problem
since the states are typically large covariance matrices. Efficient numerical schemes to

tackle these problems are currently under investigation.

14.2.1 Sub-optimal Path Planning in Discrete Time

We present a sub-optimal algorithm for the path planning problem in discrete time.
First, we discretize (13.5) in time to get:

U1 = Agp + wy,
(14.13)

my = Cp, Ur, + vk
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with Ar
Ag = exp(AAL); Qq ::/ exp(Ay7) Q. exp(AlT)dr
0
E[wkw:] = Qdéks; E[vkv:] = Rdéks
where d;, is the Kronecker delta and At is the discretization time step. Note that Qy
can be computed using Van Loan’s algorithm [59] for example. The propagation of the

covariance in discrete time is dictated by the discrete time Riccati equation:

Vi = Ag X1 Ay + Qq
(14.14)
1

Xe= [V, +C R'Cp]
Hence, at each time step we have an optimization problem to be solved as follows. Given
pr—1 and Xj_1, select p, that minimizes the estimation error at time step k. For the case
study explained in section 14.1 but with a moving point-wise sensor, the optimization

problem can be written as follows:

_ . 2 2
pr = argmin  tr(&y) + Pk — Pk—1
{0<pr<LiXy} )+ a )

5.t Ve = AuXe LA + Q4 (14.15)
X, = [Vt +C R,

Fig. 14.4 plots the optimal trajectory for different set of design parameters. In fact, for
the set of design parameters used, the optimal trajectory turned out to be periodic. The
period and the shape of the trajectory depend on the design parameters used. Note that
the typical numerical values used for the design parameters are as follows: = 0.1, f,, =
3f, B =5% and Pp, = Pp, = 40%, where f = 1 reflects a time scale of heat transfer on
the rod (refer to Appendix A). Fig. 14.4 shows only the values of the modified design
parameters. As a matter of fact, for higher mobility penalty, the sensor tends to move
less and spends more time on the boundaries. Moreover, when Pp, is decreased, the
sensor visits the second boundary for smaller duration of time to reflect higher trust in
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the latter. On the other hand, higher values of f, indicates that the boundaries are
allowed to vary faster and thus the sensor stays at the boundaries for longer periods of
time. Finally, smaller values of 3 indicates that we trust the interior of the model more,

thus the sensor visits the interior less frequently.

14.3 Conclusion and Future Work

This paper approaches the optimal estimation problem in distributed dynamic en-
vironments, where measurements taken by available mobile sensors and physics-based
models are assimilated to enhance the estimation accuracy. The optimal sensor path
planning was then cast as a continuous time-space optimal control problem. The nec-
essary conditions of optimality were derived to yield operator valued state and costate
differential equations. Efficient numerical methods to solve this, generally, large scale op-
timal control problem are currently under investigation. It is believed that the optimal
control has a special structure (such as periodic) as shown in the discrete time version
solution of the one dimensional heat equation example. Solving the optimal control prob-
lem will give us insights on the structure of the optimal sensor path. On the other hand,
other applications such as flow estimation will be considered. In this application, the
physics-based model to be employed is the nonlinear Navier-Stokes equation. Acous-
tic tomography sensing techniques can also be used, using the framework developed in

section 13.1, to design sensor trajectories that optimally estimate the flow fields.
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Figure 14.4: Optimal paths for a mobile sensor capable of taking point-wise measurements using the

discrete time Kalman filter algorithm for the 1D heat equation. The four plots show the calculated

optimal paths for two different values of the mobility penalty p, the error covariance Pp, of the white

Gaussian noise feeding one of the Dirichlet boundaries, the natural frequency f,, of the low pass filter
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Appendix

14.A Heat Equation on a Rod: Transfer Functions

Consider the one-dimensional simplified heat transfer problem on a rod that is dynam-
ically heated on the left boundary. We are interested in studying how heat propagates
in the rod in response to the dynamically heated end. We will analyze two problems. In
the first, we consider an semi-infinite rod and calculate a transfer function from x = 0 to
x = L. Then, we consider a finite rod of length L that is thermally isolated on the right

boundary. Mathematically, the dynamics for the two problems are give by

ob(z,t) = ad?Y(z,t); x € [0,400)
Mt { 5(0.1) = u(t)

| v(0)=0
o)(z,t) = ad*Y(z,t); z€[0,L] (14.A.1)
¥(0,t) = u(t)
ML .
D,b(L, 1) =0
P(x,0) =0.

Our goal is find a transfer function between the input heater u(t) and the output y(t) =
(L, t) for both problems M, and M.
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14.A.1 Heat Equation on the Semi-infinite Line

In this section, we consider M. This is approached by taking the Laplace transform

in time. Taking Laplace transforms in time of M, we get:

sg/?(x, s) = ozail/;(x, s)

(0, s) = u(s).

This really can be posed as follows:

~

| e | o af | e || s | i)

0,0(z, ) 0| [Duth(z,s) 9:0(0, 5) 0(s)

)

Q |w

where 0(s) is unknown and needs to be determined from the extra condition that

lim o(z,t) = lim o(x,s) = 0.

r——+00 r——+00

The solution can be written using the variation of constants formula as

]
—_

Qlw

cosh (/£x)  \/%sinh (y/Zx)| |a(s)
VEsinh (\/2z)  cosh (y/£x) o(s)

Writing the first equation of the matrix equation, we have

U(x,s) = cosh (\/§$> a(s) + \/g sinh (\/gx) B(s)

= (6\/% + e_\/g"’j @ + (e\/gx —e” aﬂf) \/g@(S)

- e\/fx <0(8) + \/g@(S)) L 221 (ﬁ(s) - @@(3))
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(s) =0.

>

Observe that for the limit of ¢(z, s) as  — oo to vanish, we have d(s) +

Then
~ _ _\/gx.

U(x,s) =e
Finally, the output is given by y(t) = (L, t), then
Is) _ -y (14.A.2)
u(s)
The frequency response is then given by
@L%(H—j)

1 2 ]71' T
Z{(J' 7f) — eV 2] g, ‘/2 Vi _
a(j2rf)

:@_V#e_j\/@

Therefore the magnitude and phase of the transfer function are given by
(52 27r ney L?
2w ) = Phase ?{(‘7 /) =— Wf. (14.A.3)
a(j2rf) a

a(j2r f)
For L = 5m, a = 0.05m?/s, the frequency response is depicted in Figure 14.A.1

14.A.2 Solution of the Heat Equation with Inhomogeneous Dirich-

let and Homogeneous Neumann Boundary Conditions,

Method 1

To transform M, in (14.A.1) so that the boundary conditions become homogeneous

we define a new state space variable W(z,t) := ¢ (z,t) — u(t). Hence, the dynamics in

the new state space variable ¥ can be expressed as

OV (x,t) = ad?V(x,t) — u(t)

W(0,t) =0
(14.A.4)
8, (L, t) =0
U(z,0) = g(z) — u(0).
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Figure 14.A.1: Frequency Response at a location x = L of a semi-infinite rod heated at

x = 0.

Now, we will solve the easier problem (14.A.4) since it has homogeneous boundary con-

ditions. Define the following operator
VU(x) = 02¥(x); with domain D(V) := {¥ € L,[0, L]; 9 € Ly[0, L]; ¥(0) = 9, ¥(L) = 0}.

It can be shown that this operator is self-adjoint and it has a full set of orthonormal

eigenfunctions given by:

N 1\? 72 _\/?\/—/\ N
n_—(njuﬁ)z—2 —> Pn(1) = z&m -A\x)  neN

Knowing that the eigenfunctions for n € N form an orthonormal basis, we can expand

any U € D(V) as

Ve, ) = Y 0 (0ou(e) o Balt) = (6, (1)),

neN
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where (., .) is the Ly[0, L] inner product defined as (f, g) fo x)dx. We substitute

the basis expansion in (14.A.4) and proceed as

Z%@n(t (2) = > Un(t)Augn(x) — (t)

neN neN
= (o Y %@n(t)cm = (¢, > _aW,(H)Audy —(t))  (Project on ¢y)
neN neN

d - . L
#m-awk() | itonteyis

d
a\l’k< ) = a)\k\Ilk — 'LL \/7 Sln _)\kx

d -
%‘Dk( ) = a\e Wi (t) + uft \/7\/__/\kcos (v —Arx) )

d - - ) 2 L
a‘l/k(t) = a\Wi(t) + u(t)\/;m (COS( —\eL) — 1)

d - : V2L

L

The initial condition can be calculated as
. 2 (b
B4(0) = (90,90, 0) = (60,9~ w0) = (60,9) ~ 02 [ s/
0
= g+ pru(0)

Therefore, the coefficients of ¥(z, t) in the basis { ¢ } ren evolves according to the following

set of decoupled ordinary differential equations

d - < . - .
2 k() = el (t) +pa(t); - Te(0) = g+ pu(0),
where py == — (k\—/',-i) The solution of these decoupled ODEs is easily obtained using the

variation of constants formula

A A

t
0, (£) = e, (0) + / T (P B (0) = §+ pu0).
0

We, now use integration by parts to express W, (t) in terms of u(t) rather than u(t).

A

¢
U, (t) = ea)‘"t\i/n(O) + ,uneo"\”t/ e—‘””u(r)dr
0
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_ ea)‘"t\i/n(()) +,Un€a)\nt (e—az\m-u<7_)

t t
+ al, / e~ Tu(T)dr
0 0

t
= e, (0) 4 ppe™t (ea)‘"tu(t) —u(0) + a)\n/ e‘””u(ﬂch)
0
t
= nt <g + pnu(0) + py, <6M"tu(t) —u(0) + a)\n/ eo"\"Tu(T)dT)>
0
t
MG+ paul(t) + oz/\nun/ eo"\”(t_T)u(T)dT.
0

The solution of (14.A.4) can thus be written as

Uz, t) =) ( OMtG 4 u(t) 4 g fin /O t eo"\"(tT)u(T)dT) b ()

neN

Therefore, the solution in the original state space is given by

W, t) = ut) +) (ew"tﬁ + pu(t) + adafin / eaA”(”)U(T)dT) ()
0

neN

Transfer Function: In this section, we assume that g(z) = 0, then the output y(t)

can be calculated as

y(t) = VL, ny (Mn e, / t axnu—ﬂumm) on(L)

= +% (un n€+oz)\n,un /0 t ew“—f)u(r)dr) \/% sin(yv/=A\nL)
_ [%ZN (,unu +oz)\nun/ oAn(1=7) ()m) (—1)"
—ut) T S
+a\fzn§(—1)n (n+ %)2%2(71@% /Ote A=y (r)dr
—u(t) — Zult) 2@; E;B; + % %(—w <n + %) Otewtf)u(r)df
= u(t) —% (); 2(;21 + gn%(—n" (m%) /Ote%(t—%(r)dr
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t
/ eo"\"(t_T)u(T)dT

0

= u(t) - %u@) tan ™ (1) + a% 2= (” i %)

neN

= ult) ~ Ju(t)

2m n 1 ! aip(t—7)
4+¢§§]—n ntg) ) e u(r)dr

neN

= y(t) = 04% > (=" (n + %) /Ot e =Ty (7)dr

neN

This is an input-output dynamical system that can be realized in state space as explained

next. First define a family of state space variables as follows:
! 1
2p(t) = / et (1 )n (n + 5) u(r)dr, (n € N).
0

Then the output can be written as

y(t) = afy 3 alt)

neN

The state space realization can thus be expressed as an infinite dimensional system as

follows:
[ [am] Tar I o] [ 2 [20(0) |
] 21(t) al 21(t) -3 21(0)
- + u(t); =0
zn(t) aM, zn(t) (=1)" (n + 2, (0)
_Zo(t)_
z1(1)
yt) = laF of s
zn(t)
) - (14.A.5)
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The transfer function is thus obtained by taking Laplace transforms:

1 1
s—a)g 2
1 _3
S—aA1 2
y(s) = aZ oz ... aZ } : u(s)
s—i)\n (_1)” (TL + %)
Therefore
(s 2w () (n ]
H(s) = )~ aﬁz (1 g 2)”2. (14.A.6)
uls nen s+ (n+3) ah

By defining ¢, := az—z (n+ %)2, we can rewrite H(s) as

H(s) = ¥ Z(—nns\ﬁn H(t) = ¥ > (=1 eme e,

neN neN

14.A.3 Solution of the Heat Equation with Inhomogeneous Dirich-
let and Homogeneous Neumann Boundary Conditions,

Method 2

By taking the Laplace transform of M in (14.A.1), we obtain a two point Boundary
Value Problem in space, where we treat the Laplace variable s as a parameter. The BVP

can be written as

ngA)(x, s) = a@i@/}(x, s)

¥(0,s) = u(s) (14.A.7)

B,b(L,s) =0

The solution to the BVP can be easily calculated to be
U(x,s) = (cosh (\/Ex> — sinh (\/Ex) tanh (\/EL) )11(3)
o « «
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Define a transfer function at location x as H(x, s) 1= wézﬁ;)s)

H(x,s) = cosh (\/gx) — sinh (\/gx) tanh (\/gL)
cosh (\/gx) cosh (\/EL) — sinh (\/gm) sinh (\/gL)
cosh (/£L)
cosh (\/g(x - L))
cosh (\/2L)

. This can be rewritten as

Finally, we have

A(Ls)=—21 (14.A.8)

cosh (/£L)

Note that this derivation, by comparing with (14.A.6), allows us to compute the following

sum (for « =1 and L = )

2 n+ i 1
= 1" 2 —
WE( )

“~ s+ (n+1)* cosh(mys)

For L = 5m, o = 0.05m?/s, the frequency response is depicted in Figure 14.A.2. Observe

that the ga

14.B Derivation of Sufficient Conditions of Optimal-
ity: A Finite Dimensional Example

In this appendix, we derive the necessary conditions of optimality of the sensor motion
problem of Chapter 14. The setting considered here is the finite dimensional setting for

simplicity.

14.B.1 System Dynamics

Consider the following linear, finite dimensional dynamical system

U(t) = A(t) + w(t); ¥(0) = 1o
(14.B.1)
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Figure 14.A.2: Frequency Response at a location x = L of a Finite rod heated at x = 0.

where w(t) and v(t) are zero-mean Gaussian White Noise, such that
E{w(t)w" ()} = Qd(t — 7)
E{v(t)vT(t)} := R6(t — 1)

and p(t) € R is a scalar variable that parameterizes one sensor. The dimensions are given

below:

o(t), w(t) € RY; y(t), v(t),p(t) € R
A e RV, C(p(t)) € RN
Q=Q" >0e RV, R>0€eR
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14.B.2 Sensor Dynamics
Let the sensor dynamics be governed by the state space equation
2(t) = Asz(t) + Bsu(t); 2(0) = 2z

p(t) = Csz(t);

(14.B.2)

where z(t) and u(t) are the state space variable and control of the sensor dynamics,

respectively. The dimensions are given below:

z(t) € RN u(t) € RM; p(t) €R

A, € RV=xE= B, € RN=*MNu. C, € RV

14.B.3 Optimal Control Problem: Path Planning for Optimal

State Estimation

Let the state estimate and estimation error be denoted by () and e(t), respectively

such that

d(t) = E{ ()}
e(t) = (1) — ¥(t)

Furthermore, let the estimation error covariance be denoted by the matrix X(t) =

XT(t) > 0 € RY*Y such that

E{e(t)e” (1)} == X(£)5(t — 7)
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Let P = PT >0 € RY*Y be some positive semidefinite matrix. Observe that

tr(PX(1)) = tr(PE{e(t)e” (1)})
= E{tr(Pe(t)e’ (1))}
= E{tr(e’ (t)Pe(t))} (circular property of the trace)
= E{(e"(t)Pe(t)} (eT'(t)Pe(t) is a scalar)
= E{|le@®)||%} (P-Weighed Ly-Norm)
This is a Weighed Mean Square Error which will be used as a cost functional to be

minimized for optimal estimation.

14.B.4 Without a Terminal Cost

The optimal path p(t) to estimate ¥ (t) can be calculated by solving the following

optimal control problem

_ bty 1 1
olin /0 <tr(PX(t)) + 37 (1)Qsz(t) + U (t)Rsu(t)) dt
(< T 1 T , _

(1) = AX + XAT4 Q= pXCEICOIG XO) = X0 o

5.t () = Asz(t) + Bou(t); 2(0) = 2

p(t) = Csz(t)

\
where P = PT >0 € RVN Q, = QT >0 e RY* and R, = Rl > 0 € RV*M are
penalization terms.

14.B.4.1 Necessary conditions of optimality: Summary

In this section, we state the necessary conditions of optimality leaving the derivations

for the subsequent sections.

213



Optimal Sensor Placement & Path Planning in Distributed Environments Chapter 14

14.B.4.2 Definitions of Riccati operator and time-differentiation operators

First, we define some useful operators. Define the Riccati operator as follows

R(X,p) = AX + XAT +Q — %XC’(p)TC’(p)X (14.B.4)

Define the affine time-differentiation operator D that acts on matrix and vector functions

of time as follows
D : [DX](t) = X(t); dom(D) = {X;X(t) € RVN Vte[0,T] and X(0) = X,}

D: [D2|(t) = 2(t); dom(D) = {z;2(t) € R"> V¥t € [0,T] and 2(0) = 2}
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Moreover, define the linear time-differentiation operators Dy and Dy that act on matrix
and vector functions of time as follows

Dy : [DX](t) = X(t); dom(Dy) = {X; X (t) € RV*N vt e [0,7] and X(0) = 0}

Dy : [D2](t) = 2(t);  dom(Dy) = {z;2(t) € RY= V¢t € [0,T] and 2(0) = 0}

Dy : [DA](t) = A(t); dom(Dr) = {A;A(t) € RV*YN vt €[0,T] and A(T) = 0}
Dr: [DA|(t) = A(t); dom(Dg) = {\;\(t) e RY V¥t e [0,T] and M(T) = 0}
It is easy to derive the following relationships between the various time-differentiation
operators
0 0

8_XD = Do, &D = DO and Dg = —DT

where * is the adjoint operator.

14.B.4.3 Lagrangian Analysis

Let A € RV*Y and A € RY: be the Lagrange multipliers associated with the opti-
mization problem (14.B.3). Using appropriate inner products, the Lagrangian L can be

written as follows
1 1
L(X,z,A, \ u) = (P, X}+§<Q5z, z)—|—§(Rsu, u)+ (A, R(X,Cs2)—DX)+(\, Asz+Bsu—Dxz)

where the operators R and D are defined in section 14.B.4.2, and the inner products are

defined as follows
T
If X,(8), Xo(t) € R™™ Ve € [0,T], then (X1, Xp) = / tr (X7 ()X (1)) dt
0
T
If z1(t), 22(t) e R* Vt € [0,T], then (z1, z9) ::/ 2L () 2o (t)dt
0

The necessary conditions of optimality are obtained by setting the Fréchet derivatives to

zero as follows

[0,L(X, 2 A\ )] (1) =0 for (1,7) € {(X, X); (2, 2): (A, A); (A N); (u, @)}
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Before we start computing the Fréchet derivatives of the Lagrangian, lets calculate the
Fréchet derivative of the Riccati operator defined in (14.B.4).
v =\ (Y S oAl Y (AT T L AT T
[OXR(X, )] (X) = AX + XAT - — (XCT()C(p)X + X" (p)C(p)X)
B 1 (d _, o B (14.B.5)
X,p)|(p)=—=X|(— p)C(p p)—C(p) | Xp
ORI, () = X (L CTDCE) + ()5 ) ) X

where dipC' (p) is defined as follows:

C(p) = [Cl(p) Cay(p) - CNz(p)}

d
%C(p)z[d%,a(p) Calp) - dipCNz(p)}

Now, we are ready to compute the various Fréchet derivatives:

1. Setting [aAL(X, zZ, A\, ﬁ)} (A) = 0, we get the Differential Riccati Equation.

X(t)=R(X(#),pt);  X(0) =Xy (14.B.6)

2. Setting [OAL()_(, z, A, 5\,@)} (A) = 0, we get the state space equation of the sensor
dynamics.

Z(t) = Asz(t) + Bgu(t); z(0) = 2 (14.B.7)

3. Let’s calculate Ly such that [OxL(X,z, A\, )] (X) := (Lx,X).

(Lx,X) = (P, X) + (A, [0xR(X,p)] (X) — DyX)
— (P.X) + (R, AX + X AT — }lz (XC()O)X + XCT)OE)X) ~ Do)
= (P+ ATR+ 84+ DrA, X) - (CT(P)C(R)XA + AXCT (D)), X)
= (P4 ATR+ 84+ DrA — = (CT()C(G)XA + AXCT()C() , )
— Ly =P+ ATA+ AA + DA — }% (CT(p)C(p) XA+ AXCT(p)C (D))
Setting Ly — 0, we get the following costate differential equation:
—A= (A_K(X, p)C(ﬁ))T/_X+/_\(A—K()_(, p)C(p)) +P;  A(T)=0 (14.B8)
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where K(X,p) :== XCT(p)R™! is the Kalman gain.

4. Let’s calculate L, such that [0.L(X,z,A, X\, 4)] (p) := (L., Z). Define p := C,z, and

employ the chain rule to calculate the Fréchet derivative of R with respect to z.

(L3 = @3+ A [aR(5 )| (1000 )) + (.42 - D)

_ _ - 1-/d d —
=(Q. 2+ ATXN+ D), 2) — (A, =X [ —CT(p)C(p T(5)—C(p ¥
(Quz 4 ATA+ DrA2) = (L X (CT(DCH) + CT 2.l ) XC2)
Define
W(p) = LT (H)C(F) + CT ()= (p)
p) = dp p p b dp p
Observe that W(p) = WT(p) € RV*N. Then
_ _ _ 1 - _
(L.,2) = (Qsz + ATX+ Dy, 2) — (A, =XW(p)XC.3)

Let’s calculate the second term while keeping in mind that CZ is a scaler function

of time.
(A, l)‘(W(p)X@;) _ 1L / ' r(ATXW( p) X C, z)dt
:—/ tr(A W (p) )C’zdt
- = 0 tr(XW(p)XA)CSZdt
- p(xwmn).c
- e (xwxa) 2
Hence,

Setting L. = 0, we get the second costate differential equation:

N=ATA+ Q.2 — EC’Ttr (XW( )XA) NT) =0 (14.B.9)
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5. Setting [8uL( 2\, ﬂ)} (@) = 0, we get the simple relationship that links A with

Therefore,

u=—R;'BI'\ (14.B.10)

Equations (14.B.6), (14.B.7), (14.B.8), (14.B.9) and (14.B.10) form the set of necessary

conditions of optimality.
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Chapter 15

Conclusion & Future Directions

The first part of the dissertation presented a framework to track mean-square stability
and performance of linear time-invariant systems in feedback with multiplicative stochas-
tic uncertainties. The analysis was carried out using a purely input/output approach
which uncovered new tools that are borrowed from stochastic calculus. The main as-
sumption of our analysis is that the multiplicative uncertainties are white (uncorrelated)
in time. A future direction in this line of research is to consider colored (temporally
correlated) uncertainties as well. Furthermore, although our analysis encompasses infi-
nite dimensional systems, but the number of uncertain parameters considered are finite.
Future work would include extending our results to spatially distributed uncertainties
that obey certain symmetries (for example spatially invariant or circulant systems).

The second part applied the theory developed for structured stochastic uncertainty
to stochastic cochlear models. Stochastic disturbances were assumed to infiltrate the
cochlea within the cochlear amplifier, and thus mean-square stability and performance
analysis was carried out. Future work includes studying the effect of stochastic uncer-
tainties in different structural parameters in the cochlea, such as the fluid density.

The third part suggested an alternative derivations for existing numerical methods
to solve optimal control problems using a function-space approach. This approach gave
rise to geometrical interpretations and insights that lead to the development of two new
numerical methods as well. Future work in this line of research would involve adding
inequality constraints to the optimal control problems that are considered and following
the same function-space approach.

Finally, the fourth part lay down a theoretical framework to design optimal trajecto-
ries for mobile sensors whose goal is to minimize the estimation error of an unknown field.
The mobile sensors are assumed to move in stochastic and distributed environments to
collect measurements of an unknown field whose underlying physical laws are available.
Although the underlying dynamics are stochastic, we were able to pose the problem as
a deterministic optimal control problem whose states are operator valued. Future work
would involve using efficient numerical methods to solve such large scale optimal control
problems.
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