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In network estimation and control systems like sensor networks or industrial robotic systems,
there are often restrictions or uncertainties that must be taken into account. For example, there are
often bandwidth and communication constraints on the estimators or controllers. Additionally,
the dynamics model is not always known. Lastly, noise or exogenous disturbances can adversely
affect your system.
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of neighboring sensors. Therefore, we must solve a distributed control problem. The third
problem stems from the dynamics of a system being unknown. In this regard, we must solve
a control problem using simulated data instead of a fixed model. The research in this thesis,

utilizes tools from optimization, estimation, control, and dynamic programming.
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Chapter 1: Introduction

1.1 Introduction to the Problems Investigated

In this section of the thesis, we outline the research we undertook to addresses several
problems organized in three parts: sensor scheduling in the Kalman filter and robust ()
estimation settings; distributed risk-sensitive control; and risk-sensitive control for systems with

unknown dynamics.

Part 1: Sensor Scheduling in Kalman and Robust Filtering

Problems with sensor networks related to applications such as environmental monitoring and
target tracking involve limitations on battery life and bandwidth capacity. Hence, we must
frugally use the resources at hand to minimize estimation errors. The estimation error criteria
can either be the minimum mean square error (MMSE) as in the Kalman filter (i.e. H, setting)
or min-max error as in the robust (i.e., H.,) setting. The limitation on sensor resources can
be addressed by capping the number of times a sensor is activated. This is the issue of sensor
sampling. For example, if we are estimating the state over an interval of 10 time units, we may
allow the sensor to be activated for only half of the 10 time units. Additionally, we can cap the
number of sensors that are activated at any given time. This is the issue of sensor scheduling.

For example, if there are 10 sensors available, we may allow only half of the 10 sensors to be



activated per time unit. The sensor sampling and scheduling problem can be formulated as a
mixed-integer convex problem. One major question is, does the structure of the problem lend
itself to manageable algorithms to solve the optimization problem. Additionally, can we find
suitable upper bounds on the solution and can we bound how suboptimal the solution is? We
explore solutions to these questions in chapters 3 — 5 . Some of these questions have been

answered in papers [1], [2], [3].

Part 2: Distributed Control in the Risk-Sensitive or Robust Setting

Part 1 above focuses on centralized estimation. Because of communication restrictions, this
communication may not be possible. In this part of the thesis, we investigate distributed risk-
sensitive or robust control. Distributed, in this case, means agents in a multi-agent system do
not communicate with a central hub but merely with their immediate neighbors. Each agent has
a local cost function. The goal is that each agent minimizes their own local cost function such
that the total cost function is then minimized. Distributed linear quadratic regulators (LQR) has
been studied in [4]. We study the problem for risk-sensitive control in the linear quadratic setting
(linear exponential quadratic Gaussian, LEQG). We present the distributed control problem in

chapter 6.

Part 3: Risk-sensitive or Robust Control with Unknown Dynamics

It is not always the case in a control problem that the dynamics are known. In the third part of the
thesis, we investigate discrete time risk-sensitive or robust control problems when the dynamics
are unknown. One proposed solution is to directly solve this risk-sensitive control problem using
gradients of the cost function with respect to matrices. When the dynamics are unknown, the

2



gradients can be approximated via simulation. This has been proposed by Zhang et al. [5].
We extend his approach to the LEQG setting. Additionally, we can solve this problem with
a model-based solution where we first estimate the uncertain matrices by least squares and then
incorporate uncertainty in the estimator when calculating the risk-sensitive controller. We present
this work in chapter 7. Our approaches build off the work by Zhang et al. [S] and the work by

Dean et al. [6].

1.2  Contributions of the Thesis

In this section, we give a succinct description of the problems addressed in this paper and

the solution.

1. Problem 1. Find a sensor scheduling strategy that minimizes the mean square error (or H
norm) subject to a constraint on the usage of the sensor. See section 3.3 for a description

of this problem.

(a) Solution 1. Formulated a semidefinite program (SDP) solution to a relaxed version
of the problem and applied it to a localization use case. See sections 3.4-3.6 for the
solution and use case. Also, applied the SDP solution to a trust-based distributed
estimation problem in section 4.6. We also formulated an SDP-based solution for
sensor scheduling in the robust estimation setting in section 5.3. Lastly, we extend
our sensor scheduling algorithm to sensor sampling in section 3.9.

Relevant publication:

Maity, Dipankar, David Hartman, and John S. Baras. ”Sensor Scheduling for Linear



Systems: A Covariance Tracking Approach.” arXiv preprint arXiv:2110.08924 (2021).

(b) Solution 2. Composed sufficient conditions for when a greedy algorithm is theoretically
justified to solve Problem 1. “Theoretically justified” here means we can find a
bound on the solution provided by the greedy algorithm. See sections 4.4-4.5 for
the solution.

Relevant publication:
Hartman, David, and John S. Baras. “Near-Optimal Solution to the Non-Uniform
Sampling Problem in Kalman Filtering.” 2019 IEEE 58th Conference on Decision

and Control (CDC). IEEE, 2019.

(c) Solution 3. Found an upper bound on the mean square error. Minimize this upper
bound instead of minimizing the mean square error itself. This approach improves on

algorithms based on observability indices. See section 4.6 for the solution.

2. Problem 2. Find a distributed controller in the risk-sensitive control multi-agent setting.
Each agent has a local cost function. The goal is to minimize the total sum of cost functions
with the constraint that each controller can only interact with their neighbors. See sections

6.1 for a description.

(a) Solution. Formulated a consensus-based controller where the controller for an agent
is the average of neighboring controllers. This solution is inspired by consensus-based
distributed linear filters ([7]). Consensus here means consensus on the controller
grain. A bound is formulated between the cost function from the proposed distributed
controller and the cost function from an optimal global controller. Distributed controllers
and bounds are formulated for both the linear quadratic Gaussian (LQR) and the

4



risk-based linear exponential quadratic Gaussian (LEQG) settings. See chapter 6 for
details.

Relevant upcoming publication:

Hartman, David, and John S. Baras. ”A Distributed LOG and LEQG Controller.” (In

Preparation)

3. Problem 3. Find a solution to the risk-sensitive control problem when the linear dynamics

are unknown. See chapter 7 for a description.

(a)

(b)

Solution 1. Formulated a model-based solution whereby the dynamics are estimated
along with an uncertainty set. Using ideas from robust control we devise a controller
that incorporates the uncertainty set. The algorithm and the different kinds of uncertainty
sets are detailed in section 7.4. We present this algorithm on two examples: one a
random example and the other a vehicle example.

Relevant upcoming publication:

David Hartman, and John S. Baras. “Linear Exponential Gaussian Control with

Unknown Dynamics: A Model-based LMI solution.” (In Preparation)

Solution 2. Formulated a variant of the model-free, policy optimization solution.
Previously it has been presented for the linear quadratic regulator (LQR) and robust
control setting ([5]). Here, we present it for the linear exponential gaussian (LEQG)
setting. The gradients in the policy optimization are simulated gradients. Additionally,
we showcase a two-point simulated gradient instead of the one-point simulated gradient
in ([5]). See section 7.3 for details. Similar to the model-based solution we showcase

this algorithm on two examples. Lastly, we compare the performances of the model-



free and model-based solutions.



Chapter 2: Mathematical Background

In Chapter 2, we recall some of the theoretical background that will be needed throughout

the thesis and we introduce the foundations for the problems that will be addressed.

2.1 Discrete Time Kalman filter (Recursive)

See [8] for more details on this section and Chapter 3 for this material being referenced.
The Kalman filter is a recursive algorithm that uses noisy measurements to estimate the states of
a dynamical system. The optimal state estimator is an estimator that minimizes the expected error
between the state and the state estimator. This expected estimation error can be calculated apriori
before receiving any measurements. There exists discrete time (Kalman filter) and continuous
time (Kalman-Bucy filter) versions of the Kalman filter. We present here the equations for the

discrete time Kalman filter.

Consider the linear, time-invariant, discrete time system of the form,

T = Ay + wy 2.1)



fort =0...T, where 7; € R", 2y ~ N (T, P) is the initial state, {w;}_, is an i.i.d sequence

of Gaussian random variables where w; ~ N (0, W), and w; is independent of x for all ¢.

The dynamical system is equipped with sensors through the following linear, time-invariant

system,

yr = Cxy + vy (2.2)

fort =0,...,T, where y, € R™, {vt}tho is an i.i.d sequence of Gaussian random variable where
vy ~ N(0,V). Furthermore, for all ¢ # s: v, L v, vy L x9, and v; L w, (independence) for

t,sef{0,1,...., T —1}.

Let z : {(t,s)|t,s € {0,1,...,7 — 1}, s < t} — R" be the estimator of the state at time ¢

given measurements {y, }°_,. Formally, Z(t, s) is defined as the conditional expectation,

'i'(t’ 8) = E($t|y07 s 795) (23)

Define, 2y, := #(t, s). Additionally, let e(t) = x(t) — &, be the estimation error at time ¢ where

e(t) € R™.

Also, let P;; be the covariance matrix of the estimation error at time ¢ such that

Py = E(@(t) — &) (x(t) — Ty)' (2.4)



fort € {0,...,T7 — 1} where P, € R"*".

Let, P be the conditional covariance of the estimation error at time ¢ given measurements from

t = 0 to t = s such that

Pyo = B(a(t) — dgo)(a(t) - dg.) 2.5)

where Py, € R".

From standard filtering theory [8], we have assumed the following definition for the prior mean

and covariance, Tg := Zo|—1, [ := Po-1.

The estimate updates for the estimated state and covariance matrix are

Zajp = Zaje—1 + Pyp—1CT(C Py CT + V) My — CRyps) (2.6)
Py = g(Pii-1) = Pyr—1 — Py1CT(C Py CT + V) 'C Py 2.7
Teyrpe = ATy (2.8)
Py = h(Py) = AP AT + W (2.9)



Define the Fisher Information Matrix [9], the inverse of covariance matrices to be Qy; : Pt"tl and

Qs = PtISl The updates in terms of of )y, takes the following form

Qe = Que—1 + cH(V)'C, (2.10)

Qi = (AQy AT + W)™ @2.11)

2.2 Schur Complement

See [10] for more details on this section and Chapters 3, 5, and 7 for this material being used

when converting between Algebraic Riccati Inequalities and Linear Matrix Inequalities (LMI).

Consider the symmetric matrix

X = (2.12)

The Schur Complement states the condition X > 0 is equivalentto L > 0,and M —Y L7'Y’ > 0

if L is invertible. Also, symmetric conditions hold when we replace the > sign with the < sign.

See [[11], pg. 11].

(2.13)

10



2.3 Discrete Time Kalman Filter (Non-Recursive)

See [12] for more details on this section and Chapter 4 for this material being referenced.

For this section, let square brackets such as [X| denote the expectation of the random variable
X and let [X|Y] denote the conditional expectation of the random variable X given the random

variable Y.

Consider the time-invariant dynamical and measurement equations. Now, define the vector of
measurements up until time ¢, Y; = (), v}, ...,y,) where Y; € R™(*+1)_ Also, define the vector

comprising of initial condition and noise, r;_; = (z}, wh, w), ..., w, )" where r,_; € R™*+1),

We can express x; as a function of r;_4,

Ty = Lyari (2.14)

where L, ; is the n x n(t + 1) matrix such that,

Ly = (AL AT A (2.15)

The vector of measurements, Y; can be formulated non-recursively as

Y= @m0 + Vi (2.16)

11



where the random vector of noise measurements, V; = (v, v],...,v;) and ®,_; is a matrix of

size m(t + 1) x n(t + 1) such that,

C 0
CLy, 0
d, | =
CL, 5 0
CL;

Consider the covariance (£2,,_,) and conditional covariance (3,, ,) of r,_1,

Qo= (11 — [reca]) (ree1 = [ri-a]) 2.17)

Sy = (1 = [rea[Yi) (reea = [rea|Yi])') (2.18)

Subsequently, as had been defined in equation (2.3) the definition of the conditional estimate of

x; given Y is as follows

ff?t|t = [$t|Yt] (2.19)

With definition (2.14)-(2.19), we get an equation for the conditional covariance of r;_; in terms

of the covariance of r;_1, €2, .,

reo1 Qrtfl - Qrt—lq):ffl((btlertflq)ifl + EV)_l(I)tlethl (220)

12



Subsequently, the equation for the state estimate in terms of r;_; is

B = Liafoa (V3) (2.21)

Consider equation (2.20) with time subscripts removed so that ¥ = %,, |, Q =€) 4, and ¢ =
;1

Y =0 — Q(PQP 4 %,) 0 (2.22)

Take the conventional covariance of x; defined in equation (2.21) using the conditional covariance

of r,_; defined in equation (2.18). We get the estimation error covariance matrix

[(z — it\t)(%: - fi"t|t)l] = L%, Li, (2.23)

Let the mean square error (MSE) at time ¢ be e; € R" and be equal to the trace of equation (2.23).

Using the cyclic property of trace we get the following for the MSE (¢;),

e = (2 — #10)%] (2.24)
= tr{(zy — Tye) (2 — Topp)'] (2.25)
= tr(Ly2, L) (2.26)
= (L, L%, ) (2.27)

13



Note, e is by definition the n x 1 vector of zeros. Define the matrix H;_; := L} ,L; ;. Using

this definition and equation (2.22) of X,, ,, we get our final result, the MSE (e;) at time ¢,

e = tr(Hy 1%, ) (2.28)

= tr(Hyq (Qy — Q@ (P 1 1@y + Dy) T 01 Q) (2.29)

We next cite a lemma for a simplified definition of X.,, ,, the conditional covariance of 7;_;.

Lemma 2.3.1 (Hartman et al. [1]). Assuming >, = 05[ , the conditional error covariance of

ri_1 as shown by equation (2.22) can be simplified to

Y, = 02 ((®)_ @1 + Q)7 (2.30)

Tt—1

Proof. For ease of notation, we remove the time subscripts from %,, ,, ®;_4, and §2;,_; and
instead use X, @, and 2. From equation (2.22) we have ¥ = Q — Q&' (®QP’ + 02)_16139. The

Woodbury Matrix Identity states

(A+B)'=A"'-A"'B(B+BA'B)'BA™! (2.31)

where A, B are conformable matrices.

14



Apply the Woodbury Matrix Identity to (®Q®’ + 0%)~! where A = ®Q’ and B = o[ leads to,

(@Q(D/ + 0_2)—1 — @—1/9—1@—1 _ @—1/9—1@—10_2

(2.32)
(0_2] + U4®_1/E_1®_1>_102¢_1,Q_1®_1
Therefore, the conditional covariance, > equals
Y=0-Q¢ (@ V0o - VO oo
(2.33)
(0,2]' 4 O_4q)71IQfl(1)71)710,2(1)71/971(1)71)q)Q
Distributing Q&' and ®f2 into the outer parentheses, we get
Y= Q- Q-3 10?(c*] +otd Q1o )" lo2p (2.34)
= O lo?(0?] + ooV o) g2V (2.35)
= ¢TI + o2 VQ o )2 p Y (2.36)
Distributing @1, ®~! inside the parenthesis, we get
Y =0*dP+ o0 ! (2.37)
[

15



2.4 Supermodularity

See ([13], [14]) for more details on this section and Chapter 4 for this material being

referenced.

First consider set functions, real-valued functions whose domain is a collection of sets. For
example, for a finite set V, consider a set function f : 2" — R whose domain is the power set of

the finite set V.

Definition 2.4.1 (Intuitive). The intuitive definition of a submodular function is a set function
that has the “diminishing return property.” The “diminishing return property” is the property
of a set function that says the marginal benefit of adding new elements to the set (the argument
of function f) decreases. If the function f is a submodular function, then the function —f is a

supermodular function.

Definition 2.4.2 (Formal). For finite set V, subsets A and B, and set function f, whose domain

is the power set of V', a set function f is supermodular if VA C B C V andVj ¢ B

f(B+j)— f(B) = f(A+j) — f(A) (2.38)

where f(B + j) stands for f(B U j).
An equivalent definition is

Definition 2.4.3. For finite set V, subsets A and B, and set function f, whose domain is the

16



power set of V, a set function f is supermodular if VA CV andVj & A

fA+i+7) = f(A+i) = f(A+]) = f(A) (2.39)

where f(A+ j) stands for f(AU j).

Now, we define the sets P* and P.

Definition 2.4.4. Consider the real-valued set function, [ and the set P that is a subset of N -
element set {1,..., N} for any N > 1. Let P* be the solution set of the following cardinality-
constrained optimization problem

minimize  f(P)

PC{0,1,...,.N}

(2.40)
subjectto  |P| <p

Consider Algorithm 1 which is a suboptimal solution to equation (2.40). Algorithm 1 is

referred to as a greedy algorithm for sensor scheduling.

Algorithm 1 Greedy Algorithm for Sensor Scheduling

Input: f, p.

Output: set P

P+0,i<0

i <ra; < d € argmax(f(P) — f(PU{a}))

a¢P
P+ PU{a;},i+i+1
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Let P97 be the output of Algorithm 1 (the greedy solution) that greedily chooses elements

to be added in order to greedily maximize the set function f.

Theorem 2.4.1 (Nemhauser-Wolsey 78 [15]). If the objective function f is monotone, non-
decreasing, and supermodular, then the set P9°Y returned by the greedy algorithm, Algorithm

1 satisfies

Jporeety < (1 - é)f(P*) + éf(@) (2:41)

18



2.5 H, Filter

There are several notations of Robust Filtering. Here, we address Robust Filtering in the

H, filtering sense.

2.5.1 H Disturbance Rejection

See [11] for more details on this section and Chapter 5 for the material being referenced.

We present the H,, disturbance rejection problem in the H, filtering sense, where we aim to
minimize the effect of any deterministic disturbance w; on the cost function z;.

Consider the following continuous time state space model,

I"t = AIt + Bwt, Ty = 0 (242)

Zt = CCEt + Dwt (243)

Let us use the commonly used notation to represent the state space realization of equations (2.42)

and (2.43) via the block matrix G below

G=|—— (2.44)
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Considering the LTI system described by equations (2.42) and (2.43), the transfer function matrix,

G(s) where,

G(s)=C(sI —A)'B+ D (2.45)

captures the effect of the disturbance, w(-), on the cost function z(-).

In Definition 2.5.1, we define the H, norm on the transfer function matrix, G(s). With a slight
abuse of notation, we denote G as the linear operator from w(-) to z(-). In Definition 2.5.2, we
define the induced operator norm on the linear operator G. Consult [16] for a further discussion

on norms of transfer functions and induced operator norms.

Definition 2.5.1. The H., norm of the transfer function G(s) is

||G(S>||OO = SupwERo-mam(G(jW)) (246)

where 0,4, is the maximum singular value of a matrix.

Definition 2.5.2. The induced operator 2-norm on the linear operator G,

2]l

<< G >>i1= SUuPuo T
2

(2.47)

where || - ||o denotes the L? norm.
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Remark 2.5.1. For signal z(-) and signal w(-) spanning a time horizon of T, the L? norms are

T
l2lls = / =124t (2.48)
0

T
fwl = / w3t (2.49)
0

And therefore by Definition 2.5.2,

T
[ z¢/13t
<< G>>= supw;éoM (2.50)

T
Jo Thwell3dt

Proposition 2.5.1. Let a stable linear system have a transfer matrix G(s), and let G denote the
linear map it induces from the L* spaces of its inputs to its outputs. Its induced linear operator

norm << (G >> satisfies
<< G >>=||G(3)]lxo (2.51)

Proof. See reference [16] chapter 1, pg. 13. 0

1212
llwll2

Subsequently, ||G(S)]|cc = Supw=£o

Remark 2.5.2. The ~y threshold bound on ||G(5)|| s, L€. ||Gllee < 7 is equivalent to

Ywe L2, |lzll2 < yllwll2 (2.52)
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which is subsequently equivalent to

supwera (|2l — ¥ lwll2) <0 (2.53)

The next lemma, Lemma 2.5.1 is a famous lemma in robust control theory that connects the
frequency domain models to conditions on an LMI for thresholding the H ., norm of the transfer
function G(s). The lemma provides a linear matrix inequality condition that must be met for

disturbance rejection.

Assumptions:

We first assume the following for section 2.5.1 :

1. (A,B) is stabilizable. (This is a weaker condition than (A,B) controllable, which is also

often used.)

2. (A,C) detectable. (This is a weaker condition than (A,C) observable, which is also often

used.)
Lemma 2.5.1 (Bounded-real lemma) [17]). Assume that in the system described by equations

(2.42) and (2.43), A is (Hurwitz) stable. Then the following are equivalent

* NGl <
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PA+A'P PB ('

« JP > 0 B'P —~21 D'| <0

C D I

Note, the second condition can be written as 3P > 0 such that

AP+ PA+C'C PB+C'D
< 0. Also, note that if D = 0, then the second condition

B'P+D'C D'D —~21
(using the Schur Lemma) can be simplified to a Riccati-like inequality, A’P+ PA+ V—EPBB’ P+

C'C <.

2.5.2 H,, Estimation

See ([16], [18]) for more details on this section. The problem setup will closely follow

([16]), chapter 7.

Now, consider the H filter (also known as minimax filter) where there are multi-sensor measurements

and we must estimate the state.

First, define the weighted norm of vector z € R" for any positive definite matrix R and for

any finite n > 1, ||z|| g := V' Rz.

Consider the continuous-time, dynamics model

.T:'t = A.Tt + Bwt, g = O (254)
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where z; € R", A € R™", w; € R™, and B € R™*™. Assume the initial state, x is zero.

Consider the sensor model where the measurements are received from /N sensors

yi= Cizy+f, =1, N (2.55)

where y! € RPi C* € RP*" and v € RPi. The disturbances w; and v; are deterministic, square
integrable functions, but unknown. We note here that no stochastic noise appears in the dynamics
or measurement equations. Only deterministic disturbances appear in this formulation. This is in
contrast to other robust filter formulations such as Kalman filters where stochastic noise appears

in the dynamics and measurement equations.

We are interested in obtaining an estimate z; for the system at time = ¢ using measurements

up until time ¢, yjo,1], based on some performance index as specified below (see equation (2.62)).

Notation

Let us introduce the following vertices and matrices,

vi ¢! v
Yt = , C= y U = (2.56)
y cN o
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where y, € RE1Pi O € REL1PXm and v, € REG1P,

Then we can rewrite the sensor model in equation (2.55) as

Y = Cay + vy (2.57)

We are interested in obtaining an estimate, Z;, whose estimate is based on a minimax error (see
equation (2.62)) for the system state at time = ¢, using measurements up to (and including) that

time, yo,¢. The error in this estimate is

€t = Ty — ft(y[o,t]) (2.58)

which depends on the system and measurement disturbances ({w;,¢ > 0} and {v;,t > 0}),

respectively). The initial state 2y would normally play a part as well, but here it is assumed zero.

Consider the mapping

Ts (w,v) := 2, — &4(yo4) = €& (2.59)

This mapping produces the estimation error at time ¢.

Consider the following norm of the mapping 7; := {7;,,0 <t < T} as

T
|75 (w, v)|| = \// |z, — ft(y[o,t])H%gdt (2.60)
0
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where R > 0 is some weighting matrix (see [16] equation (7.8b) on pg. 288).

Also, consider the following norm

T
lw, o] = \/ / (wnll3 + lloel2)dt 2.61)
0

Then, an Hy-optimal filter, * = {z}(yp),t € [0,T]} is defined by

inf sup{[|T: (w, v) | /[lw, v} (2.62)

= sup{ Ty (w,v)||/||w, v]|} =~ (2.63)

where v* is the optimum H , performance level for the continuous-time filter.

Assume the infinite-time horizon case and so 7" — oo then equation (2.62) is equivalent to

| I e — )t
inf  sup =:~* (2.64)

(30 o /17 (unll3 + 1ol 3

For a given 7 > ~* > 0, we look for a minimax estimator {Z; }7°, such that the following bound

| VI e — a3t
inf  sup <7 (2.65)

I twewdiza /[ (lwnl + el

holds. Note that for simplicity we have dropped in the notation the dependence of Z; on yjo 4.

Intuitively, 2* = {2} }$°, is the sequences of variables that minimize the estimation error subject
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to a worst-case disturbance. Equation (2.65) is in turn equivalent to

inf  sup /(th—f?ftH?-z)dt—vz/ (llwellz + l[vell2)dt < 0 (2.66)
0 0

{i’}?io {wt ,Ut }1?20

The H filter solves for the minimax estimator {z; }?°, by solving the following Linear Quadratic

(LQ) zero-sum game

it swp [l = (3l 2.67)
0 0

{2120 {we,ve}ee,
subject to

Z"t = AfEt -+ Bwt (268)

yr = Coy + vy (2.69)

Note, the objective in the LQ zero-sum game, (2.67) ensures the threshold condition (2.66) The
reason for this is that for a quadratic form under linear constraints, the objective function value
will either be zero or positive infinity [16]. Therefore, a solution to the LQ zero-sum game is

equivalent to a solution that meets the H, condition (2.66).
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Therefore, we consider here the LQ zero-sum game formulation of the H., filter and not the

formal definition of the H, filter that uses bounds on transfer functions.

We now present a solution to the zero-sum game of equation (2.67) with constraints (2.68)-(2.69).

Theorem 2.5.1 ([18], [19]). If any of the following conditions hold, then there exists a solution

to the LQ zero-sum game (2.67) subject to constraints (2.68)-(2.69),
1. 3P >0: AP+ PA — P(C'C —~?2R)P+ BB =0; P0)=DP,

230> 0: QA+ AQ—-C'C+~2R+QBB'Q=0; Q(0)=Q

3. 3P > 0: APT + PIA' — PI(C'C —y2R)P! + BB' <0

4. 3Q">0: QA4+ AQT —C'C+~vy2R+Q'BB'Q' <0
where P, are solutions to Riccati equalities and P', Q" are solutions to Riccati inequalites.
Proof. See reference [16] pg. 362-381, reference [18], and reference [19] pg. 87. ]

Additionally, the Riccati equation in condition (1) is AP+ PA'+ BB'— P Y.~ C"C'P+

v2PRP = 0.

The update for the state estimate is

&, = Az, + (PC")(y, — Cdy), x9=0 (2.70)
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or,

N
i = Adi+ Py C"(y = C'dy), w9 =0 @.71)

i=1

which is given in reference [16] equation (7.38b) on pg. 300.

For the interested reader, we note one direction of equivalence in Theorem 2.5.1, namely that

condition (2) implies condition (1).
Lemma 2.5.2. Condition (2) implies condition (1) in Theorem 2.5.1

Proof. Consider the following form of condition (2). Note, condition (2) assumes the infinite
horizon case. Here we set the Riccati equality in condition (2) equal to Q. As our setting is the

infinite horizon case, Q =0.
N .
—QA-AQ+) C'C'—y’R-QBB'Q=0Q (2.72)
i=1

Note, the following equality,

d .
2P =—P7PP! (2.73)

Substituting p-1= Q into equality (2.73) and multiplying by P on the left and right we get,

—PQP="P (2.74)

Substituting equation (2.72) for the term Q on the left hand side of (2.74) and substituting Q"

29



for the term P on the left hand side, we get the following Riccati equality which equals P in

equation (2.74).

N
—PQP = AP+ PA' =) PC"C'P+~y*PRP+ BB =P

i=1
As this is the infinite horizon case, set P = 0, and get

N
AP+ PA' =) PC"C'P+~PRP + BB' =0 (2.75)

i=1
which is condition (1). ]

We note, that an LMI formulation can also be found for the Riccati inequalities in Theorem

2.5.1.

2.6 H,, Control

2.6.1 H., Static Full-State Feedback Control

See ([11], [18],[16] and [20]) for more details on this section and Chapter 7 for the material
being referenced. See ([11] and [20]) for discussion of of LMIs and ([18] and [16]) for discussion

of Riccati equations.
Consider the continuous-time, dynamics model
l.'t = A$t -+ But —+ Dwt, g = 0 (276)
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where 2, € R*, A € RV y, € R™, B € R™™ w, € R!, and D € R™*..

Consider the state feedback form of controller w,,

where K € R™*",

Also, consider the output function,

Zt = Czﬂjt + Dzuut (278)

where z; € R",C, € R"", and D, € R"*™,

As in reference [11], consider the following definitions A, := A+ BK and C,; := C, + D, K..

The transfer function w — z as a function of K, T can be written as,

Ty = Cy(sI — Ay)™'D (2.79)

The H, static state feedback control (for the fully observable case) is to find a K such that

1Tk [l < (2.80)
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As in reference [18], the H,, problem can be formulated as a LQ zero-sum game with state

feedback control.

mtsup [ (J218 ~ 2llwlf)at @81
v 0

w

Assumptions: (See reference [16] pg. 231)

We assume the following for Section 2.6.1 :
1. (A, D) is stabilizable
2. (A, B) is stabilizable

3. (A, C,) detectable

4. R:=D. D.,
5.Q:=C'C.
6. C'D,, =0

Derivation of Riccati Equation for H ., Static Full State Feedback

Assuming a closed-loop saddle point, a solution to the minimax Problem 2.81 can be obtained
via the Hamilton Jacobi Isaacs equation (HJBI) [18]. Because, this is a linear quadratic problem,
we assume like in the LQR problem [8], the value function is a quadratic form, V' (t,z) =

x(t) P(t)x(t).

The HJIBI equation characterizes saddle point equilibria, u*,w*. The HJBI equation states the
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following about the Hamiltonian H,

ov
H(t;x,u",w*) =0 where H(t;z,u",w*) = a—(t,x)f(t; z,u,w) +u Ru — v*w'w
i

(2.82)

Lemma 2.6.1. The Hamilton Jacobi Isaac’s equation gives the following Riccati equation.

P=PA+ A'P—P(BR'B' —y DD P+Q =0 (2.83)
u*(t,r) = —R'B'Px (2.84)
w*(t,z) =y ?D'Px (2.85)

Proof. Consider, the HIBI equation which lead to equation (2.82).

ov
H(t;x,u",w*) =0 where H(t;z,u*,w*) = (t,2)f(t; 2, u,w) +u' Ru — v*w'w

~ Or
We can compute the following partial derivative,
oV -/ ' D T
8—(t,x)f(t;x,u,w) = i¢'Px + 2'Pi + 2’ Px (2.86)
x

= (Az + Bu+ Dw)' Pz + o' P(Az + Bu + Dw) + v'Ru — v*w'w

(2.87)
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The cost to go is,

V(t;x,u,w) =~ ' Pr + h(:c’Q:l: +u'Ru — w'w + (Az + Bu + Dw)'Px + 2/ P(Ax + Bu + Dw)

+ x'P:U) (2.88)

Now, take the derivative of the expression (2.88) with respect to u and w.

The derivative with respect to u gives,
B'Px+ 2'PB+2Ru=0 (2.89)

which leads to u* = —R~'B’'Px.

And the derivative with respect to w gives,
D'Px 4+ 2’ PD — 2v*w =0 (2.90)

which leads to w* = vy 2D’ Px. O

We now present, a linear matrix inequality solution (instead of the Riccati equation solution)

stemming from the algebraic Riccati inequality solution following [11].
Linear Matrix Inequality Solution [11]

We note here that we solve for the linear matrix inequality solution to the H ,, static state feedback

control problem in a more general setting. Previously, we were concerned with the setting when
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the output function did not depend on disturbance wy, i.e.

Zr = szt + Dzuut (291)

as in (2.78). In Lemmas (2.6.2) (2.6.3), we deal with the setting when the output function is

modified to be

2t = szt + Dzuut + Dzwwt (292)

Note, the extra term D, w;. We recover the origianl setting, by setting D.,,, in the linear matrix

inequalities to zero.

Lemma 2.6.2. A solution to the H,, static state feedback control problem exists (namely that
there exists a K matrix such that equation || Tk || < 7 in equation (2.112) holds) if and only if

there exists K and P matrices such that

P>0 (2.93)

PAcl + Ai:lp PBCZ C,

cl

B, P —~I D, | <0 (2.94)

cl

Ocl Dcl _’YI
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where,

Aa=A+ BK (2.95)
Co = C.+ D K (2.96)
By=D (2.97)
Dy = D, (2.98)

Proof. The lemma is true by the bounded real lemma which is referenced in [11] and [21] pg.

49. ]

We now present a lemma stating an equivalent linear matrix inequality condition for the

H, state feedback solution to (2.94) which is presented in [11].

Lemma 2.6.3. The following linear matrix inequalities are equivalent to linear matrix inequalities

(2.93) and (2.94)

S>0 (2.99)

AS+BW +SA'+W'B' D SC.+W'D.,

1o I D <0 (2.100)

c,S+D,,W D,, —~I

where W = —R™'B’.

Proof. After a series of transforms including the change of variables S = P~1, W = KS we
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show (2.93) and (2.94) are equivalent to (2.99) and (2.100). Consider the change of variables,

0 I 0 B!,P —~I D,
0 0 1 Ccl Dcl —’7]

Using the change of variables S = P!, W = K,

/
Bcl

Cclpil

A P = AP '+ BKP' = AS + BW

c,pPt=Cc,pP'+D, ,KP'=C,S+D,,W

We then get the following LMI,

D/

C.S+D,,W

AS +BW 4+ SA"+ W'B'

—~T

DZ’LU

SC!+W'D.,

/
DZ’LU

_P}/[

BCl P_ICél

/
Dcl

Dcl _’7[

(2.101)

(2.102)

(2.103)

(2.104)

O

Remark 2.6.1 (Optimizing for ). We aim to find the smallest v such that a solution to the linear

quadratic zero-sum game is found. To find the optimal H ., control, the following optimization

problem needs to be solved:
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i 2.1
fnin (2.105)

S >0 (2.106)

AS+BW +SA+W'B" D SC.+W'D.,

D’ —~1 D, <0 (2.107)

.S+ D,,W D, —~I

For the H ., static full state feedback control problem, an LMI solution stemming from the

algebraic Riccati inequality was provided.

2.7 Policy Optimization for H,, Control

See [5] for more details on this section and Chapter 7 for reference of this material.

In this section, we view the H, control problem from the perspective of the linear quadratic
(LQ) zero-sum game. Generally, a solution to this zero—sum game is obtained by solving a
Generalized Algebraic Riccati Equation (GARE) [16]. In [5] Zhang et al. purposed a policy
optimization approach to solve the LQ zero-sum game. Fazel et al. ([22]) showed how to use
policy optimization to solve the LQR case with a stabilizing set as a constraint. The reason for the
success is that the problem has the property of coercivity. This means the cost has infinite value
around the boundary of the constraint set and the iterates remain feasible and strictly separated
from the infeasible set as the cost decreases. In other words, the cost of LQR diverges to infinity

as the controller K approaches the boundary of the feasible set K. The cost of LQR, therefore,
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serves as a barrier function on K. Problems with H..-norm constraints, however don’t have this
property. But there is an implicit regularization property, where the algorithmic iterates preserve
the H,, robustness constraint as if they are regularized by the algorithm. Reference [5] gives the
first results on the implicit regularization property and global convergence of policy optimization

methods for robust control.

The solutions to the linear exponential quadratic Gaussian (LEQG) control problem and the zero
sum LQ game are equivalent. The solution is also a solution to the H,, problem [23]. See also
references [24], [25], [26], [27], [28], [29] for this equivalence in other settings such as nonlinear,
partially observable and others. In the H, problem, the goal is to find a controller that meets a
~ upper bound on the H,, norm constraint on the closed loop between disturbance and output

functions. The H, problem can be formulated as a LQ zero-sum game.

We summarize below the H ., problem and LQ zero-sum game for discrete time.

Consider the discrete-time, dynamics model,

Tyl = Axy + Bug + Dwy, 29=0 (2.108)

where z;, € R*, A € R™" u, € R™, B € R™™ w, € R!, and D € R™*".

Consider the state feedback form of controller w;,

u = Ky (2.109)
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where K € R™*",

Also, consider the output function,
Zt — szlft + Dzuut (2110)

where z; € R", C, € R™" and D,, € R™"™,

Consider the following definitions A, := A+ BK,Cy = C, + D,,K, and B, := D. The

transfer function w — z as a function of K, T can be written as,
Tx = Cu(zI — Ay) ' By (2.111)

The H, static state feedback control problem (for the fully observable case) is to find a /K such

that
1Tk loo <7 (2.112)

As in reference [18], the H,, problem can be formulated as a LQ zero-sum game with state

feedback control.

infsup y 125 — 7wl (2.113)
Wo=0
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Assumptions: (See reference [16]) pg. 218)

We assume the following for Section 2.7 :

1. (A, D) is stabilizable

2. (A, B) is stabilizable

3. (A, C,) detectable

4. R:= D' D.,
5.Q:=C.C,
6. C'D,, =0

Theorem 2.7.1. A solution to the discrete-time, infinite horizon H ., control problem (as described
by the dynamics model (2.108), the output function (2.110), and the cost function (2.113)) exists

if there exists a matrix P > 0 (where P € R"*") such that the generalized discrete Riccati

equation (GARE),

P=Q+A(P—-PB(R+BPB)"'B'P)A (2.114)

and the existence condition

(I -y *D'PD) >0 (2.115)
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hold, where

P =P+ PD(®I-DPD)'DP (2.116)

And the optimal controller at time t, uy is

u =K'z, 2.117)

where
K*=—(R+ B'PB)'B'PA (2.118)
Proof. See reference [5], Lemma 2.7. O

Note, the GARE equation in equation (2.114) can be written in terms of matrix /" in equation

(2.118) as

P=(A+ BK"YP(A+ BK*)+Q+ K*RK* (2.119)

See reference [30] equations (32) and (33).

Remark 2.7.1. Another form for the Generalized Algebraic Riccati equation (GARE) in equation
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(2.114) is

P=A(P'4+BR'B' —y?DD)'A+Q (2.120)

See reference [18], section 4.2, equation (38) and reference [16], section 3.4, equation (3.52).

The optimal controller at time t, u; and the optimal disturbance at time t, w; are

uy = K'xy (2.121)
w; = L'z, (2.122)
where
K*=-R'B(P'+BR'B'—y?DD)'A (2.123)
L*=~7°D'(P'+ BR'B'—~+?DD') ' A (2.124)

See reference [18], section 4.2, equation (40) and reference [16], section 3.4, equation (3.51).

Next, we present the work on the gradient of the cost function for the LQ zero-sum game

as presented by Zhang et al. [5].
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2.7.1 LQ Zero-Sum Game Formulation and Solution

The following discussion is based on reference [5] section 6. Reference [5] presents a
solution to the H, discrete time, infinite horizon problem shown in reference [16] in chapter 3,
section 3.4. An equivalent solution to the solution in reference [16] is the solution in reference

[18], section 4.2.

Consider the discrete time, dynamics model,

Tir1 = A.ﬁl:'t + But + Dwt (2125)

Define the cost function, C'(u;, w;) to be the cost in equation (2.113) for the H, control problem.

In other words,

[M]¢

Clug,wy) =Y (v;Qxs + ujRuy — y*wjwy) (2.126)

~+
Il
(en)

See reference [5], equation (6.1) in section 6 for a similar formulation. The objective function

for the discrete time, H, control problem formulated as a zero-sum LQ game is as follows,

min max C'(uy, wy) (2.127)

u w
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We consider controller and disturbance functions that are of a linear form (linear with respect to

the state)

u = Ky (2.128)

wy = Ly (2.129)

Therefore, we can write C'(u;, w;) in terms of the matrices K and L and subsequently the cost

function can be written as C'(K, L) such that

C(K, L) :=> 2Qu;+ (Ku) R(Kx;) — 7 (Lay) (Lay) (2.130)
=0
where C'(K,L) = C(uy, w;). Note, we have imposed the constraint that the controller and

disturbance functions are linear. However, it is well-known the optimal controller and disturbance

functions are indeed linear functions of the state ([18]).

In fact, the optimal matrices, K* and L* (such that u; = K*x; and w; = L*z;) can be written
analytically as in equations (2.123) and (2.124). An alternative method as presented in reference
[5], section 6.2 is to solve the zero-sum LQ game using policy gradient. For example, the policy

gradient updates can be written as,

L'=L+av,C(K,L) (2.131)

K' =K —nvgC(K, L) (2.132)
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where VC(K, L) and Vi C(K, L) are the derivatives of the cost function in equation (2.130)
with respect to the control parameter /' and the disturbance parameter L, respectively where a

and 7) are step sizes.

Now, assume the parameters of a linear dynamical system are unknown (i.e. A, B, D), but a

simulator exists for the dynamics.

2.7.2  Model-Free Policy Gradient Solution When Dynamics are Unknown

We present a model-free policy gradient method to solve the zero-sum LQ game formulation
of the H,, control problem similar to the one presented in [5] and [22]. For the policy gradient
for parameters, K and L affiliated with the controller and disturbance, the form of the estimated

or simulated gradient is as follows,

L'~ L+aV,C(K,L) (2.133)

K'~ K —nVgC(K, L) (2.134)

where Vi and V;, are simulated gradients instead of actual gradients. Actual gradients are

unknown as the matrices A, B, and D are unknown.

The general process for the policy gradient method for [V iterations, is described below starting
with initial guesses for matrices, Ky, Lg. This process is detailed in reference [5] (section 6 and
appendix D). The problem is to find a suitable simulated gradient for this problem. Possible

simulated gradients as detailed in reference ([31]) include finite difference methods, infinitesimal
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perturbation analysis (IPA) and likelihood ratio estimators.

1. Simulate the trajectory (episode) for 7" time steps by using the disturbance  w; = L,xy,

and controller u;, = K,,x;.

2. Solve for V;C(K,, L,) using your favorite choice of simulated gradient.

3. Update, L, 41 ~ L, + av C(K, L)

4. Using the updated, L, simulate another 7" time steps of the trajectory.

5. Solve for VC (K, Ly+1) using your favorite choice of simulated gradient.

6. Update, K,,,1 ~ K,, — nVxC(K,, Ln:1)
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Part I: Sensor Scheduling in the Kalman Filter

Setting
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Chapter 3:  Sensor Scheduling for Discrete Time Kalman Filter: A Semidefinite

Program Approach

In this chapter, we present a mixed-integer semidefinite program (SDP) solution to the
sensor scheduling problem in the discrete-time Kalman filter setting. The mixed-integer SDP
solution follows the work by Mourikis et al. [32] where a mixed-integer SDP for the steady-state
continuous-time Kalman filter is presented. Our work differs in that we deal with a non steady-
state, discrete-time Kalman filter [2]. Additionally, we present three relaxation approaches to
the mixed-integer SDP. We then showcase the effectiveness of these relaxation approaches on
a sensor localization problem. The contribution of this chapter is a formulation of the sensor
scheduling problem as a relaxed version of the mixed-integer semidefinite program that can easily

be solved with one of the many available SDP solvers such as in [33] and [34].

3.1 Introduction and Literature Review

A whole array of attempts have been proposed to approximately solve the sensor scheduling
problem. Meier et al. [35] proposed a solution that checks all possible sensor schedules. Vitus et

al. [36] devised a solution that pruned this exponential-size search tree. Joshi et al. [37] relaxed
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the problem to a convex optimization problem, a heuristic that often works well in practice. He et
al. [38] modeled the sensor scheduling problem as a partially observable Markov decision process
(POMDP) and proposed approximate solutions to solve this POMDP. Many greedy solutions
have been proposed as well. Chhetri [39] proposed a greedy solution that also employs integer
programming. Some of these greedy solutions leverage ideas from submodularity and include
optimizing the determinant of the logarithm or the conditional entropy of the covariance matrix
as opposed to optimizing the minimum mean square error (MMSE) or equivalently the trace of
the covariance matrix. Additionally, Liu et al. [40] proposed an optimal time-periodic sensor
schedule. Furthermore, Soleymani et al. [41] devised relaxations that incorporate the cardinality
constraints into the objective function. Sensor scheduling has also been studied in continuous-
time. Mourikis et al. [32] proposed a mixed-integer semidefinite (SDP) program to solve the

steady-state continuous-time sensor scheduling problem.

3.2 Notation and Assumptions

We repeat here some of the notation and assumptions from Chapter 2, Section 2.1.

Consider z; € R": state of system at time ¢, xo ~ N (&, Py): the initial state, {w; }!_,: process
noise that is an i.i.d sequence of Gaussian random variables where w; ~ N(0, W), and w; is

independent of z for all £. We also define the inverse of I, 0y := Py L

Consider y! € R™: 4" sensor measurement at time ¢, {v{}~ ;: measurement noise for sensor

i that is an i.i.d sequence of Gaussian random variables with v ~ A/(0, V?). Furthermore, for all
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t# st vy Lvs, vy L xg, and v, L w, (independence) for {0, 1,...,7 — 1}.

Let z : {(¢t,s)|t,s € {0,1,...,T — 1},s < t} — R" be the estimator of the state at time ¢

given measurements {y, }°_,. Formally, Z(, s) is defined as the conditional expectation,

z(t,s) = E(xyo, - -, Ys) (3.1)

Define, 2 := #(t, s). Additionally, let e(t) = x(t) — 2 be the estimation error at time ¢. Also,
let Py, = E(x(t) — @4:)(x(t) — 24)’ be the covariance matrix of the estimation error at time ¢
starting at time = 0 where Py, € R"*". Let, P, = E(x(t) — 2ys)(x(t) — 245)’ be the conditional

covariance of the estimation error at time ¢ given measurements from¢ = 0to ¢ = s.

Define Q) := Ptﬁl and Qs == pt

t|s *

3.3 Problem Formulation

In this section, we describe a setup of the sensor scheduling problem that has been explored

in the literature as summarized in Section 3.1.

Consider the discrete-time, linear, time invariant system

Ti41 = Axt + Wt Vit € {O, N ,T} (32)
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The dynamical system is equipped with N sensors described by

yi = Ciz, +ol, ie N ={l,... N}, (3.3)

where w; ~ N(0,W) and v} ~ N(0,V?). Note, since for t # s: v, L wv,, then V =
blkdiag{V*}Y,.
We will assume that only p out of N sensors can be used at any time to obtain measurements in

order to estimate the state of a system, where the number p is given.

Letd:{0,1,...,7} — R" be a sensor schedule function such that

‘ 1 if sensor ¢ is on at time ¢,
0 = ) (3.4)

0 if sensor ¢ is off at time ¢,

fori ={1,...,N}and 0, = (0},...,6; ...6N).

The objective will be to find a sensor schedule 6 in order to minimize the cumulative trace of the
error covariance, 3, tr(Py(0(t))), or, equivalently, in terms of the inverse of the covariance

. T -1 . .
matrix »_,_, tr(Q;; (6(¢))) [41]. The sensor scheduling problem can be solved using a brute
force method, whereby all N7 schedules are checked. There are some sensor scheduling algorithms

that cleverly prune the search space [36].
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Note, from standard Kalman filtering theory ([42], [8]), the updates for the inverse of the covariance

matrices, (Qﬂt = Ptﬁl), the information filter, as functions of 6, are,

N

Qt\t(gt) = Qt\t—l(‘gt) + Z Hioi/(vi)_loti 3.5
i=1

Qi) = (AQy, (0,)A" + W)~ (3.6)

Consider the set of indices indicating the active sensors at time ¢, S;, such that S; := {i [0 = 1}.

Let C' = vec{C}¥, and V = blkdiag{V*}¥ ,.

Also, let Cy(S;) = vec{C"}ics, and Vi(S;) = blkdiag{V'},cs, We therefore note, the updates

for the covariance matrices, P,; as functions of 6, C(S;), and V;(S;).

Pyi(0:) = ge(Pyi—1(01)) = Pye—1(0:) — Prp—1(0:) Co(S) (Co(St) Pry—1(6:) Co(S1) + Vi(Sy)) ™
Ci(St) Prjr—1(0) (3.7)

Pt—l—l\t(et) == ht<Pt|t(0t)) == APt‘t(et)AT + W (38)

3.4 Mixed-Integer Semidefinite Program Formulation

In this section, we formulate the sensor scheduling problem as a mixed-integer semidefinite
program. In semidefinite programming (SDP), we minimize a linear function subject to the
constraint that an affine combination of symmetric matrices is positive semidefinite [43]. In the
sensor scheduling problem, the objective function is the mean square error, and the constraints

are the update equations from the information filter (equation (3.11)). (Chapter 2, Section 2.1
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and reference [9] for more information on information filter) and the restriction on the number
of sensors activated per time (equation (3.13)). The mixed-integer SDP formulation for sensor

scheduling is presented in Problem 3.4.1.

Note: in this section we use the notation P, := Py, and (); := (), to simplify subscripts.

Problem 3.4.1. For any givenp < N, T > 0, Py(6y) > 0, and Qy(0y) := Py(6p) ",

T

min tr(P,(0 (3.9
(ete{o,l}N,Pt(et),Qt(et))thl; (F(0:)) )
subject to Q,(0;) = Py(6,)~" (3.10)

N
Qu(0) = Quu—1(0,) + D _6;C;"(VH'C 3.11)

i=1
Qui1p(0r) = (AQ; ' (0,) AT + W)~ (3.12)
176, = p (3.13)

ted{l,...,T}

An alternative formulation for Problem 3.4.1 is the mixed-integer SDP formulated in problem

3.4.2.
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Problem 3.4.2. For any givenp < N,T > 0, Py(6y) > 0, and Qo(6y) := Py(6p) ",

T
i tr(P,(0 3.14
(0&{0,%%&@0%%1: (58 G149
P(6:) 1
subject to >0 (3.15)
I Qi)
N
Qu(0) = Quu—1(6,) + D _6;C/" (V' C (3.16)
=1
Wt — Qr+11t(0r) WA
> 0, (3.17)
AW Qi(0,) + AWLA
170, = p (3.18)
te{l,....,T}.

Problem 3.4.2 is a mixed-integer semidefinite Program (SDP) as it is an SDP with integral
constraints and convex constraints. SDPs are optimization problems with linear cost functions
and linear matrix inequalites as constraints (3.15, 3.17). Linear constraints (3.16, 3.18) can also
be written as linear matrix inequalities. This sensor scheduling problem can be solved using
mixed-integer SDP solvers like YALMIP’s BNB or CUTSDP solver. The BNB solver uses branch
and bound that has a worse-case complexity of O(NT). The following proposition shows the

connection between the two problems, Problems 3.4.1 and 3.4.2.

Proposition 3.4.1. The solution for Problem 3.4.1 and the solution for Problem 3.4.2 are equivalent

and therefore the sensor scheduling problem can be formulated as a mixed-integer SDP.

Proof. Converting inequalities to equalities and using Schur complement ([44] and Section 2.2)

55



to convert equation (3.7) and (3.10) to equation (3.15) and equation (3.12) to equation (3.17),
we get the mixed integer SDP in Problem 3.4.2 [32]. The Woodbury matrix identity [10] is used

in formulating the linear matrix inequality in equation (3.17). [

We now propose three relaxation approaches to the mixed integer SDP. The three relaxation
approaches relax the integral constraint on the variable 6 (equation (3.18)). The first and third
approach convert the integral constraint to an interval constraint. The second approach uses a

technique called lifting and relaxation to relax the integral constraint.

3.5 Semidefinite Program Relaxations

In this section, we present three relaxation approaches to the mixed-integer SDP formulated

above. The three relaxation approaches are as follows:

1. Relaxation Approach 1
We can relax the mixed integer SDP by relaxing the integral constraint §; € {0,1}" to be
of the form 0 < @i < 1 for each sensor i at time ¢ and subsequently we are left with an

SDP. Of the outputted 6’s, the p largest ones are chosen and the rest of the 6’s are set to zero.

2. Relaxation Approach 2

The integral constraint in Problem 3.4.2, 0; € {0,1}" can equivalently be written in
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another form by introducting the variable ©, as in [45],

— O,=00, OI=40 (3.19)

= 0, — 0,0, >0, rank(©,) =1, O =40 (3.20)

The constraint set (3.20) is not a convex set because of the rank constraint. The constraint
set (3.20) can be transformed into a convex set by removing the rank constraint. Adding a
nuclear norm to the cost function is often a surrogate for the rank constraint as the nuclear

norm helps keep the rank small. [46]. Define the nuclear norm for matrix O,

19| := trace(/©;,0;) (3.21)

Therefore, using approach 2, we get the following convex SDP problem with the nuclear

norm in the cost function,
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Givenp < N, T > 0, Py(6) > 0, and Qo (6o) := Po(6) ",

T
min tr(Pi(0;)) + ||O¢]|« (3.22)
({et}?1,@tERNxN>,Pt(9t),Qt(9t>; (@) + 6
' P0,) I
subject to >0 (3.23)
I Qu0)
N
Qu(0) = Quu—1(6,) + > _6;C/" (Vi)' C (3.24)
=1
Wt — Qry11t(0r) WA
>0, (3.25)
AW Qu(6,) + AW 1A
176, =p (3.26)
6, 0,
>0 (3.27)
0 1
oi = ! (3.28)
te{l,...,T}.

where || - || is the nuclear norm.

3. Relaxation Approach 3
The tracking approach can be viewed as finding the right schedule that optimally tracks the
covariance matrix outputted from the relaxed SDP (F/). This is very similar to a trajectory
tracking problem, where P/ is the reference trajectory. The mixed-integer SDP in Problem

3.4.2 outputs covariance matrices, P°. The aim of the tracking algorithm is to find the
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sensor which will lead to an estimation error covariance closest to P at the corresponding
time. The tracking algorithm is shown below (Algorithm 2) and was proposed in [2] by

Maity, Hartman, and Baras.

Algorithm 2 Algorithm to compute sensor schedule.
Input < {Pto}g;o, P0|_1 = Po,

fort=0:T

M(i) < gt<i7Pz‘,|t71), 1 €N,

o(t) < argmin; ||P? — M,(7)||r

P, gt(a(t), Pt|t—1); Pt+1\t < ht(Pt),
end

Output + o.

The three relaxation approaches to the mixed integer SDP formulation for the sensor scheduling
problem are referred to as the max approach, the max-rank approach, and the tracking

approach.

3.6 Use Case: Sensor Localization

We test the three relaxation approaches described above on a sensor localization use case.
The case is to localize and estimate the position and velocity of a person walking indoors using
6 range-based sensors [47]. Since the prolem is non-linear, a sensor schedule is proposed for the

extended Kalman filter [42] instead of the traditional Kalman filter.

Notation. Consider the position and velocity to be the state 2 where z = [p,, py, vz, vy]” .
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Dynamics Equation. Consider the dynamics equation to be linear with additive noise such that,

Tpr1 = Axp + wy (3.29)

I At-I
where A = and the process noise wy, is Gaussian with covariance matrix Q = o2 1.

Measurement Equations. Lastly, consider the nonlinear sensor equation,

y,i = hz(xk) + v,i (3.30)

where h(zy) = [dy, ds, d3, dy, d5, dg] is the output of range between the person and the 6 sensors,

ie. di = \/(Pzi — pz)? + (pyi — Py)* Pui and py; are the x,y positions respectively of sensor .

Also, the noise vector vy, is Gaussian with covariance matrix diag(c,?, 0,3, 0,2, 0,3, 0u2, Oui).

As h is a nonlinear function, an extended Kalman filter (EKF) [42] is used in place of the

traditional Kalman filter.

The i*" row of the Jacobian H;, = % is denoted as
[Hk}l = Pz —Paxi Py —Pyi 0. 0 (331)

\/(pwi_pw)2+(pyi_py)2 ’ \/(pwi_pw)2+(pyi_py)2 ’ ’

Adaptation of Relaxed Approaches to EKF problem: There are challenges to applying the
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three relaxed approaches to an EKF problem. Since, the Jacobian must be recalculated about a
new point at every time step, the relaxed SDP must be recalculated for each new time step. The
approach is similar to the model predictive control (MPC) approach. In that case, a solution is
solved for the remainder of the time span, but only the solution for the next time step is applied.
Subsequently, the problem is resolved one step forward in time. The model predictive algorithm

is described below in Algorithm 3.

Algorithm 3 Model predictive algorithm to compute sensor schedule
Input « F,

fort=0:T

{o}] + RelaxationAlgorithm(F),
o(t) < {o}i

Py = he(g:(o(t), Fo))

end

Output < {o}].

Figure 3.1 shows the error for the three approaches for a time horizon 7' = 30. The black
line indicates the true dynamics and the colored line indicates one of the three approaches.
For the sensor localization example for time horizon 7' = 30, the three sensor scheduling
approaches produce trajectories that closely follow the true trajectory. The error between each of

the approaches and the true trajectory are similar (= 0.16).

Also, Table 3.1 presents the mean square errors between the true trajectory and the estimated
trajectories coming from one of the three relaxed approaches. The errors are averaged over 30
runs. The errors are fairly close to each other. All three relaxation approaches lead to trajectories
that closely track the true trajectory. The mean square error between the true trajectory and the
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Figure 3.1: Error of 3 different approaches

H Max
| 0.1632

Max-Rank Tracking All Sensors H
01625 01680 _ 0.1103 |

Table 3.1: Error for 3 Different Relaxation Approaches Averaged Over 30 Runs

estimated trajectories coming from an extended Kalman filter that uses all available sensors is

0.1103.

In addition, in the next section we test the tracking approach in a number of numerical evaluations.

3.7 Use Case: Randomly-generated Example

We empirically evaluated the performance of our SDP-based algorithm (that uses the third
relaxation approach: tracking) by applying it on a wide range of (randomly generated) scenarios
and comparing it to a greedy algorithm [48] and a random search algorithm. The random search
algorithm randomly generates 2000 schedules and reports the best among these schedules.

We conducted several experiments by varying the dimensions of the system. Four sets of

62



experiments were conducted for seven different dimensions of A € R™*" for n = 4,6, 8, and 10.
For each dimension n, we generated thirty scenarios by randomly generating thirty A matrices
with eigenvalues in the range [1, 1.5]. For each scenario, we considered four randomly chosen
sensors with different numbers of dimensions (i.e., different number of rows for matrices C;).
Noise w; is chosen to have zero mean and unit variance, i.e., w; ~ N(0, I). The measurement
noises are v ~ N (0, V*) where V" is a diagonal covariance matrix whose diagonal elements were
chosen randomly between 0 and 1. We considered a time horizon of 7" = 100. In Figure 3.2 (left),
we illustrate the performance of our algorithm compared to the others. The z-axis represents the
dimension of the system and the y-axis represents the cost averaged over the randomly generated
scenarios. As can be seen, our algorithm performs better than the other algorithms in terms of the
cost Y1 (P,). We also compare the run-time of these algorithms in Figure 3.2 (right). While the
run-times for random search are slightly smaller than ours, their performances are significantly
worse than ours. On the other hand, while the performance of [48] is comparable to ours, their
run-time is significantly higher compared to ours. In this way the proposed method provides a

balanced trade-off between the computation-time and the objective value.

3.7.1 Near-Optimal Performance

While in the last set of experiments we illustrated that our algorithm outperforms the other
algorithms, in this section we quantitatively demonstrate how close to the true optimum our
solution can be. To compute the optimal schedule, we need to resort to exhaustive searches, and
hence, we reduced the time horizon to 7" = 9 in order to maintain tractability of the exhaustive

search methods. We randomly picked one of the thirty 10-dimensional scenarios that were used
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Figure 3.2: Plot of the cost ZLO(H(J)) and computation times for our SDP algorithm (tracking
approach), a greedy algorithm [48] and a random schedule algorithm.

in the previous experiment. We have 4 available sensors, and hence, the total number of possible
schedules are 4'°. We compare the performances of all permutations of schedules (4!° of them) to
the performance resulting from our algorithm by plotting a histogram in Figure 3.3. In Figure 3.3,
the x-axis represents the cost (ZtT:o(Pt)) and the y-axis represents how many schedules (out of
the 4'° possible ones) can achieve that cost!. Such a histogram represents how likely it is to
find a random schedule that will produce a given cost. The histogram is indicated by the red
graph and shows the cost for all the different schedule permutations. Superimposed (not part of
the histogram) on the red graph, is a gray line that indicates the cost resulting from our tracking
algorithm. The cost from our tracking algorithm is smaller than almost all the schedules resulting

from the different schedule permutations (red graph) indicating the benefit of our algorithm.

ITo be precise, we divided the x-axis into intervals of 0.5 (e.g., [90, 90.5] etc.), and evaluated how many schedules
produce a cost within each interval.
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Figure 3.3: The plot in this graph is a histogram of costs for all schedule permutations (red graph).
The gray line is superimposed (not a part of the histogram) on the histogram and indicates the
cost of the schedule resulting from our tracking algorithm. One can see the cost arising from our
algorithm is smaller than almost all the costs coming from the different schedule permutations

(red graph).
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3.8 Discussion

In this section, we discuss the merits of our SDP-based algorithm and their relaxation
approaches by discussing the results from Sections 3.6 and 3.7. In Section 3.6, we compare the
results of the different relaxation approaches to a sensor localization case. As the time horizon
is too large, we cannot exhaustively search for the optimal schedule. However, we compare the
three relaxation approaches to each other. The costs from the schedules arising from the three
relaxation approaches are close in value to each other. When all 4 sensors are used instead of
a single sensor at each time, there is an improvement of around 30 percent which is not a large
improvement considering only a quarter (1 out of 4) of available sensors are used. This is one
indication of merit for the SDP-based solutions.

In Section 3.7, we compare the results of the tracking approach to randomly generated examples.
Again the time horizon is too large to compare the relaxation approach to the optimal solution.
However, we compare our tracking algorithm to a previously used sensor scheduling algorithm
[48] as well as a random schedule algorithm. We see that the SDP-based solution (tracking
approach) performs better than the greedy algorithm and the random schedule algorithm. This is
another indication of merit for the SDP-based tracking algorithm for sensor scheduling.

Lastly, in subsection 3.7.1, we shrink the time horizon length for the problem in Section 3.7 such
that we can compute all the possible schedule permutations. We find that our tracking algorithm
results in a schedule that outperforms almost all schedule permutations. This is also an indication

of merit for the SDP-based tracking algorithm for sensor scheduling.
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3.9 Sensor Sampling

In this section, we show how our algorithm can be extended to sensor sampling, not just
sensor scheduling. Our approaches until now are easily adapted to the related sensor sampling
problem [49]. In the sensor sampling problem, one selects the number of times the sensor (or
sensors) is (are) activated instead of the number of sensors that are activated at a given time
(sensor scheduling). At a given time instant, all the sensors are either all active or all not active.
We formulate the problem as follows with the relevant information filter equations (3.33) and
(3.37 and 3.38), the information filter relation to the covariance matrix (3.32) and (3.36) and the

integral constraint (3.34) and (3.39).

Problem 3.9.1. For the given dynamics and sensor models find a sensor sampling strategy 0 =

(01, ...,0r) where

1 ifall sensor(s) are active at time t,

0y

0 if all sensor(s) are not active at time t,
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so that for given p < N, T > 0, Py(6y) > 0, and Qo(6y) := Py(0y) "

mm ZtT (P,(0,))
(0{0,1} 7 {Pe(0:) {1 {Qe (0:) Y1) =1

subject to Q,(0,) = P (6,) (3.32)

Qu(0) = (AP_1(0)A" + W)~ +9tZC’ (VHT'Ci (3.33)

=1

te{l,...,T}

179 =p (3.34)

An alternative formulation of the sensor sampling problem is as follows:

Problem 3.9.2. For the given dynamics and sensor models find a sensor sampling strategy 6 =

(64, ...,0r) so that for givenp < N, T > 0, Py(0y) > 0, and Qo(6p) := Po(6y) !

min tr( P, (0;) (3.35)
(0€{0,13T {Pe(0:)}], {Qe(0) 1) Z (6
P(6:) I
subject to >0 (3.36)
I Qi)
N
Qi(0:) = Quje—1(0:) + 0, Z civH~tol (3.37)
i=1
Wt — Quy11t(0r) WA
>0 (3.38)
AWt Qi(0;) + AWLA
te{l,...,T}
1"0=p (3.39)
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Proposition 3.9.1. The solutions of Problems 3 and 4 are equivalent.

Proof. Converting inequalities to equalities and using Schur complement (Section 2.2), we get
the mixed-integer SDP. This is the same proof as the equivalence in the sensor scheduling problem

provided in Proposition (3.4.1). ]

Note: We can use any of the three relaxation approaches provided in Section 3.5. In the
example in Section 3.10, we use the first relaxation approach (max approach) to solve Problem
3.9.2. We term a solution to this problem (that uses the first relaxation approach) as our SDP-

based solution for sensor sampling.

3.10 Use Case: Randomly-generated Example

We empirically evaluated the performance of our SDP-based solution for sensor sampling
(that uses the first relaxation approach in Section 3.5: max approach) by applying it on a wide
range of (randomly generated) scenarios and comparing it to a greedy algorithm [48]. We
generated thirty scenarios by randomly generating thirty A matrices with eigenvalues in the
range [0.25,0.85]. Noise w; is chosen such that w, ~ N(0,0.0157). The measurement noises
are v; ~ N(0,1.351). We considered two different time horizons, T = 30 and T = 50. In
Figure 3.4, we illustrate the cost of our SDP-based algorithm for sensor sampling (using the first
relaxation approach) compared to a greedy algorithm when the time horizon, 7' = 30. In this
case, the greedy solution outperforms our SDP-based solution. In Figure 3.5, we do the same
but the time horizon is 7" = 50. In this case, our greedy algorithm outperforms our SDP-based
solution. In the longer time horizon example (1" = 50) the greedy algorithm performs worse and

our SDP-based solution performs better. The opposite is true in the shorter time horizon example
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(T = 30), although they are fairly close in values. This possibly hints at that as the time horizon
becomes larger, our SDP-based solution becomes a better solution than the greedy algorithm. In

other words, the two different approaches have their advantages in different situations.

Cost for Sampling: SDP and Greedy Approaches (T=30)

SDP
Greedy
45 .
4 +
@
o)
3]
35 i
3 - -
25 1 1 1 1 1
0 5 10 15 20 25 30

iteration

Figure 3.4: Cost in 30 Randomly Generated Examples using a greedy algorithm and our SDP-

based solution (max approach) for Time Horizon = 30
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Cost for Sampling: SDP and Greedy Approaches (T=50)

SDP
Greedy

cost

2 1 1 1 1 1
0 5 10 15 20 25 30

iteration

Figure 3.5: Cost in 30 Randomly Generated Examples using a greedy algorithm and our SDP-

based solution (max approach) for Time Horizon = 50

3.11 Conclusion

In this chapter, we formulated the sensor scheduling and sensor sampling problem as mixed
integer semidefinite programs as in Problems 3.4.2 and 3.9.2. We then relaxed the integral
constraints in three different ways leading to a semidefinite program as in Section 3.5. The
solution to this semidefinite program serves as the solution to the sensor scheduling problem.
We implement our algorithms on a sensor localization case in Section 3.6 and show the viability
of all three relaxations. We also show the different costs for different schedule permutations
in Section 3.7. Lastly, we show sensor sampling in a randomly-generated example in Section

3.10. Note, one possible future direction is to extend semidefintie program solution to distributed
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estimation problems. Another future direction is to extend the tracking Algorithm 2 to a multi-

sensor problem.
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Chapter 4:  Sensor Scheduling for Kalman Filter: A Greedy Approach

We viewed in Chapter 3, multiple approaches to solving the sensor scheduling problem for
Kalman filters. The first is brute force and has a complexity of O(NT) where N is the number of
sensors and 7" is time horizon. The second which uses mixed integer SDP software like YALMIP
makes use of branch and bound whose worse complexity can be as high as O(N7) like the brute
force approach. The subsequent approaches all involve some sort of relaxation of a mixed integer
SDP to an SDP. SDPs have a polynomial complexity in terms of the number of variables. For
example, the complexity of semidefinite programs can be as high as O(n%°L) [50] for L accurate
digits and n variables. The number of variables in the relaxed SDPs is O(T'N?), which gives
us a worse-case complexity of O(T%>N13L). This may present a problem for larger problems.
We therefore look for an easier, but related problem in which we can find a lower complexity
solution. Easier” in this case means that we put an additional assumption on the original sensor
scheduling problem to make the problem more solvable. The additional assumption is that the
covariance of the measurement noise can be written as o27. This additional assumption allows
us to represent the mean square error (MSE) of the Kalman filter at any given time in a non-
recursive formulation. The MSE of the Kalman filter at time ¢ is the trace of the covariance at
time ¢. Generally, the covariance matrix at time ¢ is written recursively in terms of the covariance

matrix at time ¢ — 1 (recursive formulation). However, with the additional assumption on the

73



measurement covariance, the covariance matrix at time ¢ can be written in terms of the covariance
matrix at time zero (non-recursive formulation). See Chapter 2, Section 2.3. Additionally, the
relaxed SDP approaches shown in the last chapter (Chapter 3) have no guarantees on the gap

between the solution of the relaxed problem and the solution of the original problem.

In this chapter, we start by presenting the work by Chamon [51], Tzoumas [48], and others
on the formulation of the sensor scheduling problem in terms of the non-recursive Kalman
filter. Chamon [51] and Tzoumas [48] leverage the non-recursive formulation to propose a
low complexity algorithm for sensor scheduling. They both propose a greedy algorithm as a
solution to the sensor scheduling problem. They are justified in their approach by employing
a property called supermodularity. The MSE is not generally supermodular. In 2014, Jawaid
[52] showed a counter-example when the MSE is not supermodular. Subsequently, Chamon [51]
proved the MSE in Kalman filter is approximately supermodular. Tzoumas [48] proved that the
metric logdet, (a substitute for MSE) is supermodular. It is this property of supermodularity that
allows them to theoretically justify the use of a greedy algorithm [15]. However, both make
approximations when dealing with supermodularity, either by replacing MSE with logdet or by
showing MSE is approximately supermodular. In our work [1] to be presented in this chapter,
we are the first to prove sufficient conditions for when the MSE is supermodular. While these
conditions are rather restrictive, we believe the mathematical approach employed in finding these
sufficient conditions is useful to others who wish to expand the sufficient conditions criteria.
Additionally, we believe the mathematical approach in the proof is useful to others who wish to

improve bounds on the approximate supermodularity of the MSE proposed by Chamon [51].
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4.1 Literature Review

There is some prior work on supermodularity [53], [54], [55] and sensor scheduling. Jawaid
and Smith [52] have shown that logdet of the conditional error covariance of the Kalman filter is
not sequence supermodular. Tzoumas et al. have shown that logdet for batch state estimation is
supermodular. Additionally, Tzoumas et al. [48], [56] have proven that conditional entropy when
the dynamic process is stochastic is supermodular as well. Singh et al. [57] show the mean square
estimation error in a single-time step is supermodular under strict conditions of the information
and observation matrices. These papers claim that the MSE when scheduling p out of NV sensors
at each time step is not in general supermodular. However, Chamon, et al. [51] show that the
MSE is approximately supermodular. Related to the sensor scheduling problem is the sensor
sampling problem. A continuous version of the sensor scheduling problem is discussed in the
paper by Baras and Bensoussan [58] in 1989. In 2002, Astrom and Bernhardsson [59] showed
that event-driven sampling can outperform periodic sampling with respect to the estimation error.
The sampling problem is further discussed in the other papers. Soleymani and Baras [41] solve a
relaxed problem with no cardinality constraint but with an augmented cost function that includes
estimation error and cost of transmission. In Section 4.4, we take a different approach and show

sufficient conditions for when the MSE is supermodular [1].
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4.2 Non-Recursive Formulation for Kalman Filter

In this chapter, we repeat the non-recursive formulation of the Kalman filter that appears in
Chapter 2, Section 2.3 and is presented in more detail in the Appendix of Bertsekas’s Approximate
Dynamic Programming and Optimal Control book [12]. The non-recursive formulation requires
the added assumption that the covariance of the measurement noise is of the form ¢2I. This
assumption is on top of our original assumption that the measurement noise is independent across

sensors (Section 3.2).

First consider the vector 7,1 = (), w(, w,...,w;_;)". The non-recursive formulation of the
covariance matrix F; at time ¢, can be written as a function of two matrices L;_;, which is a

vector of powers of the matrix A and %,, |, the conditional covariance of r,_;. Let,

Py=Lia%, L, (4.1)
where L;_; is the following n x n(t 4+ 1) matrix
Ly = (AL AT AT 4.2)
and the conditional covariance
Sroy = (P @roy + 0,27 (4.3)
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where €, is the n(t + 1) x n(t + 1) covariance matrix of 7,

Oy = E[(thl - E[thl])('f’tfl - E[thl])/] 4.4)

and the Nm(t + 1) x n(t + 1) matrix ®,_ is defined as

4 0
Cy 0
C1Lg 0
CyLo O
b, | = : 1. 4.5)
CiLi_2 O
CyLi_o 0
CiLy—
CnLy—1

77



The MSE (¢;) is the trace of F;

e = E[(x — ge)?) (4.6)
= trE(w, — &) (x — &) @4.7)
= tr(Li1%y, L) 4.8)
= tr(Ly_Li1%,, ) 4.9)

Note, e is by definition the zero matrix. Define H;_; := L} _,L; 1. We get the MSE (e,) at time

l

[ t?“(Ht,lzlrt_l) (410)

We now turn our attention to the MSE for the Kalman filter example where only a subset of

sensors are used by first expanding on the discrete optimization concept of supermodularity.

4.3  Supermodularity in Kalman Filtering

In this section, we discuss the setup for our final analysis of sufficient conditions for
supermodularity in Kalman filtering. (Supermodularity is a property of set functions that will
be defined in this section; see also Chapter 2, Section 2.4) More precisely, we wish to find
conditions under which the mean square error (MSE) is supermodular with respect to the times

at which the sensors are activated. In building up to this final analysis, we present both previous
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work on supermodularity in Kalman filtering and the criteria that must be met in order to prove
the supermodularity property. The usefulness here of supermodularity lies in the fact that it can
explain when a greedy algorithm will give theoretically justified good results in combinatorial
optimization problems with cardinality constraints. The sensor scheduling problem is one such

problem.

In the sensor scheduling problem, the conditional covariance matrix (2,, ,) of r,_1, is a function
of the scheduling strategy, . We show here a slightly different presentation of the conditional
covariance matrix of r;_; as a function of ¢ than the one shown in [48] and [51]. The presentation
follows our work [1]. Let P(©,) be the set of sensors p out of N for each time instant up until
time ¢ and let ST'(O;) be the selection matrix corresponding to the set of p sensors chosen up

until time instant ¢. The conditional covariance matrix as a function of § can be written as

SO0 = 62((ST(0,) 1) (ST(0,)®r—1) + 0?0, @4.11)
such that ©;:= [0y, ..., 0;] and 0, := [0}, ..., 0N]T where,

‘ 1 if sensor 7 is on at time ¢,
0! = ) (4.12)

0 if sensor ¢ is off at time ¢.

The selection matrix S (©;) is composed of I, and 0,,x,, block matrices. The number of
block columns in S (©;) is Nt. The number of block rows in S corresponds to the number of
terms in ©, that are equal to 1, i.e. p x t. Each block row contains exactly one identity block
matrix whose column placement depends on which ¢, = 1. The block column of this identity
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matrix is in slot Nt + i. For example, consider N = 2 sensors, where exactly one sensor is

chosen at each time step for a time horizon of length 2 and the corresponding selection set for

10
t=1is 0, = [0, 04] = , which denotes that sensor 1 is chosen at time 1 and sensor 2
01
I 000
is chosen at time 2. Therefore, ST(0,) = and ST (0,) = {[ 01 .If pout of N
000 I

total sensors are chosen at each time step, then the size of S(0©;) is pmt x Nmt.

Remark 4.3.1. The discussion in Section 4.4 on sufficient conditions for supermodularity will
focus on the less notation heavy problem of sensor sampling instead of sensor scheduling.The
big difference between sensor sampling and scheduling is in the definition of ®;_,. In sensor

sampling, ®;_1 is:

c 0
CLy O
o, | = : : (4.13)
CLi—5 O
CLy
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while, in sensor scheduling,

P =

Ch

Cn

CiLo

CnLg

C'lLlc—2

CNkaZ

Ci1Li—

CnLy-1

4.14)

Definition 4.3.1 (Supermodularity). The definition of supermodularity is as follows as seen in

Section 2.4. For a finite set V, subsets A and B and set function f : 2V — R, supermodularity

of set function f can be defined as VA C'V and Vi, j € V\A

fA+i+7) = f(A+i) = f(A+]) = f(A)
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Remark 4.3.2. For our problem, we let V =Y, be the set of sampled measurements up until time

t, A= P, and f(P) = e; = tr(H; 3P

Tt—1

). To prove supermodularity of the MSE (e;) at time t
as a function of the subset of sampled measurements y, for any t € {1...T} we must show ¥V y;,

y € Yi\P where 0 < j, 1 <.

f(P+y;+u)— f(P+y;) > f(P+y)— f(P) (4.16)

Substituting the definitions for f, V, and A, the proof of supermodularity requires showing

tr(Hy_ S5 Tvtwy — pr(H,_ XP100)

Tt—1 Tt—1

4.17)
> tr(Hy_ SE9) — tr(H oy BE )

Tt—1

The mean square estimation error at time t (e;), is supermodular as a function of the sampled

measurements or in other words, equation (4.17) holds true if,

tr(F+G+H)™) —tr((F+G)™) (4.18)

> tr((F+ H)™Y) — tr((F)) (4.19)

where F' = H,;llé, G = HI:IB, H = H,:lfl.

Where the definition of the following matrices C', B, A is as follows:

C = o 2(®_,((S7(0,))(SP(0)) i1 + 2071, (4.20)
B:= o (D (I, I,)®1 1) (4.21)
A= o (D) (I, 1] )Py1) (4.22)
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4.4 Sufficient Conditions for Supermodularity of MSE

In this section, we develop sufficient conditions for supermodualrity of the mean square

error (MSE) in Kalman filtering.
Theorem 4.4.1. If the following conditions hold

 elements of C and A are > (0

o QOp_4 is a matrix of the form constant (02)) times identity where the constant is 1 < o2 <

2
w
144/1+2

2

2 = maz{a'z| x is column of 02~ ' ®!,_|}

2
e Y, is a matrix of the form constant (o) times identity where the constant is 0> > agil Amaz (P Pr_1)

then the MSE in the Kalman filter as a function of sampled measurements is supermodular.

Proof. To prove supermodularity we must show

tr(F+G+H)™) —tr(F+G)™) (4.23)

> tr((F + H)™) = tr((F)) (4.24)

Writing &, ®, 1 as 3.1 M!M; where M; is the m(i — 1) to m(i) rows of ®,_;, redefine F, G,

H

F =0 2((SP(6,)®;_1)' (ST (0)®,_1) + %) (4.25)
G =0 ?M;M; =3 " xx; where [ry,...,5y,]=0""M] (4.26)
H =0 2M/M =" vy, where [yi,...,yn]=0c"'M (4.27)
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By induction, the inequality is true if

tr(F +x2')™Y) —tr((F + 22’ + H)™)

< tr((F)™Y) — tr((F + H)™) (4.28)

By the Sherman-Morrison formula ([10], pg. 51) the following holds

1

F /71:F71_
(F + ') 1+ < Flz, x>

Flzg' Pt (4.29)

(F+H+z2d)'=(F+H)™!

—t=rr=aas (F + H) e/ (F + H) ! (4.30)
After substituting the Sherman-Morrison formula (4.29, 4.30) into inequality (4.28), inequality

(4.28) becomes
¥ (F+ H) 2z < T F %

4.31
l+2(F+H) ' — 1+a'F 'z (“4.31)
Again by induction, inequality (4.31) becomes
/ N —2 I —2
o (F+yy) %z < P2 432)

1+ (F+yy) e — 1+aF 'z
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Using Sherman-Morrison again and rearranging terms, inequality (4.32) becomes

(e’ Fla) (@ Fly)? (y' F—2y)
I+y' F-ly

< 2(2'Fy) (' Fly)(1+ 2'F )

— (2 F~Yy)%(2' F2x) (4.33)

Again rearranging we get

g Fy{(1+2'F'z)(y F%y) +

(1+y Fly) (' F )}

<20 F2y(1+ 2 Flz)(1+ ¢y Fly) (4.34)

This is true if
PF Wy F?y) <2 F2y(1+y Fly) (4.35)
P Fly(d' F20) < 2/ F2y(1 4+ 2'F ') (4.36)

The two inequalities are equivalent by exchanging = and y. We are left showing,

' Fly(a'F %) < a' F2y(1 + 2/ F ') (437)

: /
X,y columns in ¢},

F~1is diagonalizable to P’ AP and its eigenvalues are a,q; = a1 > G > -+ - > Gmin. The above
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inequality (4.37) is true if for all x, y columns in ®}_, three conditions hold:

P Fly < a'F~2y (4.38)
(2’ F2z) < (14 2'F'a) (4.39)
2’y >0 (4.40)

The inequality 2’ F'~1y < 2/ F~2y is true for all x, y if a,,;, > 1

The inequality (z'F~2x) < (1 + 2/ F~'x) for all z, y is equivalent to

FA?2 <A+ )z Vz=Pu (4.41)

The above inequality (4.41) is true if

1
2
Aoz — Amazx S Z Vz (442)
or subsequently if,
2 1 1
Cmaz — Amaz < maz{z'z| xis column of c—1®’} — MAX (4.43)
1 /14+—4
Or ama:p S + ;_JWAX
In other words,
L4 /1+ ij
1 é Qmin S e S Amax S 2 (444)
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The eigenvalues of F' are A0 (F) > -+ > Apin(F). The range on the eigenvalues of F' is

therefore
2
S )\mm(F> S Tt S /\max<F) S 1 (445)
1+ /1+ 7%
Note,
Me(F) < o2 M (®)_ @y + 0*Q7 1 T) (4.46)

Assume ), !; is a diagonal matrix of the form U%I then we have

1
Me(F) < o2\ (@) @ q) + — (4.47)

/ 4
< +4/1+ MAX

5 then the eigenvalue constraint becomes

If we assume — >
o2 = 1y

1
Amaz (P Pi1) < 0 (1 — =) (4.48)

O-’UJ
if 02 > 1. The last condition that 2’y > 0V x,y columns of ®}_, is true if all the elements of
matrices C' and A are positive. (Note, the requirement of the elements of C' and A being positive

is a very conservative sufficient condition for 2’y > 0. Other less restrictive conditions could be

found.)

In summary, our problem is supermodular if the following sufficient conditions hold:

e clements of C' and A are > 0

/ 4
< 1+ 1+]\/IAX

e 1 <0 5

2
w
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MAX = max{z'z| x is column of o2~ '®,_}

00-12)2

e 1 /\maac (q);_lq)t—l)

02—
[

Remark 4.4.1. The conditions in Theorem 4.4.1 are restrictive. However, as detailed in [51]
there is a concept of approximate supermodularity that encompasses problems that are not
supermodular but "close” to supermodular (for understanding what "close” means, see [51]).
We believe the conditions shown here will help better understand not just the restrictive conditions
under which a problem is supermodular but when a problem is "close” (or approximately)
supermodular. Like in supermodular problems, in approximately supermodular problems there

exists a greedy algorithm that has provable (though not as tight as supermodular) bounds [51].

4.5 Greedy Solution

We have shown sufficient conditions for supermodularity of the sensor scheduling problem.
In this section, we present work by Tzoumas et al. [48] and Chamon et al. [S1] who prove bounds
on a given greedy algorithm for the sensor scheduling problem leveraging the 1978 theorem by
Nemhauser and Wolsey [15]. We then present results of using the greedy algorithm on the sensor

localization use case from last chapter (Chapter 3).

Consider, the optimization problem of minimizing f which is a function of the set P, which

can have at most p elements in it.

minimize f
r (4.49)
subjectto |P| <p
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Theorem 4.5.1 (Nemhauser Wolsey 78 [15]). Considering Problem 4.49, if the objective function
f is monotone non-increasing, supermodular, and satisfies f(()) = 0, then the set P returned by

a greedy algorithm satisfies
f(P) = (1—1/e)f(P7) (4.50)
Proof. See Nemhauser, Wolsey 1978 paper [15]. [

4.5.1 Optimization Formulation

The sensor scheduling problem for the non-recursive formulation is formulated as the
following optimization problem as shown in [48] and [51].

minimize tr(Ht—lzi(,?t))
Hoi L, Y,

N (4.51)
subject to Z 0, <s

=1

forallt =1,...,T.

Problem 4.51 is NP-hard [48]. We show conditions under which the MSE is supermodular and

subsequently describe a greedy algorithm that has provable bounds.

Remark 4.5.1. We abuse notation here and use P as both a function and set. When we write

P(©,), P is a function that returns a set of indices corresponding to the indices where the
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elements of ©, are 1. These indices correspond to the active sensors. When P is a set (with
no function arguments) it refers to the indices of active sensors and not the function that returns

the set of indices of active sensors.

4.5.2 Bounds

In this section, we show bounds for the optimization Problem 4.51.

The function f = tr(Ht_lEi(_(?t)), which is a function of P and equal to the MSE, e; (as shown
in equation (4.10)), is supermodular under the sufficient conditions in Theorem 4.4.1. It can be
shown that f is monotone non-increasing. We need our function to be normalized i.e. f(()) = 0.

Hence, we redefine our objective function to be f = tr(Ht_lEiE?t)) —tr(H,_ 20 ). 3P

Tt—1 Tt—1

is the (non-conditional) covariance of r;_; and equals (2 The function tr(Ht_lEi(,?t)) —

Tt—1°

P(6y)

tr(H,_1%? ) is also supermodular and monotone non-increasing if tr(H,_ %, ") is.

Tt—1

Substituting tr(Ht,lZi(_?t)) —tr(H,—1X? ) for f in the supermodular theorem we are left with

the inequality utilized in [48] and [51].

tr(H, o SPY > (1= 1/e)tr(H 2P ) + (1/e)tr(22 ) (4.52)

Tt—1

for the set P97°*¥ returned from greedy algorithm (Algorithm 4) and the set P* that is the optimal

solution to the sensor scheduling problem. Since tr(H, %! ) = tr(H, 1%, ,), the bound on

Tt—1
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the MSE (e;) at time ¢t is

ee > (1—1/e)es” + (1/e)tr(Hi—1y, ) (4.53)

The first term on the right hand side of the inequality includes e; = tr(H,_, X% ) which is the
“optimal” MSE or the MSE that comes from sampling the sensor at the optimal measurement

times.

Algorithm 4 details the greedy solution given by Nemhauser and Wolsey [15]. For the sensor
localization use case, we compare the mean errors of the relaxation approaches from last chapter
(Chapter 3) and the mean error from the new greedy approach in Table 4.1. We see that the
error from the greedy algorithm is more than double the errors from the relaxation approach in
Table 4.1 (0.38 vs. 0.16). However, the relaxation approaches potentially have a high polynomial
complexity, while the greedy algorithm has a low polynomial complexity (ie. O(NT?)). The
relaxation approaches versus the greedy algorithm highlight the tradeoff between accuracy and
complexity. In this instance, the greedy algorithm does not perform well compared to the SDP
approaches. This highlights the importance of having multiple approaches to solve the sensor
scheduling problem as one approach may not be the best approach in all problems. It shows
that the greedy approach can give poor results and possibly should only be used when matched
up against the SDP approach or if one needs a faster solution. The analysis in Theorem 4.4.1
potentially can give some indication when the greedy approach apriori is more desirable. Another
observation is the cost from the greedy solution is much more variable than the costs from

the SDP approaches. This indicates that the greedy solution is affected more by particular
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Algorithm 4 Greedy Algorithm for Sensor Scheduling Problem

Input: f, p.

Output: set P that gives approximate solution to problem
P+ 0,i+0

i <ra; < d € argmax(f(P)— f(PU{a}))

a¢P
P+ PU{a;},i+i+1

H Max (Mean/Var) Max-Rank (Mean/Var) Track (Mean/Var) Greedy (Mean/Var) H
| 0.1618/6.99¢-4 0.1632/6.76e-4 0.1605/5.73e-4 0.3815/0.09 |

Table 4.1: Error for 3 Different Relaxation Approaches Averaged Over 30 Runs

instantiations of the noise variable than the SDP solutions.

4.6 Minimizing Upper Bounds

In this section, we propose another solution to the optimization Problem 4.51. We now turn
our attention to finding bounds on the trace of the covariance. The new solution minimizes an
upper bound on the MSE based on the condition number and trace of functions of the observability

matrix.

Remark 4.6.1 ([44]). If a matrix A is normal then the condition number (k(A)) equals

(4.54)

Remark 4.6.2. Recall, the MSE at time t, ¢; = tT(Lt_lEi((?t)L’ 1) as in equation (4.51) where

»PO) — (072(ST(01)®;-1) (ST (0)P-1) + Q1Y) Qt 1+ ZZQ Ntzf o (4.55)

Tt—1
=0 =1
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where 0=2(SP(0,)®; 1) (ST(0,)®;_1) = S0 _y So, 0%, N/, where N}, is the mt(i — 1) to mt(i)

rows of ®;_;.

Also,

Ly, = (A AT L A (4.56)

Substituting Fy_ for X' | we get MSE at time t, e, = tr(L,_F, \PO) L’ ). The goal is to find

Tt—1’

an upper bound on tr(L,F, ' L)) fort =1,...,T.

Remark 4.6.3. Before finding the upper bound, we note that one possible way to minimize MSE,
e, = tr(Li_SH VL) is to maximize (300 o LN, The term S _y SN | 63N,
is connected to the observability matrix. We want to maximize the observability matrix. One
metric for maximization is to maximize the minimum eigenvalue of the observability matrix.
However, what we will see next is that e(t) has an upper bound which is in terms of more than
just the minimum eigenvalue of the observability matrix. Rather, we will see that the upper bound
incorporates the trace and condition number. And forecasting ahead to what we will show, we see
that minimizing e(t) depends on the ratio of the maximum to minimum eigenvalue of a function
of the observability matrix (namely the condition number) along with the sum of eigenvalues of a
function of the observability matrix (namely the trace). And so we go beyond just maximizing the

eigenvalues of the observability matrix.

Note: For a given ¢, we drop here, for easier reading, the subscripts on L; ; and F;_; so
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that L,_; becomes L and Ft:11 becomes F'~!. To recap then,

L= (AL A7 AT (4.57)

t N
F = (072(S"(0) @) (ST(0) 1) + 7)) = (0 + > 0N} (4.58)

t'=0 =1

Proposition 4.6.1 (Upper Bound [3]). The following upper bound holds
Uz' 0 Lyt 0[N\
tr(LF~'L) < tr ( QFQ’ > (4.59)

Proof. We first take the QR decomposition of L, so that we get L' = QR where (@ is an

orthogonal matrix and R is an upper triangular matrix and subsequently

LF'L' =R'Q'F'QR (4.60)
Ur
Letting R = and R’ = { Lg 0] where Up, is an upper triangular matrix and L is a lower
0
triangular matrix, we get
Ug' 0 Lyt 0f N\ |1
LF 'L = { I 0] ( QFQ' ) (4.61)
0 I 0 I 0
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And then,

Ug' 0 Lyt 0[N\
tr(LF_lL’):tr< QFQ ) (4.62)

For the next lemma we define the Frobenius matrix norm.

Definition 4.6.1. For matrix A of size m x n for any m,n > 1 with elements a;;

Z Z la;;|? = \/trace(A*A) (4.63)

i=1 j=1

[AllF =

We utilize the following well-known lemma

Lemma 4.6.1. [10]

The following is true for matrices A of size n X n: "*f;fzf)(‘q) > tr(A7h).

Proof. The result follows from,

n * cond(A)cos(A, Icos(A™1, 1)
tr(A)

=tr(A™) (4.64)

where cos(A, I) = ||1:T\(1:4\)/ﬁ O

We present our work [3] on calculating an upper bound for the MSE. We then propose two
algorithms that minimize this upper bound to find an effective sensor scheduling strategy. Our
future work, will be to showcase the effectiveness of these algorithms on the sensor localization
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use case.

Theorem 4.6.1. The following is an upper bound on the MSE in Kalman filtering when the

covariance of the measurment noise is of the form 1.

Ug' 0 Lyt 0
n*cond< & QFQ f )

Ugl 0 L&l ol \ -1 0 I 0 I
tr(LF—lL’)gtr( QFQ ) <
0 I 0 I Ug' 0 Lyt 0
tr( QFQ )
0 I 0 I
(4.65)

Proof. Consider the QR decomposition of L' such that I = Q) R where () is an orthogonal matrix

and R is an upper triangular matrix where

U
R = ., R = [L ():| (4.66)
0
Therefore, we get
LF'L'=RQF QR (4.67)
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By substituting equation (4.66) we get,

U=t o LY o\ |I
LFL = [1 0] ( QFQ' ) (4.68)

Ut oo L7 0\
tr(LE~'L) §tr( QFQ ) (4.69)

0 I 0 I
< (4.70)
u-t o L=t 0
tr ( QFQ )
0 I 0 I
I
The first inequality comes by dropping the pre and post matrices, [ I 0] and and the second
0
Ut o

L' 0
QFQ' ) O

inequality (4.70) comes from Lemma (4.6.1) where A = (
0 I 0 I

We propose two algorithms that minimize the upper bound in order to find a sensor schedule.
Algorithm 1

In the first algorithm, we maximize the denominator in Theorem 4.6.1. Solve for the maximum

of the denominator
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Ug' 0 Lyt 0
b* = max tr( QF(0)Q’ ) 4.71)

Then the optimality gap is:

Uz 0 L' 0
n X cond( QF(6;)Q’ )

0 I 0 I
¢(ALG) — ¢(OPT) < . —a* 4.72)
where,

Uz' 0 L' 0
0y = arg max tr( QF(©)Q ) (4.73)

0 I 0 I

. 1

a* =min ——— (4.74)

Alternatively, another algorithm is as follows where we minimize the numerator.
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Algorithm 2
In the second algorithm, we minimize the numerator in Theorem 4.6.1. Solve for the minimum

of the numerator.

Uz' 0 Lyt 0
b* = m@in n X cond( QFQ' ) (4.75)
0 I 0 I
Uz' 0 Lyt 0
0y = arg m@%n n x cond( QFQ’ ) (4.76)
0 I 0 I

Then the optimality gap is:

c¢(ALG) — ¢(OPT) < —a 4.77)
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where,

Uz' 0 Lyt 0
0y = arg mén n x cond( QFQ’ ) (4.78)
0 I 0 I
* = mi L 4.79)
© Y W(IED) '

A future direction is to devise an algorithm that both maximizes the denominator and minimizes
the numerator simultaneously. One possible approach is to use column subset selection as

detailed in [60].

4.7 Designing Trusted and Secure Tracking in Wireless Sensor Networks

In this section, we apply sensor scheduling to a new problem involving security that is
detailed in [61]. One of the impetuses for sensor scheduling is the heavy communication cost
associated with centralized tracking. In the centralized Kalman filter, or any other estimation
algorithm, all the sensor nodes must communicate with a central fusion center. This leads to
bottlenecks in communications. A distributed Kalman filtering approach is one workaround
where sensors only communicate with their neighbors.

Another problem that arises in all wireless sensor networks is the presence of corrupted or
malicious sensors. The question becomes how to detect malicious sensors and make productive
use of corrupted sensors while at the same time maintaining a distributed Kalman filter scheme.

An approach that uses a trusted core at the heart of its algorithm appeared in [61]. There, a two
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layer estimation scheme is proposed. The first layer is a hierarchical trust architecture called the
trusted core. The trusted particles are a dedicated set of sensors that observe the dynamics of
interest. They are installed with higher levels of security. The second layer consists of sensor
nodes other than the trusted particles. They are more numerous in number and they have the
ability to talk with one or more trust particles. However, there is a cost to communications
with trusted particles and such communication may occur infrequently. The trust particles are
reference nodes that estimate the trajectory of interest. The remaining sensor nodes can compare
their estimation of the trajectory to the reference trajectory. This way, malicious or corrupted
sensors can be detected by comparing the sensor node’s trajectory estimation to the trusted
particle’s trajectory estimation. All trusted particles communicate amongst each other and compute
a reference estimation. The remaining sensor nodes only communicate with their neighboring
nodes and form their own localized estimation trajectories. The localized estimation trajectories
and the reference estimation trajectory are compared. This comparison is used to then compute
the weights of the distributed Kalman filter scheme.

Here, we add to this approach by designing a sensor network such that the most effective
sensors are selected as trusted particles. As mentioned, the trusted core is a core of sensor
nodes that serves as reference nodes to which we can compare potentially malicious or corrupted
sensors. In designing the trusted core, we may want to be selective about which of the available
sensors should serve the role of trusted sensors. We utilize sensor scheduling to select which
sensors would serve best as trusted core members. Our criteria is the same criteria as in sensor
scheduling. We look for a subset of sensors that would most minimize the estimation error. These

selected sensors will then become the trusted core.
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Remark 4.7.1. The steps for using sensor scheduling in designing trusted tracking in wireless

sensor networks are as follows

1. Select a subset p of sensors using the previously discussed semidefinite programming algorithm

for sensor scheduling. Theses sensors represent the trusted core.

2. Compute a distributed Kalman filter scheme with trusted core from [61] (See Section 4.8).

4.8 Trusted and Secure Tracking in Wireless Sensor Localization Use Case

Consider a similar example to the sensor localization problem used in sensor scheduling in
Chapter 3.6. There are 21 sensors available to track a trajectory. Firstly, we choose 4 sensors as
part of the trusted core or in other words the set of sensors that are considered to be more secure
and trustworthy. These 4 sensors are chosen using our sensor scheduling algorithm. Four other
sensors are corrupted by more noise. While, 4 different sensors are maliciously manipulated by
an adversary. The remaining 9 sensors are referred to as normal sensors and they are less noisy
than the “corrupted” sensors and are not manipulated as in the case of the “adversary” sensors.
We track the trajectory open loop and closed loop. Open loop means we use all the sensors other
than the trusted core to track the trajectory. Other than the trusted core, sensors only communicate
with their neighbors. Closed loop means we use the tracking estimate of the trusted core to
compare the trustworthiness of the estimates. Based on how the trusted core estimates and the
other sensors estimates differ, we weight differently the estimates of the other sensors. The goal
is that the estimates from the sensors that have been either corrupted by noise or adversary would
be weighted less than the “normal” sensors. There are three figures (4.2, 4.3, 4.4) showing the

performance of open and close loop tracking from the perspective of three different sensors -
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sensor 1, 12, and 19. Each sensor communicates with their neighbors and the trusted core. Note,
the dotted line indicates if the sensors are neighbors. In Figure 4.1, we compare the tracking
error with both the open and closed loop approaches. Not surprisingly, closed loop outperforms
open loop. And finally, in Figure 4.5 we compare using sensor scheduling to choose the trusted
core versus randomly choosing the trusted core. In Figure 4.5, we see the benefit of using sensor

scheduling to choose the trusted core.
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Figure 4.1: Difference between tracking error for open and closed loop
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Figure 4.4: Track estimate for sensor 19

It can be seen, as expected, that the closed loop track, namely the one that incorporates
estimates from the trusted core to properly weigh the importance of sensors, far outperforms the
open loop track, where no such communication with the trusted core occurs. We also compared
the results of using sensor scheduling to choose the trusted core versus randomly choosing the
trusted core. We see in Figures 4.2, 4.3, 4.4, 4.5 that using sensor scheduling for choosing the

trusted core improves the tracking.
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Figure 4.5: Trusted distributed estimation with two approaches to choosing the trusted core: 1.

SDP-based sensor selection (Section 3.4) and 2. random sensor selection.

4.9 Conclusion

In this chapter, we proposed algorithms to solve the sensor scheduling (and sensor sampling)
problem. The first algorithm is a relaxed version of a mixed-integer semi-definite program.
We relax the mixed integer program in three ways. One of the ways is a covariance tracking

algorithm. We implement this algorithm on two examples. The first example is a sensor localization
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case as discussed in Section 3.6. The second example is to design a trusted wireless network as
discussed in Section 4.7 . Additionally, we discuss sufficient conditions (Section 4.4) under which
a greedy solution can provide an approximately optimal solution. Lastly, we find an upper bound
(Section 4.6) on the estimation error in terms of the condition number and trace of a function
of the observability matrix. A proposed sensor scheduling algorithm would minimize this upper

bound.

In the future, we can explore algorithms that would optimally minimize the upper bound. The
upper bound is a fraction, and so the challenge is maximizing the denominator and minimizing
the numerator simultaneously. Additionally, the discussion until now for sensor scheduling has
been exclusively in the linear setting. A future direction would be to tackle sensor scheduling for
nonlinear systems. One possible approach would be to formulate the sensor scheduling problem
as a POMDP and then use Monte-Carlo sampling as in [38]. Monte-Carlo sampling has been

studied in MDPs in [62] and POMDPs in [63].
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Chapter 5:  Sensor Selection for Robust Filtering

In this chapter, we show that sensor scheduling doesn’t only apply to Kalman filtering
estimation, but it can also apply to robust (H,) estimation. There has been much work including
our own on the problem of sensor scheduling in the Kalman filtering case. There has been little
work on sensor scheduling in the H, filtering case. In 2001, Savkin et al. [64] proposed a
Riccati equation solution to the problem of sensor scheduling in the H ., setting. In this chapter,
we propose a mixed-integer semidefinite program solution to the sensor selection problem in
the H, filter continuous-time setting. This follows the same approach as we did for the sensor
scheduling problem in the Kalman filtering setting. The sensor selection problem differs from
the sensor scheduling problem in that it requires only a one-time choice of sensors as opposed to
the sensor scheduling problem where different set of sensors are chosen at different times. Our

work on sensor selection for H , filtering is presented in this chapter.

5.1 Problem Formulation

The H, filtering problem differs from the Kalman filtering problem. In Kalman filtering,

the goal is to minimize the expected square error where the disturbance is random noise with a
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given distribution. In the H filtering [11], the goal is to minimize the error subject to a worst-
case disturbance and the disturbance is deterministic but unknown. See Chapter 2 (Section 2.5.2)

for more details on H, filtering.

In the multi-sensor case, consider the dynamics () and the N, sensor (y) equations. There

are /N sensors.

l.'t = Allft -+ Bwt (51)

yi = C'z, +v! for ie{l,...,N} (5.2)

Assume throughout this chapter that A is stable.

Define, the parameter ¢° € {0,1} to indicate if sensor i is selected. If 6" = 1, sensor i is
selected and if §° = 0, sensor 7 is not selected. Let P(-) be the function that returns the set of

selected sensors. Let P () be the set of indices (in increasing order) of active sensors or in other

words, P(0) ={j € {1,...,N} st 6 =1}

At most, p < N sensors are selected so that Zf\il ' = p.
91

Denote, the sensor selection strategy, 6 =

QN

Therefore, the relevant sensor equations are the subset of sensor equations corresponding to the
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active sensors. We denote the relevant sensor equations as

y O = PO, 4 o[ (5.3)

® vec{y; tier (o), crO) — vec{C"}icp(g), and Utp(e) = vec{v; }icp(o)-

where yf
Consider the weighted norm of vector x € R"™ for any positive definite matrix R and for any
finite n > 1, ||z||g := V2’ Rx as in Section 2.5.2. Note, as R is a positive definite matrix, there

exists a unique square root, R'/2.

Consider the ratio, r of estimation error, ¢ = = — z(f) to the supremum of all noise (w, v).
Such a ratio captures the transfer function from estimation error to noise in the time domain. See

Section 2.5.2 for more information.

Jo llz = &(6)||%dt

r= - 50 5.4
2000w [2°(|[wy3 + [lvf ) |13)dt
Thus, our goal is to find an estimator, z(6), such that
r< 2 (5.5)

This is similar to the bound (2.65).

In other words, 7 is the variable that leads to the bound (5.5) being met.
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Equation (2.65) can equivalently be written as (exactly the same way as equation (2.66))

inf wg/ |z = 2(0) 1% — ¥2 (w12 + loy @ |2)dt < 0 (5.6)
0

£,0e{0,1}N w.v

The scheduler () aims to minimize the cost function while the disturbance functions (w, v) aim
to maximize the cost function. The following proposition (Proposition (5.1.1)) is the formulation

of the sensor selection H, filtering setting.

Proposition 5.1.1. The H, filtering sensor selection problem is formulated with the following

linear quadratic (LQ) zero-sum game as a performance criteria,

inf wg/ lz = 201 — V(w3 + o [3)dt (5.7)
0

2,0e{0,1}N v

The constraints are as follows,

LU't = AI‘t + Bwt (58)

y PO — (PO, 4 PO (5.9)

0" € {0,1} (5.10)
N

Zgz‘ —p (5.11)

Remark 5.1.1. As mentioned in Section 2.5.2 and in [18] a solution to the H., filtering with
performance criteria (5.7) is the same solution that meets the bounds in (5.5) and (5.6). The
reason for this is that the performance criteria (5.7) will either be zero or positive infinite because

it is a quadratic form under linear constraints (5.8) and (5.9).
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5.2 Riccati Equation Solution

We present in equations (5.17)-(5.21) a related but an alternative Riccati equation solution
to the problem defined in Proposition 5.1.1, to the one presented by Savkin et al. [64] and Shaked

et al. [65].

We first present the solution to the H, filtering problem when there is no sensor selection (and
subsequently no 6s). Based on this, we then show the solution to the H, filtering problem with

sensor selection.

We begin with the conditions for the ., filtering problem with no sensor selection. As sated
in Theorem 2.5.1, the discrete time algebraic (steady-state) Riccati equation solution for the H,

filtering problem is
N
AP+PA — P() C"C'—=yR)P+ BB' =0 (5.12)
i=1

which states that if there exists a P > 0 to equation (5.12) then an H, filter can be found.

In the information filter formulation, ) := P! equation (5.12) can be written as,

N
QA+ AQ-) C"C'+7y R+ QBB Q=0 (5.13)

=1
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which means that if there exists a () > 0 to equation (5.13) then an H, filter can be found.

As stated in reference [11] (Theorem 35), where the bounded real lemma is used (and as stated in
Theorem 2.5.1), an equivalent condition for finding a solution to the H, problem (i.e. the bound

(5.5) holding) is that there exists a () > 0 such that

N
QA+ AQ - C"C'+y R+ QBB'Q <0 (5.14)

=1

As stated in [65] and equation (2.71), the update for the estimator 2 is

N

b=At+) K'(y—C'%) (5.15)
=1

K'=Q'c” (5.16)

We now consider the H, problem with sensor selection. For our sensor selection problem for a

solution to exist to the problem defined in Proposition 5.1.1 there must exist a () > such that

N
QA+ AQ-) 0'C"C'+7 R+ QBB'Q <0 (5.17)

=1

which is a variation of inequality (5.14). The update for the estimator = in the sensor selection

problem is

N

p=Ab+ Y OK'(y —C'a) (5.18)
=1

Ki=Q'c” (5.19)
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which is a variation of update equation (5.15). And the following further conditions representing

the constraints on active sensors are as follows

6" € {0,1} is 1 if active and O if inactive (5.20)
N

> 0 =p (5.21)
i=1

5.3 Mixed-Integer SDP Solution

We present, as far as we know, the first mixed-integer semidefinite program (SDP) solution
to the sensor selection H,, problem, reduced to solving the system of inequalities and equations
(5.17), (5.20), and (5.21). The Algebraic Riccati Inequality (ARI) shown in inequality (5.17) can
be written as the following linear matrix inequality (LMI) by the Schur complement. See also
Section 2.2 and reference [11] pg. 11 for a description of the Schur Complement along with
reference [11] for use of the Schur complement with regard to Algebraic Riccati Inequalities. For

a recap of the Schur complement, consider the symmetric matrix

X = (5.22)

If A is invertible, then by the Schur complement X is negative definite if and only if A< Oand

C — B'A"'B < 0. Letting —BB' = A,Q = B,and C = QA+ A'Q — 3., #°C"C" + v °R
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then we get that (5.17) is equivalent to ) < 0 and the LMI (5.23) since — BB’ < 0,

—(BB")™! Q

<0

Q' QA+AQ-Y1 0C"C'+47*R

Alternatively, we can write (5.17) as () > 0 and

—1

N _72 0 R1/2
A'Q+ QA — Z giCvCt — [31/2 QB] <0
=1

0 -I B'Q

(5.23)

(5.24)

We can check this out by multiplying the matrices in (5.24) to get (5.17). Equivalently, and by

another application of the Schur complement [[11], pg. 11], we can write (5.24) as () > 0 and

the LMI (5.25) below

QA+ AQ — Zfil iCv(C RL/2 QB

R1/2 _72 0 <0

B'Q 0 —I

Indeed, the Schur complement as used in [[11], pg. 11] shows that the inequality,

R
o

<0
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is equivalent to the following two inequalities C <0and A— BC'B < 0.

2
) o . -7 0
If welet A = A'Q + QA — ZZ]\LI 0,CVC", B' = {31/2 QB}’ and C = in
0o -I
(5.26), we get that Q > 0 and (5.24) are equivalent to Q ¢, 0 and (5.25), since the diagonal matrix
2

—~2 0
is obviously negative definite, we get the LMI in equation (5.25) for the sensor

0 -1

selection problem.

Remark 5.3.1. To find the optimal (instead of the sub-optimal solution for a given threshold
v) Hy filter, the goal is to find the smallest . Finding the smallest v leads to the following

optimization problem for the H ., sensor selection problem,

min 7y (5.27)

QA+ A/Q _ sz\il giCvCt RL/2 QB

s.1. R1/2 20 | <0, Q>0, #ec{01} (528

BQ 0 —I

S 0= (5.29)

=1

5.4 Conclusion

In this chapter, we extended our semidefinite programming solution for sensor scheduling
in the Kalman filtering setting to a SDP solution for sensor selection in the robust (H,) setting.
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In the future, we plan to apply the same previously used relaxation approaches (Section 3.5) to

solve the resulting mixed-integer semidefinite program.
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Part II: Distributed Risk-Sensitive or Robust

Control

Chapter 6: Distributed Risk-Sensitive Control: A Controller Gain Consensus

Based Approach

In the previous chapter, we focused on an estimation problem (mostly in the centralized
setting). In this chapter, we turn our attention to a control problem in the distributed setting.
Additionally, in the previous chapter the criteria for the cost function was the mean of a quadratic
function. Here, the criteria is the mean of the exponential of a cost function. This is considered
a risk-sensitive cost function as taking the exponential accounts for higher moments than just the
mean [66]. We address in this chapter an algorithm for distributed risk-sensitive control. We then
compare the cost function from the distributed risk-sensitive controller to the cost function from
the globally optimal risk-sensitive controller. On the way to distributed risk sensitive control with
exponential of integral criteria, we also investigate in this chapter distributed LQG control and
develop a novel algorithm based on local agent-neighborhood based computations and consensus.
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6.1 Introduction and Literature Review

The most classical and simplest stochastic optimal control problem is the linear quadratic
Gaussian (LQG) problem. The LQG setting is one in which Gaussian noise enters the dynamics
additively and the cost function is an expectation of the quadratic function of state and control.
In risk-sensitive control, we aim to find a controller that not only minimizes the mean of a cost
function, but also the higher moments of a cost function. The simplest risk sensitive control
problem is the linear exponential quadratic Gaussian (LEQG) problem ([30]). In LEQG, Gaussian
noise also enters the dynamics additively, but the cost function is now the expectation of the
exponential of the LQG cost function. In robust control, we aim to find a controller that minimizes
a game-theoretic cost function subject to the maximal disturbance from an exogenous disturbance.
A simple robust control problem is the game-theoretic formulation of an H,, problem [18].
Finally, in the robust control setting, a deterministic disturbance (instead of stochastic noise)
enters the dynamics additively and the goal is to minimize a quadratic cost function of state,
control, and maximal disturbance. There is a close connection between LEQG/risk-sensitive
control and robust control (ie. H,) in that the optimal control solution for one is the optimal

solution for the other ([67]).

We now focus on distributed optimal control versus global control. Distributed optimal control
has emerged as an area of focus because of communication constraints on the sensors and controllers.
In large scale problems such as formation control [68], resource allocation problems, and power
grid control problems, multiple agents must work together to minimize a global cost function.

Each agent has its own respective local cost function that comprises a part of the global cost
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function. The agents are linked by a communication graph that details how different agents
can communicate. In our setting, the collaboration graph which designates how different agents
interact with each other is the same as the communication graph. The local cost function centered
on a given agent depends on the states and controllers of the neighbors of that given agent. In
other words, the local cost function of a given agent depends on the same agents that comprise
the neighborhood of that agent. Any given agent can be in the neighborhood of multiple agents
and therefore there is coupling in the cost function. If each agent would solve for a controller
based solely on their local cost function, then there would be a mismatch in controllers for an
agent. The neighbors of a given agent would all have their own proposals for the controller of
that given agent. Their proposed controllers would not necessarily match. We propose averaging
these controllers so we should have one controller for a given agent. Distributed LQG has been
studied previously, including for identically dynamically decoupled systems [4]. It has also been
studied in non-identical plants in [69] using a bottom-up and top-down approach. In our problem,
there is coupling in the cost function. Of course, if there is no coupling at all between the agents
whether in the cost function, dynamics equation, or measurement equations, then each agent
could formulate their own control action based on their own information. Collectively, this would

lead to an optimal controller for the problem. [70].

In the following sections we propose a distributed LQG algorithm where an agent’s controller
gain is the average of the controller gains computed and suggested by its neighbors. This
approach of averaging controller gains is inspired by the work on consensus-based distributed
filtering ([7]). We analyze the performance of our consensus-based distributed LQG algorithm
compared to a control algorithm that has access to the states and controls of all agents, all models
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and all data. This can be found in Section 6.3. Additionally, we propose the same algorithm for
the linear exponential quadratic Gaussian (LEQG) problem. Similarly, the algorithm’s performance
is analyzed in section 6.7. In Section 6.8, we simulate an example for the distributed LQG and

LEQG problems to showcase the performance of the proposed distributed algorithm.

6.2 Single Agent LQG

In this section, we summarize the well-known solution to the discrete time, infinite horizon,

linear quadratic Gaussian (LQG) control problem.

6.2.1 Problem Setup

First, define the matrix [, to be the identity matrix in R**" for any v € N.

Now, let us consider the discrete-time dynamics equation

z(t+1) = Ax(t) + Bu(t) + (Ve - L,)w(t) (6.1)

where z(t) € R”, u(t) € R™ and w(t) € R™ are the state, control input, and process noise
vectors, respectively. The random vector w(¢) is i.i.d and for each time is of the form N (0, I).
The initial state, 2o ~ N (Zo, P). Additionally, x¢ and {w(#)}Z_, are independent for any value

of T
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The time-averaged cost function associated with the infinite horizon LQG problem is

N

-1

J = lim %E[ 2(t) Qu(t) + u(t) Ru() 62)

T—o00
t

Il
o

@ > 0,R > 0. We seek control u(t) as a function of z(¢) that minimizes the cost function in

equation (6.2) constrained to the dynamics in equation (6.1).

6.2.2 Solution

Theorem 6.2.1. LOG [71]
Assume, (A, B) is controllable and (A, Q?) is observable, then the optimal control to the problem

in Section 6.2.1 is u*(t) = Kx(t) where

K =—(B'PB+R)"'B'PA (6.3)

and where there exists a unique, positive definite solution P to the algebraic Riccati equation

P=Q+A'PA— APB(R+ BPB) 'BPA (6.4)

Additionally, the optimal average cost is

J* =€ - Tr(P) (6.5)

Note that the steady-state feedback gain K does not depend on Py, the covariance of the initial

condition, and also on the covariance of the noise € - I,,. Furthermore, the optimal average cost
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does not depend on P, the covariance of the initial condition.

Furthermore, the closed loop system with the above control is stable, i.e. all eigenvalues of

(A + BK) have magnitude strictly less than 1.

6.3 Multi-Agent LQG

In this section, we formulate a multi-agent LQG problem, in which the agent dynamic
equations are dynamically decoupled and the cost functions are coupled. Each agent has their
own respective quadratic cost function that depends on the neighbors’ states and controllers.
Owing to the fact that a given agent is a neighbor to multiple agents, there is coupling in the cost
functions. How can we find a sub-optimal solution to this problem where agents communicate
and compute using only information from their neighbors (and in this case, as will be seen for our
specified proposed algorithm, defacto their neighbor’s neighbors)? Next, we detail the problem

setup for the multi-agent LQG.

6.3.1 Toy Problem

Consider the toy multi-agent system in Figure 6.1 that will be consulted in this section for
ease of understanding the notation. The collaboration network, i.e. the network detailing the
interaction of different agents shows which agents (namely their states and controllers) affect the
cost of which other agents. In other words, this network details the so-called neighbors of each
agent, where the neighbors of an agent 7 are the agents that affect the cost of agent :. The "’local”

cost of an agent 7 is the cost associated with the neighborhood of agent . Note, that the graph
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illustrating these influences is assumed to be undirected, that is if agent ¢ influences j, then also

agent j influences 1.

Figure 6.1: Collaboration network of toy example with 4 agents

The following introduce some of the notation we will use, illustrated in the toy example:

there are 4 agents with states x1, 2, x3, x4 and controllers wuy, us, us, U4

n = 1 (state dimension)

m = 1 (controller dimension)

the form of A is

where A; € R.

126

(6.6)



¢ the form of B is

where B; € R.

Qu
@21
@31
Qu

Q12 Q13 Qu
Q22 Q23 Qo
Q32 Q33 Qs
Qi Quz Qu

Ris
Ray
Rsy

Rys

Ry
Ros
R

R43

Ry
Ray
R34

Ry

(6.7)

(6.8)

where ();;, R;; € R. See equation (6.19) for a more precise form for the () and R matrices

in the toy example that indicates which entries are zero.

6.3.2 Single Agent Dynamics

There are N agents in the system. The state of each agent i, x;(t) € R"™ with control

u; € R™ is updated as follows

xi(t + 1) = Ajzi(t) + Byug(t) + Ve - Lyw;(t)
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fori € {1,..., N} where A; € R™", B, € R™*™. Additional assumptions on initial conditions,
x;(t), w;(t) are detailed in Section 6.2.1. Furthermore, we accommodate different possible
dimensions of the state of each agent, and the control of each agent, by embedding them (as
needed by adding zeros) in R™ and R™ respectively. However for ease of notation and computations
we will not explicitly describe these embeddings and we will consider in the sequel the state

vectors of each agent as vectors in R", and the controls as vectors in R™.

6.3.3 Notation for Centralized Problem

We consider the following notation to help us in writing the centralized problem.

(A,B) Dynamic Matrices

Consider the matrices A € R*Vx?N B ¢ RrVxmN,

A = blkdiag({A;}Y,) (6.10)

B = blkdiag({B;};’,) (6.11)

In the toy example, A and B are stated in equations (6.6) and (6.7) in Section 6.3.1.

States, Controllers, and Noise

Consider the vectors x(t) € R™™, u(t) € R™Y, and w(t) € R".
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z(t) = vec({z;(t)}Y) (6.12)
u(t) = vec({u;(t)}Y)) (6.13)

w(t) = vec({w;(t)}X,) (6.14)

In the toy example, z(t) = (27(t), 25(t), 25(t), #4(2))', w(t) = (uy (1), u5(t), uz(t), wy(t))’, and

w(t) = (Wi (t), wy(t), wy(t), wi(t))"

Dynamics
From the block diagonal matrices we get the concatenation of all agent’s dynamics and therefore
the dynamics of all agents can be captured in the single dynamical system, which is an iterative

vector equation with dimension n/V.

z(t+1) = Az(t) + Bu(t) + (Ve - Liy)w(t) (6.15)

Communications and Influence Graphs

Consider the undirected communications graph G¢ = (V, £) where V is the set of sensor nodes,
each node represents an agent (or subsystem) and £ is the set of links, such that if (i,5) € &,
then agent 7 and agent j communicate. (Note, self-edges, (¢, ) are included in the set £.) Also,
consider the undirected influence graph GZ where (i, j) is a member of the edge set if agent i

influences agent j in cost and vice versa. In other words, there is coupling in the cost. We assume
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in this thesis that the influence graph is the same as the communications graph or in other words
GT = G¢ = (V,&). In other words, agents influence and communicate with each other if the

corresponding (i, j) € £.

Adjacency Matrix
Consider, the adjacency matrix £ € RV*Y of both the communication and influence graphs such

that

Ly = (6.16)

In the toy example, £ € R*** =

2 and R Weighting Matrices

Consider the centralized state weighting and control weighting matrices, Q € R™V*"V and
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R c RmemN

Qu - Qi

le QNj

(6.17)

where ();; € R™™. The (n x n) block @);; for i # j is nonzero only when (i, j) € £ and zero

otherwise.

"RNN

(6.18)

where R;; € R™*™. The (m x m) block R;; for i # j is nonzero only when (i, j) € £ and zero

otherwise.

In the toy example,

Quu Q12 0 Qu
Q21 Q22 0 0
Q= R =
0 0 @33 Qs

Qun 0 Qu Qu

R41

Ryp
Roy
0

0

0 R
0 0

R33 R34

R43 R44

(6.19)

We had previously seen the forms for () and R for the toy example in (6.19). Now, we showed

which of those entries in the matrices () and R are zero.
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Centralized Cost

The total cost is

S
L

J. = lim %E[ z(t) Qu(t) + u(t) Ru(t)] (6.20)

T—oo
t

Il
o

We seek control u(t) as a function of x(t).

6.3.4 Centralized Control

If there was a central hub for all communications, we would be able to find a global
controller that solves the global cost function. Note, this global controller won’t necessarily
respect the communication structure at each time instance and instead will require that all agents
communicate with all other agents, in a path-wise sense (e.g. using multiple hops). This will
certainly introduce delays and other synchronization problems between the agents. Additionally,

large-scale computation occurs at the central hub instead of being distributed across the agents.

Remark 6.3.1 (LQG Global Centralized Control). Consider the LQG problem with the dynamics
defined in equation (6.15) and cost defined in (6.20). Following Theorem 6.2.1if we assume that,
(A, B) is controllable and (A, Q?) is observable, then the global centralized controller is the

following

uc(t) = Ka(t) (6.21)
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where

K =—(R+BPB)'B'PA (6.22)

P=Q+APA—-APBR+BPB) 'B'PA (6.23)

where K is an mN x nN matrix, while P is an nIN X nN square matrix.

From Theorem 6.2.1 we also have that the steady-state feedback gain K does not depend on P,
the covariance of the initial condition, and also on the covariance of the noise ¢- I,,. Furthermore,

the optimal average cost does not depend on F, the covariance of the initial condition.

Furthermore, the closed loop system with the above control is stable, i.e. all eigenvalues of

(A + BK) have magnitude strictly less than 1.

6.3.5 Notation for Dynamics of Agent ¢ and its Neighbors

In order to investigate and develop distributed controllers for the multi-agent optimization

problem of interest, we first set the notation and expressions for the neighborhoods of each agent.

Neighborhoods
Consider the sets N;, 7 = 1 to IV, which are sets of neighbors of each agent 7 (we include agent ¢

in the set of its neighbors) or in other words

N; = {j| if (i,j)eé&}i=1...N (6.24)
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In the toy example, Ny = {1,2,4}, Ny = {1,2}, N; = {3,4}, and N, = {1, 3,4}. We denote by

| N;|, the cardinality of each neighborhood, that is the number of agents in it.

(ANi) BNi) Dynamics Matrices for Neighborhood Subsystems
We proceed now to describe the dynamics of the states of agents in each neighborhood N; To this
end, consider the matrices AN € RMNxnN  BNi ¢ pnNxmN “gnd \/ENi e R"WxnN - (Note, we

abuse notation, \/ENi is not a mathematical operation but a name for a specific matrix).

First consider the matrix F; € RV*" such that the ;" row of £ is

P
e; ifjeN;
Ei]; = where e, is the j' canonical basis vector in R", that is the vector with

0 ifjé¢N;

all coordinates set to 0, except the j* one which is set to 1.

In the toy example, £; € R4 fori=1,...,Nis

1 0 00 1 0 00 0O 00O 1 0 00
0100 0100 0 00O 0 00O

El - 7E2 - 7E3 - 7E4 = (625)
00 00O 0000 0010 0 010
0001 00 0O 0 0 01 0 0 01

134



Then, let us define

AN = (E; ® 1,)(A) (6.26)
BY = (E;® 1,,)(B) (6.27)
Ve = (B, @ L)(Ve - L) (6.28)

In other words, AN, BNi, and /¢ " include the j* diagonal sub-block of A, B, and \/el,x
if j € N;. All other blocks are zero. We denote by z™i(#) the solution of the corresponding
dynamic equations for the states of the agents in the neighborhood of agent 7, with these block

diagonal matrices, after embedding it in a n/NV vector by adding zeros as needed (see equation

(6.47)).

In the toy example, AN fori =1,..., N is

135



A, 0 0 0 A, 0 0 0
0 A, 0 0 0 A, 0 0
ANt — AN — :
0 0 0 0 0 0 00
0 0 0 Ay 0 0 00
00 0 0 A, 0 0 0
00 0 0 0 0 0 0
AN = AN = . (6.29)
00 A; 0 0 0 A; 0
00 0 A 0 0 0 Ay

BYifori=1,...,Nis
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By 0 0 0
0 By, 0 O
BNl —_ 7BNQ —
0O 0 0 O
0 0 0 By
00 0 O
00 0 O
BN3 = 7BN4 =
0 0 By O
00 0 By
Ve ifori=1,..., Nis
Ve, 0 0 0
Vel = Vel 00 N
0O 0 0
0 0 eI,
00 O 0
000 0
0 0 eI, 0
00 0 e,
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Neighborhood States, Controllers, and Noise
Consider the vectors zVi(t) € R™™, uNi(t) € R™, and w"i(t) € RN, 2N® Ni®  and MN®
are all composed of N sub-vectors where the j** sub-vector (2" (t), u" (), w"’ (t)) is as follows

J

;

local copy of x;(t) € R* if jeN,

2 (t) = (6.32)
0 otherwise

.y local copy of u;(t) e R™ if jeN;

u;(t) = (6.33)

0 otherwise
\

wi(t) e R* if jeN;

wii(t) = (6.34)

0 otherwise

where 2 (t) and v (t) are the i" local copies of the j sub-vectors of z(t) € R™ and

u(t) € R™Y. Additionally, w;(t) is the j* sub-vector of w(t) € R™V.
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In the toy example,

Neighborhood Dynamics

2 () = [y (1), 2y (1), 0, 24 (1))
' (t) = [xll\b/(t% xI;]ZI(t)’ 0, O],
(1) = [0,0,23'(t), 2y (t)]

i (t) = [2) (1), 0, 25" (8), @y (1))

uMt () = [y (8), uy ' (t), 0, uy (t))
uM (1) = [y (£), uy*'(t), 0, 0]’
a3 (1) = (0,0, ul? (1), u)® ()]

uti(t) = [uy*'(t), 0, ug™ (8), uy ' (1))

(6.35)

(6.36)

(6.37)

(6.38)

(6.39)

(6.40)

(6.41)

(6.42)

(6.43)

(6.44)

(6.45)

(6.46)

In order to develop distributed solutions to the problem, we have to investigate the dynamics of
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set of states of each neighborhood of the various agents. State 2i(t) € R™ is updated as follows

Pt 1) = AT () + BRI + VE W ()

Q' and R' Weighting Matrices

(6.47)

To develop a distributed algorithm, we focus on neighborhood dynamics (provided by equation

(6.47) and costs and we introduce the state and control cost weighting matrices for the neighborhood

of agent [, Q" € R™W*"N and RNt € R™N*mN_ The (n x n) blocks for @™, [Q™1];; and [Q"];;

(where 7 # 7) are

Qii
if
Q) = § Z e
0 else
s f
CRFES S
0 else

(i,i) € N!
(6.48)

(i,7) € N
(6.49)

where the meaning of equation (6.48) is (with slight abuse of notation), ”if node ¢ is in the

neighborhood of node [, N;,” while the meaning of equation (6.49) is if both nodes ¢ and j are

in the neighborhood of node [, N;” ; and we have also used the definition below where 1(; j)c =
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1 if  (i,j) € N
0 if (i,5) ¢ N

(Note, we normalize the block matrices of Q" with ZzN:1 L; jyene in order to have @ = Zf\il QM.

We likewise do the same with R so that R = S~ RN: )

In the toy example, Q" fori = 1,..., N is

|

O

o ]
[
o
o

©
o
o
O
IS
©
O
I
o
o

Q w
N

<
no

@)

=)}

y

QNIZ QNQ
0 0 0 0 0 0 00
Gn g o Yu 0 0 00
00 0 0 gu o o “u
00 0 0 00 0 0
Q" = QM = (6.50)
0 0 @ G 0 0 @ G
2 2 2 2
Q Q Qa1 Q Q
0 50 % G

Consider the controller weighting matrices for agent [, RN € R"W*™N  The (n x m) blocks
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for R™, [RN'];; and [RM'];; (where i # j) are

(R = Xis e (6.51)
0 else
R;; . .. 1
ML - E— if (i,j) eN
(R = ¢ = Toner (6.52)
0 else

1 if (4,j) e N
where 1(; jyent =

0 if (4,j)¢N

In the toy example, RN fori = 1,..., N is

RNI:%%OO’RNQ_%%O(),
0 0 0 0 0 0 00
o0 0 A 0 0 00
b0 0 o] _%00%_
00 0 0 0 0 0 0
R = R = (6.53)
00 & A 0 0 fp A
00 & & fo 0 A A
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Neighborhood Cost
Each neighborhood of an agent has a cost function that depends on the agent’s state and controller,

and its neighbor’s states and controllers.

The cost function for the neighborhood subsystem of agent 7 is

T—o00

T-1
1
JNe — lim e D ey QM) + M (1) RN (1)) (6.54)
t=0

where QY € R™V>**N and RN: € R™Y*™N which are described in equations (6.48), (6.49) and
equations (6.51), (6.52), respectively.
The cost function for the collection of all agents’ neighborhood subsystems is the sum of the cost

functions of all agents’ neighborhood systems given by equation (6.54).

Joe = lim. ;EZZ:BNZ YQNeaNi () + N (¢) RN (1)) (6.55)
=1 t=0
= Jim = E 2N () QNN (1) + N (1) RNuN (1)) (6.56)

where QN = blkdiag({QY}1 ), and RN = blkdiag({RN}) ). The size of each block is

nN x nN and mN x mN respectively (from equations (6.48) to (6.52).

6.3.6 Agent Neighborhood Systems Control

Considering Theorem 6.2.1 and Remark 6.3.1 which detail the global centralized controller,
we can similarly write the local (i.e. neighborhood-based) optimal controller for each agent

neighborhood (note that an agent can be part of several neighborhoods as noted before). For
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example, the local controller from the neighborhood of agent ¢ (note, this is not the distributed
controller for agent 7, but the contribution to the distributed controller of agent : from the local

neighborhood controller of agent ) is shown in Remark 6.3.2.

Remark 6.3.2 (LQG Neighborhood-based Control). Consider the LQG problem with the dynamics
defined in equation (6.47) and the cost defined in (6.54). Assume, (A%, BYt) is controllable and
(AN (QNZ')%) is observable, then the optimal controller for the neighborhood for system of agent

1 is the following

uli(t) = KNigMNi(t) (6.57)

where

KN = —(RY 4 N/ ple gy =1 g/ pis gN: (6.58)

Riccati equation for the local, neighborhood system of agent i is

PNi _ QNi + ANi/PNiANZ’ _ ANi/PNiBNi (RNZ _|_ BNi/PNiBNi)*lBNi/PNiANi (6.59)

RnNXnN RmNXnN

where the matrices PV and K" are € and respectively.
From Theorem 6.2.1 we also have that the steady-state feedback gain K" does not depend on

Py, the covariance of the initial condition, and also on the covariance of the noise € - I\,

Furthermore, the optimal average cost does not depend on P), the covariance of the initial
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condition.

Furthermore, the closed loop system with the above control is stable, i.e. all eigenvalues of

(AN + BNi KNi) have magnitude strictly less than 1.

Remark 6.3.2 holds true foralli € {1,..., N}. Note then, the closed loop system dynamics

of the neighborhood N; of agent ¢ is given by

(1) = (A% 1 BRI + /() (6:60)

6.4 Distributed Control

The goal is to find a distributed controller (in the sense that the controller for each agent
1 1s computed locally where in our scheme local means neighborhood-based) using only locally
(neighborhood-based) available information that minimizes the total cost, as given by equation
(6.2).

So far we have developed the centralized optimal controller, described in Remark 6.3.1 and
equations (6.21), (6.22), (6.23) with the total cost of the multi-agent system given by equation
(6.2). We have also developed optimal controllers for each neighborhood of agents, described
in Remark 6.3.2 and equations (6.57 (6.58) (6.59), which are block diagonal, with the total cost
of the collection of all agents decentralized and decoupled neighborhood systems described by
equation (6.56). We emphasize that in each solution we have given explicit expressions for the
optimal cost. Furthermore, we have given in each case controllability conditions for the overall

multi-agent system, or for each agent neighborhood subsystem, ”A-B” matrices that are needed
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for the existence of the optimal controllers described. Finally, we have also given observability
conditions for the overall multi-agent system, or for each agent neighborhood system, "A-Q”
matrices that are needed for the optimal controller to stabilize the closed loop system.

We clarify that the set of agent neighborhood systems, their dynamics, optimal controllers
and costs do not constitute a distributed controller for the multi-agent system. Rather they are
an intermediate step that we will use to develop our proposed distributed algorithm in what
follows in this section. Furthermore the relationship between the controllability and observability
assumptions for the set of agent neighborhood systems and those of the overall centralized multi-
agent system is left as an open problem. It is clear that the former do not imply the latter. Some
further conditions on the system parameters are needed. This investigation is left as a future

research problem.

6.4.1 Proposed Distributed Control Algorithm of the Multi-Agent System

We now proceed to develop our proposed distributed algorithm utilizing the agent neighborhood
systems controllers developed in sections 6.3.5 and 6.3.6. The following algorithm is our proposed
suboptimal, distributed controller. There are two parts to this algorithm. In the first part, each
agent ¢ computes a control vector for their respective neighborhood of agents (i.e. for agents j
in N;, from the perspective of agent 7). As a given agent < may be in the intersection of multiple
neighborhoods of other agents, we compute the distributed control vector for agent ¢ by averaging
all the control vectors that the neighboring agents propose for agent z. In other words, agent ¢ is

in the cross-hairs of multiple agents with their own respective cost functions (that are functions

146



of the states of their own neighbors and their own state, and are also influenced by the coupling
in the cost) and therefore, each such agent will propose a different control vector for agent ¢
based on their own neighborhood-based local functions and control computations. In part 2, the
distributed control vector for agent 7 is computed by averaging the control vectors proposed by

its neighbors.
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Algorithm 5 Algorithm for Distributed Control
fori,k=1:N

For ease of notation we do not include the time argument (i.e. we do not include (t)) in the various

state and control functions in this description.

e Solve for KM based on the local, neighborhood-based cost function of agent i using
equations (6.57) (6.58), and (6.59). Using K", we pick the k" component of the control
vector v from the local neighborhood-based control of agent 5. This k" component is
denoted as ufi, and is part of the computation for the control vector for agent k£ (Note: this

is an intermediate step and isn’t the end control vector for agent £.)

In other words,
uy = [KNiaN, (6.61)

where u, € R™.

end

for(=1: N

 Construct the control vector for agent [ by averaging {ulN }vien,. This average is the control

vector produced by our distributed scheme for agent [ and is denoted as u,4; where

N
UG = ‘NL > upt = 2_1: Pl (6.62)

ieN, ! ieN
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Note, p"i is an mN x mN block diagonal matrix. The closed loop dynamics of agent !

with the feedback control given by equation (6.61) is now given, following equation (6.9), by

[El(t + 1) = Alxl(t) + Blud’l(t) + \/E : Inwl(t) (664)

which is a discrete iteration in R".

We note that this dynamics depends on the independent decoupled dynamics of all agents in
the neighborhood V; of agent I, which are described in sections (6.3.5) and (6.3.6). And because
of this fact the distributed control signal u,4; in (6.61) cannot be written as a linear function (with
some constant gain) of z;(¢). We note that the proposed distributed controller requires some

memory to store the values of the control signals computed for the neighborhoods.

Distributed Control algorithm for Toy Example

We now illustrate Algorithm 5, the distributed control algorithm on the toy example.

1. Attime 0, nodes 1, 2, 3, 4 calculate K™, KN2 KN and K™ respectively following (6.58)

and (6.59).
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2. Atevery time ¢, nodes 1, 2, 3, 4 collect state measurements

et = [ (1) (1) 0y (8] (6.65)
N2 = [ (2), 22 (t), 0, 0] (6.66)
2N = [0, 0, 252 (1), 2} (1)) (6.67)
2t = [ (), 0 2yt (1) g (1)) (6.68)

3. At every time ¢, nodes 1,2,3,4 calculate u'(t), u™2®), uNs(¢), and u™*(t) respectively

6.60.

4. At every time t, node 1 shares with node 2 u5" (t) and with node 4 u}" (¢).
Node 2 shares with node 1 u)(¢).
Node 3 shares with node 4 u}*(t).

Node 4 shares with node 1 u}"(t) and with node 3 u}(t).

5. Atevery time ¢, nodes 1, 2, 3, 4 calculate their controls.

Node 1 calculates its control u,(t) by the averaging scheme: %[ull\Il (t) + ui2 (1) + ul* (1))

Node 2 calculates its control uq»(t) by the averaging scheme: 3[uy (£) + u5* (t)]

Node 3 calculates its control u43(t) by the averaging scheme: 3[uy® () + uy* (t)]

Node 4 calculates its control u,4(t) by the averaging scheme: %[uljl (t) + ul®(t) + ul* ()]

6. Atevery time t agents (nodes) 1, 2, 3, 4 execute the iterations described by equation (6.64)
above to obtain their closed loop discrete time trajectories with the proposed distributed

controller.
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7. The values of z;(t), and of ug;(t), ¢ = 1...4, are substituted in the cost function (6.2)
and the values are averaged over long times and in expectation to get the value of the cost

associated with the proposed distributed controller.

In the toy example p"i € R™V*mN jg

/3 0 0 0 1/3 0 00
0 1/2 0 0 0 1/2 0 0
PN = N = : (6.69)
0 0O 0 O 0 0O 00
0 0 0 1/3 0 0O 00
00 O 0 1/3 0 0 0
0O 0 O 0 0O 0 O 0
s — PN = , (6.70)
00 1/2 0 0 0 1/2 0
0O 0 O 1/3 0O 0 O 1/3

Flow of Information Amongst Agents

We make a brief remark about what is shared between the agents at any given time subject to the
communication graph constraints. At any given time ¢, each agent ¢ will receive measurements
of its state and its neighbor’s states. It will then compute K™ only once and store this (it follows
from equations (6.58) and (6.59). Subsequently, it will compute ©*¢(¢) and also for all times t. It
will then share components of i (¢) with its neighbors at every time. For example, if agent [ is

in the neighborhood of agent 7, agent ¢ will share u? (t) with agent (.
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New Global Distributed Controller

Define the global, distributed control vector u” € R™ to be (where each Uq,, 18 given by (6.63)).

Ud,1
uP = (6.71)

Ud,l

Ud,N

Now consider, the block diagonal matrix pi € R™V*m¥ where the block matrices are

P=p" V¥V Li=1,...N (6.72)
The form of pMi is
A0 000
0 pi 0 0
i = (6.73)
0 0 . 0
0 0 0 Py

and note that due to (6.63) it holds that S~ | pNe = I,,,x.
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Due, to the impossibility of writing the collection of equations (6.61) (6.63) as a linear feedback
control on the state of the multi-agent systems x(¢), we introduce here a new distributed control
law in Definition 6.4.1. This new distributed control law, up¢ is inspired by the computations
and equations in (6.61) and (6.63) in Algorithm 5. This new form is subject to analysis as we
show later on in this section. In the next remark, we show how the new distributed control law is
inspired by (6.61) and (6.63). Where previously the control law comes from averaging the local
optimal neighborhood-based controllers at a given agent, in the new distributed control law the
control law is derived from averaging the control gain as seen in Definition 6.4.1. This allows us

to write the update equations as a function of the global states.

Remark 6.4.1. The new distributed control law, upc can be derived by making modifications
to equation (6.61) and subsequently equation (6.63). The subsequent replacements we make
will show the connection between the original distributed control shown in (6.61) and (6.63)
and the newly proposed distributed control law. To get the new distributed control law, we
replace the intermediate step for developing the control law in equation (6.61) by substituting the
neighborhood states =" (which is updated according to equation (6.60)) for the global states,
2P updated according to the new distributed control law. In other words we replace equation

(6.61)

' (8) = K™ (1)

where 1V (t) is updated according to equation (6.60) with

ul, L (t) = [KNaP (t)], (6.74)

153



where xP(t) is the global states updated according to the new global, distributed control law
which is shown later in equation (6.78) Note, we use here the global state P (t) € R™ but
for the purposes of the intermediate step the only relevant part are the states corresponding
to neighborhood i. This way, the intermediate step needs to only access the elements in x(t)
corresponding to neighborhood i. We give this intermediate control (which is just an intermediate
step for developing the new distributed control law) the name u,, , (t).

Subsequently, we replace the term u?i in equation (6.63)

walt) = 3 Zul (1) =>_n"Ou(t)

’LENl ’LEN[

with the new intermediate step term ujm (1) (6.74) which gives us,

N
Unew,! — Z Z znt l( ) Z p?]iuzm,l(t)
=1

'LENL 'LGNL

Using these modifications, we can now define the new global distributed control.

Definition 6.4.1 (LQG Distributed Control [72]). Define the new global, distributed linear feedback

controller (i.e. new global control law), upc as

upc(t) = KPz(t) = (Z pN’KN‘) (6.75)
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p 0 0 0

N S
PN = (6.76)

0 0 . 0

0 0 0 py

andforl;i € {1,... N}

L. if ieN,

N mo
i e g — 1 (6.77)

0, otherwise

The global states of the multi-agent system are updated under this new global linear feedback

distributed law as follows

2P(t+1) = AaP(t) + B> pN KNP () + (Ve - Liv)w(t) (6.78)

=1

where 2 (t) is of size nN x 1. K? = S_N  pNi K™Ni and is of size mN x nN. And, upc(t) is of

size mN x 1.

Proposition 6.4.1. The controller (in our new distributed control scheme defined in Definition
6.4.1) for agent k is a linear function of the state of agent k, the state of neighbors of agent k, and
the state of the neighbors of the neighbors of agent k. In other words, the controller for agent k

depends on the 2-hop neighborhood.

Proof. The controller for agent £ in our distributed control scheme depends on the state and
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intermediate controllers of the neighbors of agent k. The controllers of the neighbors of agent k

in turn depend on the states of its neighbors. 0
Assumption 6.4.1. Assume the following conditions for the remainder of Chapter 6,

1. (AN (QN)2) is observable fori € {1,... N}

2. (AN:| BNiY is controllable fori € {1,...,N}

Definition 6.4.2. Define the following matrix norm

[A[] = maz;| A (6.79)

where \; are the eigenvalues of A.

Lemma 6.4.1. If (QY)2, AN is observable and (AYN:, BY) is controllable then following
Remark 6.3.2 and Theorem 6.2.1 the local neighborhood-based closed loop matrices (AN +
BNiKNo) are stable Vi € {1,..., N} . That is all their eigenvalues have modulus smaller than
1. Then the closed loop N agent system with the new global distributed controller upc(t) =
SV NNz (t) = KPa(t) results in a global stable closed loop matrix A + BK? if the

following holds true

N
|A+BY VKN <1 (6.80)
=1

Proof. In general, if (1/QNi, ANi) is observable and (AN:, BY¢) is controllable for all 7, then the
closed loop system is stable with the controller i = KYizNi, Global stability of the N agent
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system exists if || (A + BK?)|| < 1.

Remark 6.4.2. (LMI Stability Conditions for A + BK?)

A+ BK? is Hurwitz (asymptotically stable) if and only if 3P > 0 such that

(A+ BK?)P(A+ BK") < P (6.81)

This can alternatively be written as

P—(A+ BK’YP(A+ BK") >0 (6.82)

Using the Schur Complement we can rewrite condition (6.82) as, A + BK? is stable if and only
if AP > 0, Q (where Q = P~1), and {p"i}_, that solve the following conditions (6.83), (6.84),

(6.85).

min tr(P)

P (A+ BK?Y
=0 (6.83)

A+ BK? Q
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and

Q I

I P

>0 (6.84)

where K = Zfil pNi KN and the structure of pti is

*x 0 00
0 = 00 N
where * is non-zero andz pNi =1. (6.85)
0 0 = 0 i=1
0 0 0 =

. N .
where x is non-zero and ) ;_, pNi =1,

]

Until now, we have discussed the dynamics of the whole system governed by the matrices
(A, B) as well as the dynamics of each neighborhood governed by the matrices (AN, BY:)
((6.26), (6.27)). Now, we will consider the concatenation of all the neighborhood dynamics
governed by the matrices (AN, BY). This will help us bound the cost differences between the
global optimal controller and the proposed new distributed controller. To present the dynamics

of the concatenation of all neighborhoods, first define AN and BN as

AN = blkdiag({AV}Y) (6.86)

B" = blkdiag({B"}X)) (6.87)
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See equations (6.91) and (6.92) for the realization of equations (6.86) and (6.87) in the toy

problem in Figure 6.2.

6.5 Concatenation of Neighborhoods

Previously we defined the dynamics when we dealt with the whole system, i.e. all the
agents. Here, we deal with the concatenation of all the neighborhoods. A neighborhood includes
a certain number of agents and all other agents not included in the neighborhood are padded as
zeros. Therefore, in this setting if there are N agents, then the concatenation of all neighborhoods
will includes N?n states. Each neighborhood has N agents (the agents in the whole system not
included in a specific neighborhood will be padded with zeros) and there are N neighborhoods.
See equation (6.89) for the concatenation of the copies of the agents’ states in each neighborhood
for the toy problem in Figure 6.2. We present the dynamics when the new global distributed
control is used in subsection 6.5.1 and the dynamics when a local optimal control is used in
subsection 6.5.2. For both subsections (6.5.1 and 6.5.2), we use the toy example in Figure 6.2
to consider the local (local to a neighborhood) copies of the states, the associated closed loop

dynamics, the initial conditions, and the local cost functions.

Figure 6.2: Collaboration network of toy example with 4 agents
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6.5.1 Dynamics and Cost of Concatenation of Neighborhoods with the New

Global Distributed Control

Consider the toy example in Figure 6.2, we look to model the closed loop dynamics and
cost for the concatenation or collection of neighborhood systems with the new global distributed
control. Each neighborhood system has its own local (local to a neighborhood) copies of the

biab )

states. In this section (Section 6.5.1) we use the ’hat” character (") to denote a concatenation
or collection of vectors. For example, 27 (6.89) is the concatenation of the local copies of the
global states for all the neighborhoods (resulting from the new global distributed control law as
in equation (6.78)) as opposed to x” (6.78), which is the global states (resulting from the new
distributed control law). We show in this section the dynamics and cost for the neighborhood
system with the new global distributed control. In Section 6.5.2, we show the same but for the

neighborhood system with the local optimal neighborhood control. We start here with some

notation in order to define the dynamics and cost functions.

Notation for Dynamics

For the toy example, the individual agent’s, as well as of the collection of neighborhood dynamics,
”A and B” matrices are the same as given already in equations (6.29) and (6.30). Similarly the
state and control vectors of the neighborhood systems follow the notation of equations (6.38) and

(6.42).

Consider the initial condition of concatenation of neighborhoods with the new global distributed
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control,

I (O)

ZEQ(O)
1'3(0)

ZE‘4(0)

1(0)
ZL’Q(O)

I‘4(O)

T (O)
ZEQ(O)
[Eg(O)

23'4(0)

T (O)
ZE‘Q(O)

$3<O)

40)

(a 16 x 1 vector)
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Consider the local copies of the states concatenated into one long vector, 22 of size R'¢*!
For example, we consider three local copies of the state of agent 1, x;, namely the copy in
neighborhood 1,2, and 4. All these local copies are equivalent when using the new global
distributed control law, K*z(t), defined in Definition 6.4.1. However, the local copy of the state

of agent 1 in neighborhood 3 is zero since agent 1 is not a member of neighborhood 3. Consider
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the states of the concatenation of neighborhoods with the new global distributed control,

T (t)
ZL’Q(Zf)
$3<t)

4(t)

.I'l(t)
IQ(Zf)
l‘3(t)

4(t)

[El(t)
) (t)
I3(t>

.1'4(t)

1 (1)
i) (t)
ZL’3(t>

$4(t>
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(a 16 x 1 vector)
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One can construct the global states, x” from the concatenation of neighborhood states, £ by
choosing one of the equivalent copies of the states of each agent. We can create a vector that is a

repetition of the global states /V times. Consider,

zP(t) = |20 (1) (6.90)

where the global states are repeated N times. Note, there is a difference between 2 and z”.

They are both of the same size. However, some of the terms of 27 (t) are zero that are not zero in

().
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Consider the block-diagonal matrices for A and B for a concatenation of all the neighborhoods.

AN

A

AN

A

As

A

As
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Ay

(a 16 x 16 diagonal matrix)

(6.91)



By

BM

BN = - ' (6.92)

B

B,

(a 16 x 16 diagonal matrix)

To solve for the control gain for the concatenated neighborhood with the new distributed control,
K7, first consider the modified identity block matrix where some of its block diagonal elements

lth

are modified to be zero so that the [*" (of V) block diagonal elements follow

I, ifleN;
[N, = (a 4 x 4 diagonal matrix) (6.93)

0 ifl¢N,

where ™ is a block diagonal matrix of size 4 x 4 (or more generally mN x mN).

Define the modified control gain for neighborhood i, [K ”]Ni, to be such that the rows of K*

in equation (6.75) are zeroed out corresponding to the agent numbers not in neighborhood i so
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that we have the following definition

[KPNi = Y x KP (a4 x 4 diagonal matrix) (6.94)

where [K?|Ni is of size 4 x 4 (or more generally mN x nN). K” is defined in Definition 6.4.1

and IV defined in (6.93).

Consider the diagonal matrix, K, to be the block diagonal matrix consisting of [K*]N on the

blocks

Ko

K? = (a 16 x 16 diagonal matrix) (6.95)

K]

where K7 is of size 16 x 16. [K?]N: is defined in (6.94).

Note, the terms: the global states 2”(¢), the repetition of the global states, 77 (¢) (6.90), and the
concatenation of neighborhood states, 2" (¢). The controller for the concatenation of neighborhoods

with the new global distributed control is as follows

(KPP (1)

A

ipe(t) = KPzP(t) = : (a 16 x 1 vector) (6.96)

(KPP (1)
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where Upc(t) is of size 16 x 1. [K?]Ni is defined in (6.94).

We define a new term for the new distributed controller from the view of neighborhood ¢

Upc, (t) ifl € N;
[upc]™i(t) = (a4 x 1 vector) (6.97)

0 else

where [upc|Ni(t) is of size 4 x 1. upc(t) is defined in Definition (6.4.1).

The i*" term in the controller in equation (6.96) can then be written as follows

[upc]™ (t)

upc(t) = : (a 16 x 1 vector) (6.98)

[upc]™(t)

so that [upc]Vi(t) = [KP]NizP (t) in (6.96). tpc(t) is of size 16 x 1.

In summary, the closed loop dynamics model for the local copies of the states in the concatenated

neighborhood setting are given by the block diagonal system,

Pt 4 1) = AY2P(t) + BNape(t) + (Ve - L2 )w(t) (6.99)

where AY and BY are defined in (6.91) and (6.92), which are all block diagonals with commensurate

square blocks with the size of each block being the cardinality of each neighborhood N;.
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In summary, the dynamics model for the controller of the collection of all neighborhood systems
is

apc(t) = KPzP(t) (6.100)

as defined in equation (6.96).

Notation for Cost

We next provide the cost model for the collection of all neighborhood systems.

We present here the cost weighting matrices for the concatenation of neighborhoods. In equations

(6.50) and (6.53) we presented the cost weighting matrices for neighborhood i, Q" and RM:.

Here, we present the cost weighting matrices for the concatenation of neighborhoods, referred to
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as Q" and RV.

Q"
Q"=

Q"

S

o e
=

m|;9
=

o

w|‘,9 )
[ V)

ol
[N

|
IS

w|§>
=

0

Qa1
2

(a 16 x 16 block diagonal matrix)
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O
i

o ol
[*¥]

Qua
2
0

Q34
2

Qas
3

(6.101)



=
&S
o
e}
kX
'S

<'-)Q|
[\3|
w|

=
R
=y
N
o
o

2 T2
0 0 0 0
I 1 Bu g 0 £u
RM
RN _ _ ' (6.102)
RN
' ' oo
00 0 0
00 o

(a 16 x 16 block diagonal matrix)

We can express the cost function and the corresponding dynamics for the new global distributed
control in three forms. The first form is the sum of the cost functions for each neighborhood with
the new distributed control, Zf\il Jpi,. The second form is the cost function for the concatenation
of neighborhoods with the new distributed control, J pc. And the third form is the cost function

for the global states with the new distributed control, Jpc.

Cost Function 1 for New Global Distributed Control (sum of local neighborhood cost functions):

Firstly, the cost function of the system can be written as a sum of local, neighborhood cost

functions.
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Each of the N local, neighborhood cost functions resulting from the new global distributed
control can be written in terms of the global states, x(¢) and distributed controllers, [upc]™i (t)

(6.97) for each neighborhood «.

’i

-1

Jpe = lim ;E[ () QNx(t) + [upc]™ (1) RN [upc]™i(t)] (6.103)

T—o0
t

Il
=)

The total cost function is the sum

~
_

N
Z Tpe = Jim ;E D w(t)QMa(t) + [upe]™ (1) R [upc]™ () (6.104)

=11

I
=)

where z(t) is of size nN x 1 and [upc|i(¢) is of size mN x 1 defined in (6.97). Q" is of size

nN x nN and R" is of size mN x mN defined in (6.50) and (6.53), respectively.

The following neighborhood-based closed loop dynamics hold

(]t + 1) = AN 2] (¢) + BY[upc]™(t) + (Ve Liv)w(t) Vi=1...N (6.105)

[upc]™ (t) = [K*]Va(t) (6.106)

where [2]Ni(t) = I x z(¢) (I is defined in (6.93) and is the global state x(¢) with the states not
in neighborhoods i zeroed out.) AMNi is defined in (6.26) and B is defined in (6.27). [upc]™i(t)

is defined in (6.97).
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Based on Theorem 6.2.1, the cost function in equation (6.104) can be written as

N
e(tr(>_ Ppi)) (6.107)
i=1
where
szc _ (ANl 4 BNiKﬂ)/PBIiC(ANi + BNiKp) + (QN7 + Kp/RN,-Kp) (6108)

Cost Function 2 for New Global Distributed Control (concatenated neighborhood cost function):

The cost can also be written in terms of the concatenated neighborhood states, Z(¢) and the

concatenated neighborhood new, global distributed controller % p(t) defined in (6.96),

~

-1

- 1

Jpc = lim () QN (t) + dpc(t) RNupe(t) (6.109)
—00

t

Il
o

where 7(t) is of size nN? x 1 and Gipc(t) is of size mN? x 1 defined in (6.96). Q" is of size

nN? x nN? and RN is of size mN? x mN? defined in (6.101) and (6.102), respectively.

The following closed loop dynamics for the concatenation of neighborhood systems hold

it + 1) = AVi(t) + BNape(t) 4+ (Ve - Lin2)w(t) (6.110)

Upo(t) = KPi(t) (6.111)
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AN is defined in (6.91) and BY is defined in (6.92). ipc(t) is defined in (6.96). w(t) is the

concatenation of noise w(t) for all neighborhoods and is of size nN? x 1.

Based on Theorem 6.2.1, the cost function in equation (6.109) can be written as

N
e(tr(d _ Ppc)) (6.112)
i=1
where
Ppe = (AY + BYK?Y Ppo(AY + BYK?) + (QY + K” RNK?) (6.113)

Cost Function 3 for New Global Distributed Control (global state cost function):

Finally, as in the form (6.2), we can express the cost function using global states x(t), global

cost weighting matrices ) and R, and global controller up¢(t)

~
L

Jpe — lim %E[ 2(#YQx(t) + upe(t) Rupe(?) 6.114)

T—o0
t

I
o

where z(t) is of size n /N x 1 and upc(t) is of size mN x 1 defined in (6.75). @ is of size nN x nN

and R is of size mN x mN.
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The following dynamics hold

z(t +1) = Az(t) + Bupc(t) + (Ve - Lnn)w(t) (6.115)

upc(t) = KPz(t) (6.116)

upc(t) is defined in (6.75).

Based on Theorem 6.2.1, the cost function in equation (6.114) can be written as

etr(Ppc) (6.117)

where

Ppc = (A+ BK?)'Ppc(A+ BK?) + (Q + K" RK”) (6.118)
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6.5.2 Dynamics of Concatenation of Neighborhoods with Local Optimal Control

As in equation (6.89), consider the local copies of the states concatenated into one long
vector, 2 of size R1®*!. Here the controller of the collection of all neighborhood systems is the

local optimal control associated with each neighborhood. This is in contrast to Subsection 6.5.1
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where the control law is the new global distributed control.

' (t)

z™2 ()
oN(t) = = (a 16 x 1 vector) (6.119)

e (t)

i (t)
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AN and BY are the same as in equations (6.91) and (6.92). The controller gain matrices are a

concatenation of local neighborhood optimal controller gains.

KM

uN = KN

KM

KN

KNagha

N

Ny

(a 16 x 16 matrix)

0 x =
0 00
0 x= =
0 x x
(6.120)
(a 16 x 1 vector) (6.121)

In summary, the closed loop dynamics model for the collection of all neighborhood systems is

2t +1) = (A + BYE")2"(t) + (Ve Lina)w(t)
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w(t) is the concatenation of noise w(t) for all neighborhoods and is of size nN? x 1.

And, in summary we have for the controller the dynamics model for the controller of the collection

of all neighborhood systems is

u = KNaN (a16 x 1 vector) (6.123)

We can consider two equivalent cost functions when using local optimal control. The first is the
sum of cost functions for the neighborhoods with local optimal control, Zfil JNi. The second is

the cost function for the concatenation of neighborhoods with local optimal control, J".

Cost Function 1 for Local Optimal Control (sum of local neighborhood cost functions):

Firstly, we consider the sum of the cost functions for each of the neighborhoods with the local,

neighborhood control.

Definition 6.5.1. The cost function of neighborhood i can be defined as the following when the

control gain K" as defined in equation (6.58) is employed

-1
1

N, . 718 N; 'N; N; N; ' pN; N;

Jo = Th—I>Iol<> —E[;:O () Qi (t) +u i (t) R (1)) (6.124)

The sum of the cost functions for all neighborhoods is

N N T-1

SO = fim B ST QN )+ B )] (6129)
—00

1=1 1=1 t=0
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with closed loop dynamics for each neighborhood
Vit + 1) = ANigNi(t) + BN () + (Ve Liy)w(t) Vi=1...N (6.126)
where the controller for each neighborhood is
ut = KNigh (6.127)
Based on Remark 6.3.2, the cost function in equation (6.125) can be written as
N
etr() P (6.128)
=1
where PYi comes from the Riccati equation
PYo= (AN BN MY PR (AN 4 BN QN+ KN RN KT (6.129)

as in equation (6.59). and KM = (RN + BNi/ pNi pNi)=1 N/ pNi AN a4 in equation (6.58).
Cost Function 2 for Local Optimal Control (concatenated neighborhood cost function):

We next consider the cost function of the concatenation of neighborhoods with the local, neighborhood
control. The cost of the collection of neighborhood systems is as given in equations (6.55) and
(6.56), with controllers described by equations (6.57) (6.58) (6.59), as developed in Sections

6.3.5 and 6.3.6.
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Definition 6.5.2. The cost function of the concatenation of neighborhoods can be defined as the

following when the control gain K~ as defined in equation (6.120) is employed

Joe = Jim TE Zx £ QNN () + uMN (1) RNuN(1)] (6.130)

with the closed loop system dynamics given by the block diagonal system

2Nt + 1) = ANaN(t) + BN (t) + (Ve - L) (t) (6.131)

where the controller for the concatenated neighborhood system based on local optimal control is

N— KNaN (1) (6.132)

and where AY, BY, and K" are in equations (6.91), (6.92), (6.120) which are all block diagonals
with commensurate square blocks with the size of each block being the cardinality of each

neighborhood N;.

Based on Remark 6.3.2, the cost function in equation (6.130) can be written as

etr(PY) (6.133)

where P comes from the Riccati equation

PN = (A" + BNKNY PN(AY + BYKY) + (QY + KMVRVKY) (6.134)

181



and where, as already explained the gain of the controller is the block diagonal matrix K =

(RN + BN/PNBN>leN/PNAN.

6.5.3 Bound on Cost Difference between Distributed Control and Global, Centralized
Control

In this subsection, we bound the difference between the cost from the suboptimal, distributed
control and the global, centralized control. We first recap the cost and controller gain for the
global, centralized control as in (6.20). Towards this goal of bounding the cost difference between
new distributed control and centralized control, we will look at the difference in cost between the
cost function of concatenated neighborhoods with the new global distributed control as in Section
6.5.1 and the cost function of concatenated neighborhoods with the local optimal control as in

Section 6.5.2.

The cost function of the system when a global, centralized control is employed is (as

recapped from (6.20)).

=
L

Jo = lim %E[ 2(6)Qu(t) + u(t) Ru(t)] (6.135)

T—o0

if
(e
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Closed loop dynamics under centralized control are as follows

z(t+1) = Az(t) + Bu(t) + (Ve - Liy)w(t) (6.136)

where the centralized control is

u(t) = KCx(t) (6.137)

As in Theorem (6.2.1), the cost function in equation (6.135) can be written as

etr(PC) (6.138)
where P comes from the Riccati equation
PC = (A+ BK°'PY(A+ BK®) 4+ (Q + K RK®) (6.139)
and
K¢ =(R+ B'PB)'B'P°A (6.140)

The controller K¢ gives the optimal solution to the costs detailed in equations (6.135) as similarly

shown previously in equation (6.20). This is also detailed in Remark 6.3.1.
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We now present a lemma from [22] for finding the difference in costs between using two different

controllers.

Lemma 6.5.1 (LQR Cost Difference Lemma Fazel *19 [22] - Lemma 6). The difference in costs

between using gain matrices K' and K, J(K) and J(K') satisfies:

J(K') = J(K) = —2Tr (S (K — K'Y Ex) + Tr(Sg (K — K'Y(R + B'PgB)(K — K'))

(6.141)
where
Sk =Yz (6.142)
t=0
Tir1 = (A + BK/).It (6143)
Ex = ((R+ B'PgkB)K — B'PxA). (6.144)
(6.145)

We use Lemma 6.5.1 to present the difference in cost between the distributed control and

the centralized control in Lemma 6.5.2.

Lemma 6.5.2 (Cost Difference between LQR optimal centralized controller and distributed controller).
Consider the centralized controller gain K€ (6.140), the associated Riccati equation solution,
PC (6.139), and the distributed controller gain K (6.75), then the cost difference between the

suboptimal distributed cost, Jpc (6.114) (with a distributed solution) and the global optimal cost
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Jo (6.135) (with a centralized solution) is

Jpc — Jo =

— 2T (Sgo (K¢ — KPYE) + Tr(Sgo (K€ — KP) (R + B'PYB)(K® — K?))  (6.146)

where

Ske = Y _(A+ BK?)'zgz)(A + BK*)" (6.147)
t=0
Ef = ((R+ B'P°B)K“ — B'P“A) (6.148)

Proof. Use Lemma 6.5.1 where K’ = K?, Ygr = YSgo, K = K9(6.140), Ex = E¢, Sg =
Y e, and PX = P¢ (6.139). Note, we assume condition (6.4.1) holds and K stabilizes and

therefore Y, is finite. [

6.6 Single Agent LEQG

In this section, we discuss the linear exponential quadratic gaussian (LEQG), which is a
risk-sensitive control problem. The motivation behind LEQG is that risk is an essential aspect in
many problems. Through Taylor series, it can be seen that minimizing an exponential of a cost
function is the same as minimizing a sum of the different moments of the cost function where the

first moment is the expectation and the second moment is the variance, and so on.

Note: as the LEQG setting is a little bit more involved than the LQG setting, for simplicity
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we assume the variance of the noise element is 1, or in other words as in the LQG setting, but

where € = 1 in equation (6.1).

6.6.1 Problem Setup

Let us consider the discrete-time dynamics equation

z(t + 1) = Az(t) + Bu(t) + w(t) (6.149)

where z(t) € R”, u(t) € R™ and w(t) € R™ are the state, control input, and process noise
vectors, respectively. The random vector w(t) is i.i.d and for each time is of the form N (0, I).
The initial state, o ~ N (Zo, P). Additionally, x¢ and {w(#)}7_, are independent for any value

of T

The cost function associated with the infinite horizon LEQG problem is the following, J,;s

(We use an auxiliary function C to help define J,.;s; ). Define the following,

(z(t) Qz(t) + u(t) Ru(t)) (6.150)

Q

Il
N
=
N =
]~
N | —

where () > 0, R > 0. Then the risk sensitive cost associated with LEQG is

1
Jrok = —logBlexp(1C) (6.151)
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with v > 0.
LEQG seeks control u(t) as a function of z(¢) that minimizes the cost function in equation (6.151)

constrained to the dynamics in equation (6.149).

6.6.2 Solution

Theorem 6.6.1. LEQG [66]
Assume (A, B) is controllable, and (A, Q2 ) is observable, then the optimal control to the problem

in Section 6.6.1 is u*(t) = Kx(t) where

K =—(R+B'PB)"'BTPA (6.152)

and where there exists a unique positive definite solution P to the generalized Riccati equation

P=Q+ K'RK + (A+ BK)"P(A + BK) (6.153)

P=P+~P(I—-~P)"'P (6.154)

Additionally, the optimal average cost (6.151) is

—(1/7)logdet(I — v P) (6.155)

As~y — 0, P — P and —(%)logdet([ —yP) — Tr(P). In other words, as vy — 0, we get back
the LQG setting (which is called the risk-neutral setting).

Remark 6.6.1. For the global, centralized control setting for LEQG, we use the superscript C'
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and denote K€_, = K and PS

risk TS

w = P from Theorem 6.6.1.

Definition 6.6.1. We define the cost function with the global, centralized control, Jc ;51 as

T

Co = Jim % 3 %(x(t)'@a:(t) + () Ru(t)) (6.156)
t=0
1
Joyrisk = ;logE [exp(vCe)] (6.157)

where u(t) = K&, x(t) and x(t + 1) = Az(t) + Bu(t) + w(?).

6.7 Multi-Agent LEQG

This section is very similar to the multi-agent LQG problem in Section 6.3.

6.7.1 Agent Dynamics and Cost

The state of each agent i, z;(t) € R" is updated as follows

for: =1,..., N. We next define the dynamics and cost function for agent ¢ and its neighbors.

6.7.2 Neighborhood Agents Dynamics and Cost

As in the multi-agent LQG example, the neighborhood dynamics are

aNi(t+1) = AN () + BN (1) + w™i(t) (6.159)

risk
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The local, neighborhood Riccati equations are

Pty = QN + Koy RVK R + (A% + BY R ) Pl (A + BYK ) (6.160)

Pliy = Pri + v P (I — P ) Priiy (6.161)

K}j;k _ —(RNi + BNZ'/]BEZICBNZ-)—1BNi/pS;kANi (6162)
where

Upgo, = K i (6.163)

We next define the corresponding cost function.

Definition 6.7.1. We define the cost function, Ji\i‘;k for the cost of neighborhood i with the

neighborhood control defined in (6.163).

T
I A . | .
= Jim o ; SO QUa™ (1) + up (8 RV (1)) (6.164)
o |
Ty = SlogE [exp(vC™)] (6.165)

6.7.3 Distributed Control

The multi-agent system control is similar to the control for a single agent LEQG. Additionally,

the distributed control is similar to the proposed new global distributed control for the multi-
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agent LQG problem (See Algorithm 5 and then the modifications in Remark 6.4.1 which is
then implemented in Definition 6.4.1 so that the controller can be written as a linear feedback

controller) where the parameter for the distributed control, K7, , is

N
Kl = PN, (6.166)
=1

(as similarly defined in the LQG setting in Definition 6.4.1) with K", defined in equation (6.162)

and where

i N £0
[pNi]M _ : forj=1,...N. (6.167)

0, if jand1 are not connected

Note from (6.167), S~ | pNi = Iy.

Definition 6.7.2. Define the distributed control,
UDC,risk (t) = wakx@) (6.168)

Definition 6.7.3. We define the cost of the system when the distributed control is used.

T
1, ,
Cpc = 711_1}30 T ; §<x(t) Qx(t) + upc,risk(t) Rupc,risk(t)) (6.169)
1
Jpcyrisk = ;lOQE[exp(VCDC)] (6.170)
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The dynamics are x(t + 1) = Ax(t) + Bu(t) + w(t). This gives us an equation similar to (6.78)

P(t+1) = +sz M P () 4 w(t) (6.171)

with the only difference that K S;k is defined in equation (6.162) and ¢ = 1. K, , = Zf\il N K Ssk

is of size mN x nN, pi is of size mN x mN, andK i 18 of size mN x nN.

We next present the discrete-time bounded real lemma which shows an equivalence between

the H,, bound and a generalized Riccati equation.

oo 1./ /
Lemma 6.7.1 (Discrete-Time Bounded Real Lemma). Consider ||T(K)|| which equals =0 gfi%fﬂtmt]
t=0 "t

where u; = Kx for a given control gain matrix K and the state x; updated according to (6.149).

Suppose K is stabilizing, i.e. ||(A + BK)|| < 1 then the following conditions are equivalent
* T <

* there exists some P > 0 such that (I —yP) > 0 and

(A+ BK)YP(A+BK)+Q+K'RK —P <0 (6.172)

P=P+~P(I —yP)'P (6.173)

Remark 6.7.1. If one of the two conditions in Lemma 6.7.1 hold then

(I —vP) " (A+BK)|| <1 (6.174)

Proof. See Lemma 2.7 in [5]. O
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Lemma 6.7.2. Assuming the conditions in assumption 6.4.1 and the set of matrices {p"i} | and

(KN YN | are such as in the distributed controller in (6.166), leading to K*,,, = S~  pNi K

risk — risk

being stabilizing. That is ||[A + BK”, || < 1. Then,

T(KL O < ~ if the following two

conditions hold:

Condition 1: there exists some Ppc s > 0 such that the Riccati inequality holds

(A + BKfisk>/pDC,risk(A + BKfisk) +Q+ Krpisk/RKfisk - PDC,risk <0 (6.175)
ISDC,risk = PDC,risk + /VPDC’,risk<[ - fyPDC,T’L’SR)_]-PDC,TiSk} (6176)

Condition 2: Ppc i is such that
(I —vPpc,risk) > 0 (6.177)

Moreover, these two conditions can be written as the following linear matrix inequality condition.

There exists a Ppc risi, > 0 such that

(A+ BK.,.) Pocisk(A+ BK, ) — Ppoyisk +Q + K[/ RKL . (A+ BK,,.) Poc sk 0
<
Pperisk(A+ BK],, ) —(I —vPpc,risk)
(6.178)
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Proof. Consider Lemma 6.7.1, the discrete-time bounded real lemma and let K = K fisk and

P = Ppc risk.- Now, by Schur complement we can represent the two conditions that are equivalent

to ||T(K?,,)|lco <~ as the linear matrix inequality (6.178). O

Remark 6.7.2. If the two conditions don’t hold we can always raise the value of v so that
|T(K)||so < 7 holds for a larger ~y. After all, when ~y approaches oo, we get back the LQG

setting that we have dealt with previously .

As in the Lemma in [22], we repeat Lemma 5.1 in [50] here. It is the counterpart to the
Cost Difference Lemma in Fazel et al. (2018). [50] established an upper bound for the difference

of two matrices P’ and P.

Lemma 6.7.3. (LEQG Cost Difference Lemma Zhang ’19 [5] - Lemma 5.1) The cost difference

between two costs, one with a controller gain K' and the other with controller gain K is

P-r
<Y [(A+BK)(I—yP) "V [~(K - K')E, — Ey(K — K')+ (6.179)
(K — K'Y(R+ B'PB)(K — K")][(I —vP")"Y(A + BK")]' (6.180)

where Ex; = (R + B'PB)K — B'PA.

Lemma 6.7.4. (Cost Difference between LEQG distributed controller and optimal centralized
controller) The cost difference between the cost with the LEQG distributed controller gain (K. , )

(defined in Lemma 6.7.2) and the cost with the optimal centralized controller ( Kgsk ) (defined in
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equation (6.152) is

C
PDC,risk - P

risk

(6.181)

< D A+ BE) (I =Poogise) 'V [ (K — Kl ER — B (Kpy, — K+

t>0
(6.182)
(KT’Cz'sk - Kfisk)/(R + B/pgskB)(Kgsk - Kfzsk)][(l - VPDCJ“Z'SIC)_M(A + BKfzsk)]/ (6183)

where ES = (R+ B'PS, B)KS , — B'PC A

risk risk risk* =

Proof. Using Lemma 6.7.3, set Ppc i = P/, P = P, K’

risk

= K',ES = Ex, KS

T8

=K.

Pperisk and K, are defined in Lemma 6.7.2 and PC, and K¢

f ke s are defined in Lemma 6.6.1.

]

Remark 6.7.3. Denote the LEQG cost (6.156) using the distributed controller (6.166) as Jpc risk

and the LEQG cost (6.156) using the centralized controller (6.152) as Jc y;sk.

Lemma 6.7.5. If P;. > Pk, then the cost difference is

J(K') = J(K) < |T = ~P)~ | [Tr(Pic) — Tr(Py) (6.184)

Proof. See Lemma 5.2 in [5]. O

Lemma 6.7.6. The cost difference between the LEQG distributed controller and global, centralized
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controller, Jpc yisk — Jc risk IS upper bounded by

JDC,risk - JC,risk S H[ - fYPDC,risk)iln [T?”( Z[(A + BKfzsk:)/([ - fyPDC,risk:)il]/X

t>0
[_<Kgsk - Kfzsk)/EIC(i - EIC(/(KTCi’sk - Kfzsk) + (Krcz"sk - Kfzsk)/(R + BlpvgskB)(Kgsk - wakﬂ X
(I = yPpcisk) (A4 BKL )] (6.185)
where ES, = (R + B'PS,,B)KS,, — B'PS,, A.

Proof. Substitute Lemma 6.7.4 into Lemma 6.7.5.

Note, Jpc risk 18 defined in Definition 6.7.3 and J¢ ;s 1s defined in Definition 6.6.1. Ppc s 18

defined in Lemma 6.7.2. PS¢

risk

and K€, are defined in Definition 6.6.1. O

6.8 Simulation

We consider the following discrete time version of the double integrator problem where a
10 x 10 mesh interconnection of N = 100 identical, dynamically decoupled agents move in a

plane. Consider, the double integrator dynamics in spatial dimensions.

Ty = Ug; Ui =Uy; ©=1,...,100 (6.186)
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The goal is to move each to a specified location. The optimal control problem associated with

this example is

min J(u, g) (6.187)
Trs1 = AZy + Buy, + Ve, (6.188)
where
T
J(u, 7o) =Y #,Q + ujRuy (6.189)
k=0
Q is made of block matrices:
Qi = diag([5;0;5;0]) (6.190)
Qij = diag([=1;0; —1;0]); (6.191)

R is the identity matrix. A, B, and D matrices are equal to

A= (6.192)
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t 0
B= (6.193)
0 3
0 t

D = (6.194)

t is the step size, A= Tigo ® A, B = Iipo ® B, and D= Iipo ® D. Let the state of agent 7,
7; € R = [z4, yi, Vas, in] where x; is the z'" position of agent 4, y; is the 3" position of agent
i, and v,; and v,, are the respective velocities. Tildes above a variable denotes the concatenation
or block diagonal form for the variables for all N agents. For example, Z is the concatenation of

the N initial states.

We solve for 4 different K control parameters corresponding to 4 different settings. The settings
are as follows: global control for LQR (K), distributed control for LQR (K-dist), global control
for LEQG (K-risk), and distributed control for LEQG (K-riskdist). Table 6.1 details the cost
(averaged over 30 runs) for each of the four settings and the time it took to compute the K
matrices. The time horizon is 7' = 100. We chose a time horizon long enough so we can solidly

rely on the steady state assumption. In practice, this steady state assumption is not met, but we
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cost time to compute K
K 13.97 14.71 sec.
K-dist 13.91 1.412 sec.
K-risk 27.25 636.61 sec.
K-riskdist 26.05 11.07 sec.

Table 6.1: Cost and time of different gain matrices

Figure 6.3: The plot is the initial condition of the agents .

rely on it nonetheless because of the length of our time horizon. We see from the table that
not only is a distributed controller useful in respecting communication restrictions, but it is also
useful in reducing computational cost by distributing the computation into smaller problems. In
this way, a large scale linear algebra problem does not have to be solved.

We also show in the figures the performance of the controller in reorganizing the agents to the

zeroth state
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Figure 6.4: The plot is the final condition (T=100) of the agents with distributed LQR control.

0.3

Figure 6.5: The plot is the final condition (T=100) of the agents with distributed LEQG control.
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6.9 Conclusion

In this chapter, we have proposed a distributed control algorithm for the LQR and LEQG
(risk-sensitive) setting. We analyzed the performance of this distributed algorithm compared to
the global control. We showed in LQR that if the /2 matrix is diagonal, then the cost function
associated with the distributed control and the cost function associated with the global control
are the same. The LEQG setting is more complicated to deal with mathematically. Our bounds
on the performance for the distributed controller for LEQG is not as tight, but does provide some
insight on how much worse off one performs by using a distributed LEQG controller versus a

global controller.

In the future, we will consider improved upper bounds for the distributed LEQG and better

understanding of what the current bounds mean. Additionally, there are other approaches to

distributed control that we can consider that include distributed optimization ([73], [74], [75]).

200



Part III: Reinforcement Learning for

Risk-sensitive Control

Chapter 7:  Risk-Sensitive Control for Unknown Dynamics

In the previous chapters, we addressed the problem of communications constraints in the
setting of estimation and control. Here, we discuss another limitation in the control setting.
That is the limitation of not always knowing the dynamics of the system you intend to control.
In this third and final part of the thesis, described in this chapter, we discuss a problem in the
area of reinforcement learning for risk-sensitive controller (the H,, controller, which will be
highlighted later as a special case of a risk-sensitive controller). The problem deals with designing
a risk-sensitive controller when the dynamics are unknown in the linear setting. The problem of
designing H., controllers using policy optimization has been studied in the past by Zhang et
al. [5]. However, that paper only has a limited discussion on the case when the dynamics are

unknown.
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7.1 Introduction and Literature Review

The question presented here is how can we design a risk-sensitive controller when the

dynamics are unknown but the structure is known to be linear and the dimensions of the matrices
are also known. We take two approaches to this question. The first is a policy gradient (model-
free) approach based on the one proposed in [5]. In that paper, an H, controller is used, while
here we use a risk-sensitive controller. We discuss this approach in Section 7.3.
The second approach is to use a model-based approach. System identification is used to estimate
the unknown matrices in the dynamical equations. A risk-sensitive controller is then computed
based on these estimates. This is similar to the approach proposed in [6] where the aim is
to compute a linear quadratic regulator (LQR). Here, the aim is to compute a risk-sensitive
controller, not LQR. Additionally, in [6], a technique called System Level Synthesis is used
to obtain a robust control design. Robust in this context means that the controller is robust to
faulty system-identification estimates of the dynamical system’s matrices. Here, however, we
use a linear matrix inequality approach ([21], [76]) that takes into account uncertainty in the
estimates of the unknown dynamics in order to obtain a controller. We deal with both polytopic
and interval uncertainty. This is discussed in Section 7.4. Information on particular uncertainty
sets 1s discussed in Section 7.5.

Finally, we showcase the two approaches on two examples. The first is a random linear
dynamics example. The second is a linear vehicle dynamics example. We compare the performance
of both the model-free and model-based approaches and show the improved performance of

incorporating uncertainty sets in the model-based approach. This is all discussed in section 7.6.
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7.2 Problem Formulation

Consider the linear time invariant dynamics
It-i—l = Aﬂft + But + Wt (71)

where z(t), w(t) € R", u; € R™, and w; ~ N (O, W).

Let the cost function incorporate an exponential function
1 1 1
CH(u) = }Eﬂ‘o ?E[exp(,u{; éngIt + Qu;Rut)] (7.2)
The goal is to minimize the cost function in equation (7.2) as follows
min C*(u) (7.3)

Assuming the conditions in assumption 6.4.1, it can be shown that the optimal controller is a
linear function of the state such that u; = Kux; ([66]). And therefore, the minimization occurs

over matrices K and not functions u. We are left with the following problem

T
1 1 1
. 7 . . - - / - / !/
n}énC’ (K) = 111_{1;0 E[emp(,u{tgzo 2xtht + 2th RKw;)] (7.4)
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If the dynamics matrices (A, B) are known we can analytically solve for the optimal gain K*.

K*=—(R+ B'PB)"'B'PA (7.5)

with the accompanying modified Riccati equations ([66])

P=P+uPW™—puP)'P (7.6)

P=Q+ K'RK + (A+ BK)P(A + BK) (7.7)

Problem 7.2.1. Consider minimizing the cost function in equation (7.4) when matrices (A, B) in

equation (7.1) are unknown.

We detail two approaches to this problem: model-free and model-based. The first approach
can be found in ([5]). They detail their algorithm for a min-max robust control problem. We
utilize their algorithm for a risk-sensitive control problem and change their simulated gradient
from a one-sided gradient to a two-sided gradient as detailed in ([77]). The second approach, the
model-based approach can be found in ([6]). There, a System Level Synthesis (SLS) framework
is used to solve for an LQG controller given the uncertainty in the estimator ([78]). Here, we use
a linear matrix inequality approach to incorporate the uncertainty set of the estimator to solve for

both a LQG and LEQG controller.

Remark 7.2.1. Note, owing to the exponential in the cost function of the LEQG, there is concern
of blow up. In fact, when we implement the model-free and model-based algorithms on the

examples in Section 7.6, we use smaller weighting matrices () and R to avoid this issue.
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7.3 Model-free Approach for Risk-Sensitive Controller Design

In this section, we present the same policy optimization as in [5] now applied to risk-
sensitive control. The reason for using a risk-sensitive controller instead of an H, controller as
in [5] is two-fold. Firstly, it has previously been shown that the zero-sum LQ game formulation of
the H, controller is a limiting case of the risk-sensitive control problem. Also, the controllers for
the H,, and risk sensitive control problem are the same [67]. Secondly, the risk-sensitive control
problem requires only a minimization in its objective function while the H ., control problem
requires a saddle point solution to a min-max problem. The particular risk-sensitive control
problem here is one in which the dynamics are linear and the cost is an exponential of a quadratic
function. It is referred to as the linear exponential Gaussian quadratic control problem (LEQG)

([66]) in contrast to the more commonly known linear quadratic Gaussian control problem (LQG)

([71D).

7.3.1 Model-Free Policy Gradients

The model-free approach for the risk-sensitive control problem (with unknown dynamics)
as in the case of the H, control problem is to use zeroth order optimization ([79]) to estimate
the cost function’s gradient by using query access to the cost function. We highlight here the
algorithm that uses the zeroth order optimization or sample derivative approach. Algorithm 6 is
the same as the algorithm that appears in [5] where a model-free solution is found for the mixed
H, — H, controller. The only difference is here our cost function is a risk sensitive cost function.
Additionally. we use a two-sided gradient estimator instead of a one-sided gradient estimator in

algorithm 7. In algorithm 8, we show the gradient update.
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Algorithm 6 (One-point Gradient Estimation) Estimating VxC(K) where C(K) is the risk-
sensitive cost
Input: K, number of trajectories m, roll out length /, smoothing parameter r, dimension d

for i=1,..., m do

Sample a policy parameterized by a gain matrix such that K; = K + U; where U, is drawn
uniformly at random over matrices whose Frobenius norm is r. Simulate the dynamics for 7'
steps according to the equations

'Tt-l-l = A$t + But _'_wt

and collect the estimates C’Z where the cost is the risk sensitive cost

where ¢; and x; are the costs and states on this trajectory.
end

Return the biased estimates
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Algorithm 7 (Two-point Gradient Estimation) Estimating V C(K) where C(K) is the risk-
sensitive cost
Input: K, number of trajectories m, roll out length /, smoothing parameter r, dimension d

fori=1,...,mdo

Sample a policy parameterized by a gain matrix such that f(f = K + U; where U, is drawn
uniformly at random over matrices whose Frobenius norm is r. We refer to this as the forward
policy. Additionally, sample a policy parametrized by a gain matrix such that f(iB =K —-U,.
We refer to this as the backward policy. Simulate the dynamics for 7" steps according to the
equations

Ty = Axy + Buy + w,

and collect the estimates CF and CP where the cost is the risk sensitive cost and the gain matrices
are KI" and KP respectively.

T
AB_E : B
Cz - Ct

t=1

where ¢! and ¢ are the costs on the trajectory.
end

Return the biased estimates
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Algorithm 8 Model free risk sensitive control

Input: stabilizing K, number of iterations 7' for 7 = 0,...7 — 1 do
Call Algorithm 7 to obtain the gradient

V1 C(K)

Policy gradient update

K=K, — U@KC(IQ

end

Return K+
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7.4 Model-Based Approach for Risk-Sensitive Controller Design

Consider the same problem as in 7.2.1 where matrices (A, B) are unknown.

7.4.1 LMI solution to LEQG When Matrices are Known

We detail the solution to problem 7.2.1 in the LEQG setting first for the case when the

matrices (A,B) are actually known.

Remark 7.4.1. Consider (A, B) is controllable, (A, Q2 ) is observable, then the optimal control

gain where u* = Kx(t) is equal to

K*=—(R+ B'PB)"'PA (7.8)

where the following generalized Riccati equations associated with LEQG (considering W~ —

~P > 0) hold [30]

P=Q+ AP - PB(R+ BPB) 'BP|A (7.9)

P=P+uPW™—puP)'P (7.10)

Remark 7.4.2. The LMI for LEQG controller design when the matrices A and B are known is
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[21]

P AP —-BF 1 0
PA — F'B P 0 PC'—F'D
nl;?}gxu 1 >0 (7.11)
1 0 \/—ﬁ] 0
1
I 0 CP—-DF 1 x/_ﬁ[ |

where K = FP~ 1,

Now, we will consider the case when the matrices (A, B) are unknown.

7.4.2 LMI Solution When Matrices are Unknown

In addition to the model-free policy gradient approach to the single agent, fully observable
LEQG problem, we detail here a model-based approach. A model-based approach that solves
the LQG problem when the dynamics are unknown is detailed in [6]. In that paper, system
identification (least-squares) is used to solve for the unknown matrices in the dynamics equations
(i.e. A and B) Uncertainty in the estimates of these matrices is quantified and then an optimal
controller is solved for incorporating these uncertainty estimates. In other words, instead of just
using the estimates for the matrices to compute the optimal LQG controller, they use information
about how uncertain these estimates are in order to compute a robust optimal controller. The
technique they use is called System Level Synthesis. Here, we do something similar. However,
our setting 1s LEQG instead of LQG. Additionally, we use a linear matrix inequality (LMI)
approach to compute the robust optimal controller.

Note, the following helpful definition.
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Definition 7.4.1 ([44]). The convex hull of a set C, denoted convC, is the set of all convex

combinations of points in C or in other words

convC = {b1x1 + + Opaglz; € C, 0, >0, i=1,....k, 014+ ---+0,=1} (7.12)

The model-based approach has two parts to it summarized in Remark 7.4.3 and then further

elaborated in the remainder of the section.
Remark 7.4.3. The following two step approach showcases an LMI model-based approach

1. Rollout dynamics for T time steps. Estimate A and B (121 and B ) by solving least squares

problem. Find error perturbations or uncertainties around estimates, A, B, namely AA

and \B.

2. Solve an LMI that does two things: 1. solves LEQG control problem with estimates of
A and B. 2. incorporates error perturbations into LMI as interval uncertainties such as
NA(t) = A101(t)+ - - Apdx(t) and B(t) = B101(t)+- - - Brox(t) or polytopic uncertainties
such as ANA(t) = conv(Aq(t), ..., Ag(t)) and AB(t) = conv(By(t),. .., Bax(t)) where

conv denotes convex hull as in Definition 7.4.1.

Remark 7.4.4 (Estimating matrices A and B when unknown). Matrices A and B are estimated
by system identification through least-squares [6]. The dynamics are rolled-out for T’ time steps

with a given initial condition xy and a given input u. The states x; (0 < t < T') are then collected.
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Estimate A and B through the following least-squares estimation.

N T-1

R 1
(A.B) €wr Y Y 5lAn" + Bu — |l (7.13)

=1 t=0

Tt
Let 0 = [A, B] and let z.:= . The system dynamics can then be written as
Uy
Ty =20+ w, (7.14)
Or in other words,
Xy =2Zn0+ Wy (7.15)
where
x) 20 wg
3 7 w)
X = L= W= (7.16)
T 2 wy_y
The least squares estimator for 0 is
0= (ZhZn)" 20Xy (7.17)

Now, we discuss the different uncertainty sets in that we use to characterize the uncertainty
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in the least squares estimator

Definition 7.4.2 (Interval Uncertainty). We parameterize the uncertainty in the matrices A and

B as the sum of matrices, i.e.

AA = Ay + ..., Ao (7.18)

and

AB = B0y + ..., B (7.19)

where 0 lies in the intervals such that &; € [6; ,0;|. And the matrix A; such that the j*" element

7771

in the matrix is equal to one and the rest are zeros.

Aj=1: 1 (7.20)

Remark 7.4.5. Repeat the least squares estimation M times, where each of the M estimates of
the matrices A and B are A,, and B, form = 1. .. M. Now consider solving for o; and 5; for

j=1...kandk = n?

>

0; = min{[A,];lm=1... M} (7.21)
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and

6F = max{[A,];/m=1... M} (7.22)

J

where j refers to the ;™" location in the matrix.

The uncertainty set is
V= A, (7.23)

where 6; € {67,0"}

Definition 7.4.3 (Polytopic Uncertainty). We parameterize the uncertainty in the matrices A
and B as a convex hull of multiple matrices. For example, the uncertainty in the matrix A can
be written as NA = Co(Ay, ..., Ay, ..., Asy) where k = n?* where n is the dimension of the
system’s states.

The matrices {A; }fil of which a convex hull is taken are defined as the n X n matrices that are

zero everywhere except at position j or j — n? (if j > n?).

Ai=1i o (7.24)
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and

Agj= |t g+ (7.25)

where the placement for the non-zero element for A; and Ay; is in position j of the matrix

(indexed top to bottom).

Remark 7.4.6. The values 0; and (5;-r are obtained in the following way. The dynamics are
rolled out for M episodes, each for T’ time steps. In each episode, least squares is performed
and estimates A,, and B, form =1,..., M are obtained. Then, o; and 5;“ are computed for
j = 1...n? in the following manner

67 =min{[A,];lm =1... M} (7.26)

J

and

67 = max{[A,];lm =1... M} (7.27)

where j refers to the 7' location in the matrix. Similarly, the same computation can be applied

for B; and Ba;.

We now detail a well-known definition and accompanying theorems that will help inform
us what the proper linear matrix inequality that incorporates uncertainties in the estimates A and
B. The setting for the definition and theorems is continuous time, but could equally be applied
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to discrete time.

Definition 7.4.4 (Quadratic Stability). Consider the continuous time system
(t) = (Ao + AA)x(t)
The system is quadratically stable over for all NA € I\ if there exists a P > 0 s.t.

(A+ AAYP+ P(A+ AA) <0 (7.28)

forall NA € A.

Theorem 7.4.1 (Quadratic Stability for Interval Uncertainty). Consider the interval uncertainty

set

AA:=) " Aib;, (7.29)

where §; € {67,0"} fori=1,... k.

The system is quadratically stable over A\ A if and only if there exists a P > 0 such that

Y AGP+PY A <0 (7.30)
forevery §; € {67,687} fori =1,..., k. There are 2% LMI constraints.
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Theorem 7.4.2 (Quadratic Stability for Polytopic Uncertainty)). Consider the polytopic uncertainty
set NA = Co(Ay, ..., A, ..., Agg).

The system is quadratically stable over N\ A if and only if there exists a P > 0 such that

(A+A)P+P(A+ A;) <0 (7.31)

fori=1,..., 2k

Theorem 7.4.3 (Quadratic Stability for Polytopic Uncertainty with Control). Quadratic Stability

for Polytopic Uncertainty can be extended to the system

(t) = (A+ AA+ (B+ AB)K)xz(t) (7.32)

so that there exists a K such that the system is quadratically stable for
(AA,AB) € Co((A1, B1),...,(Ak, Br)). This is true if and only if there exists some P > 0

and F s.t.

(A+ A)P+P(A+ A + (B+B)F+F(B+B;) <0 (7.33)

fori=1,...,2kwith K = FP~L.

Definition 7.4.4 and Theorems 7.4.1-7.4.3 are well-known and summarized in [80] and
are in fact linear matrix inequalities (LMI). Theorems 7.4.1-7.4.3 allow us to convert an infinite

dimensional LMI to a finite dimensional LMI.
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Remark 7.4.7. The main point of Theorems 7.4.1-7.4.3 is that the LMI only needs to hold at the

extremal points or vertices of the interval uncertainty or convex hull, namely at most the matrices

{Aj}é\f:l_

Theorem 7.4.4. The linear matrix inequality that solves problem 7.2.1 for solving a quadratically

stable risk-sensitive control that incorporates the interval uncertainty NA and /A B in estimates

of Aand B is
P (A+A)P—(B+B)FF I 0
P(A+A) — F'(B+ B;) P 0 PC'—F'D
>0 (7.34)
1
1 0 ﬁ[ 0
1
I 0 CP - DF I \/—ﬁ] |

fori=1,...,2k
The linear matrix inequality for solving a risk-sensitive controller that incorporates the polytopic

uncertainty NA and A\ B in estimate of A and B is

_ P (A4+>,A8)P—(B+ Y, Bio)F I 0 _
P(A+3, A — F'(B+ Y, Biby)' P 0 PC'—FD
I 0 \/iﬁl 0
i 0 CP — DF I \/Lﬁ[
(7.35)
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ford; € {6=,0%} fori =1,... k. This is 2¢ LMI constraints.

A gain matrix is then recovered as K = FP~'. We refer to this gain matrix as K popus; OWing to
the fact that it is the gain matrix associated with a controller robust and resilient to uncertainties

in the estimates of A and B.

Proof. The LMI solution when the matrices (A, B) are known is found in Remark 7.4.2. Here we
incorporate the LMIs with uncertainty in the matrices (A, B). We utilize Theorem that dictates
that one needs to only check the vertices of a polytope for stability. This leads to only needing to

check the LMI constraints a the vertices which amounts to 2* constraints. ]

Remark 7.4.8. We would like to compare the performance of K popust, the control gain resulting
from the model based approach in Remark 7.4.3 to the gain matrix K obtained when estimating
matrices A and B without incorporating any uncertainties in their estimates (namely A and B)

and subsequently the linear matrix inequality is

P AP - BF T 0
PA' — F'B' P 0 PC' —FD
>0 (7.36)
1
I 0 7l 0
1
_ 0 CP—DF I 1 _

7.5  Uncertainty Sets

The following steps are used to incorporate uncertainty in system identification using

polytopic uncertainty
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1. Rollout dynamics for 7" time steps and for N episodes.

2. Compute least squares on the rolled-out system’s states to estimate matrices A and B. Call

these estimates A and B.

3. Using estimates A and B, rollout the dynamics to obtain new system states. Use these new

system states to solve for new estimates, A and B. Repeat this M times.
4. Calculate the uncertainty set.
Remark 7.5.1. We characterize four different uncertainty sets

1. Interval uncertainty set where intervals are defined by maximum/minimum or a percentile

of sampled data

2. Polytopic uncertainty set where vertices are defined by maximum/minimum or a percentile

of sampled data
3. Interval uncertainty set where intervals are defined by sample variance of data
4. Polytopic uncertainty set where intervals are defined by sample variance of data

Remark 7.5.2 (Difference between polytopic and interval uncertainty). The following is a
short note about the differences between the polytopic and interval uncertainty. Instead of
. . . 2 . . .
computing a convex hull, we can compute an uncertainty set with 2" vertices. This uncertainty
set encompasses the polytopic uncertainty set. We refer to this as the conservative robust
sys-id” approach. Unfortunately, this approach which uses interval uncertainty requires o’
linear matrix inequalities. On the other hand, the “robust sys-id” approach which uses polytopic
uncertainty requires 2n? linear matrix inequalities.
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We show how each of these uncertainty sets are built.

7.5.1 Interval Uncertainty Set based on Maximum/Minimum

Compute the differences between A and the M A’s element by element in the matrices.
Likewise do the same for B and B. Capture, the maximum and minimum of the M differences
for each slot in the matrix. Take the maximum and minimum at each slot in the matrix. Compute
the interval uncertainty set where 5; and 0, refer to maximum and minimum, respectively.
Alternatively, we can take a percentile of the range. So instead of the maximum, we can take

the 68" percentile.

7.5.2 Polytopic Uncertainty Set Based on Maximum/Minimum

Compute the convex hull of matrices that are all zero except for a single element which

contains the maximum or minimum at that position in the matrix.

7.5.3 Interval Uncertainty Set Based on Sample Variance

Another option is to use the sample variance of the sampled matrices and use that as bounds
for our uncertainty set. We can do this two ways. The first way uses an interval uncertainty set.
We compute the one dimensional sample variance of each element in the sampled matrices. The
question becomes how close is the sample variance from the actual variance of the estimator. The
estimator is a normal distribution with a mean and variance and so if we take as the uncertainty
set one unit of variance in each direction then the uncertainty set covers around 68% of the

distribution of sampled matrices. Considering this, we still need to show the sample variance and
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actual variance of a least squares estimator are close in some sense. Let o2 be the variance of the
estimator and p be the mean of the estimator. Additionally, let S be the sample variance of the

estimator. Consider Chebyshev’s inequality for the random variable X and mean m

Var(X)

P(|X —m|>¢) < 2

(7.37)

Now, let X be the sample variance variable. If  is the mean of the estimator, then the mean of

%02. Therefore, using Chebyshev’s inequality we get

the sample variance is +—

(7.38)

The question is what is the variance of the sample variance (var(S)). It has been shown previously
that var(S) ~ (O(+;)) This means that the distance between the sample variance and population
variances varies inversely (linearly) with the number of samples. We do this for each dimension
of the sampled matrices. This is an interval uncertainty set where a sample variance is computed
for each element of the sampled matrices for a total of n? sample variances. As we choose more
samples to build up our uncertainty set, we can be more confident using the sample variance as
bounds for an uncertainty set. We obtain a proper uncertainty set that encompasses around 68

percent of samples of the matrices, which is a fairly robust uncertainty set to encompass.
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7.5.4 Polytopic Uncertainty Set Based on Sample Variance

The second way to use sample variance is to compute the covariance matrix of the entire
sampled matrix set and then use the eigenvectors and eigenvalues of that set to find boundary
points. We then take the convex hull of these boundary points. We assemble the sampled matrices
A, vectorize them, and then assemble them into a matrix called .A. The covariance matrix is then

A« A.

7.6 Simulations

We compare the performances of controllers for the case when the matrices A and B must
be estimated (121, B), to the case when the matrices A and B are known, and finally, to the case
when the matrices are estimated and uncertainties in the estimates are incorporated (A+ AA
and B + AB). The first case (using estimates A, B)in Figure 7.1 is referred to as ”sys id”, the
second case (using estimates A, B) as "no sys id”, and the third as “robust sys-id” (incorporates
uncertainty and uses the gain matrix Kpg.p,s). We see that the performance that uses robust
sys-id is conservative and outperforms some of the performances due to estimates from the 100
renditions of “’sys-id” while being outperformed by other estimates. This is due to the robust

nature of the robust model-based approach for risk sensitive controller design.
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7.6.1 Example 1: LQR Simple Example (Model-Based)

Consider the following example for LQR, where the relevant matrices are

_1.01 0.0l 0 _

A= 1001 1.00 001| B=1I (7.39)
0 0.01 1.01

Q=1 R=1 (7.40)

where ;.1 = Ax; + Bu; + w, and the time horizon, 7" is 15. We plot the cost functions for the

four different approaches. We repeat the experiments for 100 iterations.

We compare the LQR cost using model-based methods. Figure 7.1 has four costs. The first
corresponds to when the matrices A and B are known. The second deals with the case, when
least squares is employed on M = 100 episodes. The third case incorporates robustness into
the system identification. Not only is least squares employed here, but a confidence interval
around each element in the matrices A and B are formed. These confidence intervals are then
incorporated in the linear matrix inequality used to solve for the gain matrix for LQR. This is
referred to as “’robust sys-id”. The last case referred to as ”conservative robust sys-id” incorporates
the confidence interval as well, but in a slightly different way. In “robust sys-id,” polytopic
uncertainty characterizes the confidence interval. We note in the example, that a steady state
controller is computed. While, in ”conservative robust sys-id” interval uncertainty characterizes

the confidence interval. However, in practice, the time horizon may not be long enough to warrant
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a steady state controller. We use here a smaller time horizon in order not to have to deal with large
costs. We fully appreciate the potential discrepancy between using a steady state controller for

a short time horizon problem. However, as this is a relatively small problem, the cost converges

relatively quickly.
75 Off-line LQR Cost with Sys-ID and Robust Sys-ID
T T T T T T T T T
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Figure 7.1: Off-line LQR Cost with Sys-ID and Robust Sys-ID SIMPLE Example
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7.6.2 Example 1: LEQG Simple Example (Model-Based)

Note, for purposes of LEQG, we use smaller values for matrices () and R as the larger

values can lead to blow up when using an exponential in the cost function as in LEQG.

_1.01 0.0l 0 -
A= 001 1.01 0.01| B=1I (7.41)

0 001 1.01
Q=103x1 R=103x1 (7.42)

leading to a lot smaller cost value than LQR as in the second figure. We plot the cost function
resulting from the LEQG controller in Figure 7.2. Similar to Figure 7.1, we plot 4 different
cases: when the dynamics are known, when leastsquares is uses, when polytopic uncertainty is

Incorporated, and when interval uncertainty is incorporated.
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Figure 7.2: Off-line LEQG Cost with Sys-ID and Robust Sys-ID SIMPLE Example

7.6.3 Example 1: Discussion (Model-Based)

We can see from Figures 7.1, 7.2 that the “robust sys-id” outperforms the ”sys-id” approach
with a lower cost. This shows that incorporating uncertainty into system identification and then
using this uncertainty in the linear matrix inequalities that solve for the gain matrix improves the
output controller. We can do slightly better (although not much more) with the ’conservative
robust sys-id” approach which incorporates interval uncertainty instead of polytopic uncertainty.
Obviously, when the dynamics are known and do not need to be estimated, we obtain the most

cost-efficient controller. We compare these four approaches in 100 cases.
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The same approaches are applied to LEQG. In LEQG, we use smaller () and R and therefore
the costs are drastically smaller than in the LQR case. Additionally, the controller used is solved
for LEQG but the cost shown in Figure 7.2 is without the exponential. Again, as in the LQR
case, we see that ’robust sys-id” approach outperforms the ”sys-id” approach. This highlights
that incorporating robustness in the estimates of the dynamics improves the controller. However,
here we see that ”conservative robust sys-id” performs worse than “robust sys-id”. Perhaps in this
case, the larger uncertainty set in ’conservative robust sys-id” is leading to a more conservative

controller that performs worse.

7.6.4 Example 1: LQR Simple Example (Model-Free vs. Model-Based)

Figure 7.3 compares the model-free to model-based approach when the linear dynamics are

unknown for the LQR simple example.
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Figure 7.3: LQR Cost Model-Free Model-Based SIMPLE

7.6.5 Example 1: LEQG Simple Example (Model-Free vs. Model-Based

Again, the model based-approach and model-free approach are compared in the LEQG

setting in Figure 7.4.
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Figure 7.4: LEQG Cost Model-Free Model-Based SIMPLE

7.6.6 Example 1: Discussion (Model-Free vs. Model-Based)

The model-based approach performs better than the model-free approach in both LQR
and LEQG. In the model-based approach, we estimate the matrices A and B and then solve for
the LQR controller. In the model-free approach, gradients are estimated and then the control
matrix is updated using these gradients. Unsurprisingly, the model-based approach outperforms

the model-free approach because the model-based approach utilizes the structure of the problem
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more.

7.6.7 Example 2: LQR Vehicle Example (Model-Based)

Consider the second LQR example, a vehicle example where the matrices are defined as

follows
1.0 0 01 0 0 0 0 O
0 1.0 0 0.1 0 0 0O O
A= B, = B, = R=1, R=1
0O 0 09 0 01 0 01 0
0O 0 0 09 0 0.1 0 0.1

where x; 1 = Ax;+ B,u; + B,w,; and the time horizon, 7" is 15. See Figure 7.5 for the LQR cost
when the dynamics are known, the dynamics are estimated using least squares, and the dynamics

are estimated using uncertainty sets.

7.6.8 Example 2: LEQG Vehicle Example (Model-Based)

We can also consider an LEQG setting. Note, for purposes of LEQG, we use smaller values
for matrices () and R as the larger values can lead to blow up when using an exponential in the

cost function as in LEQG. Therefore, () and R for LEQG in the vehicle example are

Q=103x1 R=10"*x1 (7.43)
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Figure 7.5: Off-line LQR Cost with Sys-ID and Robust Sys-ID VEHICLE

leading to a lot smaller cost value than LQR. See Figure 7.6 for the LEQG cost when the dynamics

are known, the dynamics are estimated using least squares, and the dynamics are estimated using

uncertainty sets.
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Off-line LEQG Cost with Sys-ID and Robust Sys-ID
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Figure 7.6: Off-line LEQG Cost with Sys-ID and Robust Sys-ID VEHICLE

7.6.9 Example 2: Discussion (Model-Based)

Again, the robust sys-id” approach outperforms the “’sys-id” approach both in the LQR
and LEQG setting as in the SIMPLE example. Also, like in the SIMPLE example, here the
“robust sys-id” approach outperforms the ”sys-id”” approach more in the LQR setting than in the

LEQG setting.
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7.6.10 Example 2: LQR Vehicle Example (Model-Free vs. Model-Based)

We compare the model-free and model-based LQR costs for the vehicle example in Figure
7.7. As is expected, the cost from the model-based approach outperforms the cost from model-
free approach.
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Figure 7.7: LQR Cost Model-Free Model-Based VEHICLE

234



7.6.11 Example 2: LEQG Vehicle Example (Model-Free vs. Model-Based)

We compare the model-free and model-based LEQG costs for the vehicle example in Figure
7.8. As in the LQR case in Figure 7.7, the cost from the model-based approach outperforms the
cost from model-free approach.
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Figure 7.8: LEQG Cost Model-Free Model-Based VEHICLE
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7.6.12 Example 2: Discussion (Model-Free vs. Model-Based)

Like in the Simple example. the model-based approach outperforms the model-free approach

in both the LQR and LEQG settings in the vehicle example.

7.7 Conclusion

In the final chapter, we studied the risk-sensitive control problem when the dynamics are
unknown. We showcased both model-based and model-free solutions in both the LQR and LEQG
setting. We also applied the approaches to two examples. The model-based and model-free
approaches for LQR builds on previous work ([6], [5]). We extend those works in multiple
ways. First, in the model-free approach we implement an algorithm using a two-sided simulated
gradient instead of a one-sided simulated gradient ([5]). Secondly, in the model-based approach
we propose a linear matrix inequality solution that incorporates uncertainty in the least squares
estimator. We also suggest different ways of building the uncertainty set using interval and
polytopic sets. Thirdly, we showcase the model-free and model-based approach in both the LQR
and LEQG settings (something not done in ([6]) and [5]).

There are multiple directions for further exploration. We highlight some of them here.
Firstly, we can work to build better, less-conservative uncertainty sets. Secondly, we can apply
our algorithm to model-predictive control (MPC) ([81]). Thirdly, we can implement risk-sensitive
Q-learning another model-free approach in addition to policy optimization. Risk-sensitive Q-
learning has been discussed in ([82]). Fourthly, there are other approaches for incorporating
risk (ie. cumulative prospect theory) that we could explore other than exponential of the utility
function ([83], [84], [85], [86]). Fifthly, there is further work to be done on extending the
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algorithm to unknown nonlinear dynamics. In the nonlinear setting, we don’t have the benefit
of assuming the controller is linear with respect to the state. One possible way around this is
to parameterize the controller, we would like to find, as a neural network. Then employ policy
optimization, as in the linear case, where the parameters of the neural network representing the
controller are updated. And lastly another direction that can be taken is to use ideas from risk
sensitive and robust control for adversarial neural networks. The problem of optimization in
neural networks can be viewed as an optimal control problem. In light of this, adversarial neural

networks could be viewed as a risk-sensitive or robust optimal control problem.
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Chapter 8: Future Directions

We explore here future directions for all three parts of the thesis: sensor scheduling,
distributed risk sensitive control, and risk sensitive control with unknown dynamics.

In Chapter 3 on the topic of sensor scheduling, one possible future direction is to extend
the semidefintie program solution to distributed estimation problems. Another future direction is
to extend the tracking algorithm 2 to a multi-sensor problem.

Regarding Chapter 4 on the topic of sensor scheduling, in the future we can explore algorithms
that would optimally minimize the upper bound of the MSE. The upper bound is a fraction, and
so the challenge is maximizing the denominator and minimizing the numerator simultaneously.
Additionally, the discussion until now for sensor scheduling has been exclusively in the linear
setting. A future direction would be to tackle sensor scheduling for nonlinear systems. One
possible approach would be to formulate the sensor scheduling problem as a POMDP and then
use Monte-Carlo sampling as in [38]. Monte-Carlo sampling has been studied in MDPs in [62]
and POMDPs in [63].

Regarding Chapter 6 on the topic distributed risk sensitive control, in the future we could
consider improved upper bounds for the distributed LEQG and better understanding of what the
current bounds mean. Additionally, there are other approaches to distributed control that we can

consider that include distributed optimization ([73], [74], [75]).
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In Chapter 7 on the topic of risk sensitive control with unknown dynamics, there are
multiple directions for further exploration. Firstly, we can work to build better, less-conservative
uncertainty sets. Secondly, we can apply our algorithm to model-predictive control (MPC) ([81]).
Thirdly, we can implement risk-sensitive Q-learning another model-free approach in addition to
policy optimization. Risk-sensitive Q-learning has been discussed in ([82]). Fourthly, there are
other approaches for incorporating risk (ie. cumulative prospect theory) that we could explore
other than exponential of the utility function ([83], [84], [85], [86]). Fifthly, there is further
work to be done on extending the algorithm to unknown nonlinear dynamics. In the nonlinear
setting, we don’t have the benefit of assuming the controller is linear with respect to the state.
One possible way around this is to parameterize the controller, we would like to find, as a neural
network. Then employ policy optimization, as in the linear case, where the parameters of the
neural network representing the controller are updated. And lastly another direction that can be
taken is to use ideas from risk sensitive and robust control for adversarial neural networks. The
problem of optimization in neural networks can be viewed as an optimal control problem. In light
of this, adversarial neural networks could be viewed as a risk-sensitive or robust optimal control

problem.
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