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Abstract

Observers are used in the monitoring and control of dynamical systems to deduce the
values of unmeasured states. Designing an observer requires having an accurate model
of the plant — if the model parameters are characterized imprecisely, the observer may
not provide reliable estimates. An interval observer, which comprises an upper and lower
observer, bounds the plant’s states from above and below, given the range of values of the
imprecisely characterized parameters, i.e., it defines an interval in which the plant’s states
must lie at any given instant.

We propose a linear programming-based method of interval observer design for two
cases: 1) only the initial conditions of the plant are uncertain; 2) the dynamical parameters
are also uncertain. In the former, we optimize the transient performance of the interval
observers, in the sense that the volume enclosed by the interval is minimized. In the latter,
we optimize the steady state performance of the interval observers, in the sense that the
norm of the width of the interval is minimized at steady state.

Interval observers are typically designed to characterize the widest interval that bounds
the states. This thesis proposes an interval observer design method that utilizes additional,
but still-incomplete information, that enables the designer to identify tighter bounds on
the uncertain parameters under certain operating conditions. The number of bounds that
can be refined defines a class of systems. The definition of this class is independent of the
specific parameters whose bounds are refined.

Applying robust optimization techniques, under a cardinality constrained model of
uncertainty, we design a single observer for an entire class of systems. These observers
guarantee a minimum level of performance with respect to the aforementioned metrics,
as we optimize the worst-case performance over a given class of systems. The robust
formulation allows the designer to tune the level of uncertainty in the model. If many of
the uncertain parameter bounds can be refined, the nominal performance of the observer
can be improved, however, if few or none of the parameter bounds can be refined, the
nominal performance of the observer can be designed to be more conservative.
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Chapter 1

Introduction

1.1 Motivation

Suppose that you are a chemist who wishes to perform a large number of similar exper-
iments, e.g., for system identification [1], [2], or in vitro testing of a new drug. Suppose
that there is some base value, or perhaps a range of values, that is common to each ex-
periment, e.g., the biomass of a particular bacterium, or the concentrations of particular
chemical species. In each experiment, you will change certain parameters, specifically, the
initial conditions, e.g., chemical species concentrations. In other words, there is a baseline
set of maxima and minima for the initial conditions of your experiments, but in specific
instances of the experiment, you vary specific parameters beyond the baseline extrema,
but still within another set of known bounds that you have defined.

Now suppose that you have deployed an autonomous robot in an unknown environment.
The robot depends on its sensor readings for its operation. But suppose some of its sensors
sustain damage [3], making their readings unreliable. Rather than being able to trust the
original sensor measurements, there is now a range of true state values given a reading
from a damaged sensor. The body of the robot could also sustain damage [!]|, thereby
modifying its dynamical parameters. If it is infeasible to access the robot for repair, the
control systems of the robot must take into account the change in dynamics. If the robot is
still serviceable, there must be some range of values in which the new dynamical parameters
must lie, even if the new values are not known precisely.

Lastly, consider the following example, which we revisit later in this thesis.



Example 1.1.1. Consider the dynamical system

T = Ax

y=Cuz,

(1.1)

where A € R?*2 C € RY™2, 2 € R?, and y € R.

We wish to generate estimates of the state x = [xl xg} T for the system (1.1). Specif-
ically, we seek a range of estimates that contains the true state value at any given time
t > 0. Suppose that we have identified an interval that is guaranteed to contain the initial

conditions z(0),
[jﬂ < 2(0) < [g] .

But under certain operating conditions, we can refine the upper and lower bounds on the
initial conditions of particular states,

22(0) >0, 22(0) < 0.5,

where it is possible that only a subset of upper and lower bounds may be refined. Con-
sequently, depending on the situation, there are multiple possible intervals that might be
certain to contain z(0).

Suppose also that the coefficients of the state matrix A are uncertain. As with the
initial conditions, we know an interval in which each coefficient must lie,

-3.3 -1.1 ~2.7 —0.9
lo.g —4.4} s4s [ 1.1 —3.6] ’

and tighter upper and lower bounds on particular coefficients under certain circumstances,

AH Z —3]_, AH S —2.9
A >0.99, Ay < 1.01
Ay > —1.05, App < —0.95
Agy > —4.1, Ay < —3.0.

As with the initial conditions, not every upper or lower bound on a particular coefficient
of A may be refined in every situation.

These parameter bounds can be used to dynamically characterize upper and lower
bounds on the state x at any given time ¢ > 0. By using the refined bounds on the



uncertain parameters, when applicable, we can generate improved bounds on the states.
However, note the combinatorial nature of the upper and lower parameter bounds; as we
discuss later, a system of small dimensions admits a relatively large number of parameter
bound combinations. We propose a method of observer design such that a single observer
will exhibit optimal performance, with respect to particular objectives, for all systems in
the class defined by the number of unrefined parameter bounds.

A

In each of these scenarios, the dynamical parameters of the system are uncertain, but
lie within a known interval. Whether by design, or exposure to deleterious environmental
conditions, these intervals can change in predictable ways, i.e., they are perturbed by a
priori known amounts. The problem we address is the design of interval observers whose
upper and lower estimates are guaranteed to bound the true states, if at most k& of the
plant’s initial conditions and dynamical parameters have been perturbed. We wish to
design these observers such that the size of the interval between the upper and lower
observers, as measured by specific norms, is optimal. The optimality of these interval
observers does not depend on which specific £ coefficients are perturbed.

1.2 Interval Observers

Given a plant to be monitored or controlled, it is not always possible to directly measure
all of its states. An observer is a dynamical system that uses an internal model of the
plant, and the measured outputs, to generate state estimates. A classic observer (e.g.,
Luenberger, high-gain) generates a single dynamical estimate for each plant state. The
difference between the observer’s estimates and the plant’s states is called the estimation
error. ldeally, the norm of the estimation error tends to zero as time tends to infinity.
However, the limit of the estimation error is dependent upon the accuracy of the plant
model. If the plant model is imprecise, or if it is characterized by uncertain parameters,
the classic observer may generate unreliable estimates.

An interval observer is a pair of observers whose dynamics and initial conditions are
defined such that their trajectories characterize upper and lower bounds on the state values
at any given instant. The upper observer is designed using values of the uncertain param-
eters such that its estimates bound the true states from above at any given instant. The
lower observer is designed using values of the uncertain parameters such that its estimates
bound the true states from below at any given instant. The interval between the upper
and lower observers is guaranteed to contain the true state values. Ideally, the distance



between the upper and lower observers converges to zero asymptotically, but the form of
the uncertain dynamics may preclude this.

Interval observers are useful in situations where the plant dynamics are highly uncertain,
or sensor readings are unreliable. Despite having access to only the basic structure of
the plant’s dynamics, and imprecise parameter values, an interval observer characterizes
bounds on the values of the plant’s states. Classic observers may be augmented with an
interval observer to bound its state estimates, or to monitor its convergence [5].

The bounded observation problem was first addressed using recursive methods in [0];
a time-varying ellipsoid was used to identify a set in the state space that is guaranteed to
contain the plant’s states. Bounding ellipsoids were also used in [7]. Set-based state esti-
mate bounding for uncertain systems was extended to parallelotopes in [3] and zonotopes
in [9]. Dynamical interval observers were first described in [10], wherein they were designed
for a monotone system, specifically a wastewater management treatment model. Interval
observer theory was extended to non-monotone systems in [!1]. Necessary and sufficient
conditions for the existence of a class of interval observers for a class of non-monotone
systems were identified in [12], [I3] in terms of linear constraints; the observers proposed
therein are optimal with respect to various norms of the difference between estimates of the
upper and lower observers. The work of [12], [13] was extended to positive linear systems
with time-varying delays in [11]. The theory in [12] was also extended to systems with
uncertain outputs in [15]. Necessary and sufficient conditions were identified in [10] for the
existence of a class of interval observers for continuous and discrete-time positive linear
systems, described in terms of linear matrix inequalities. It was shown in [5] that, using
a time-varying change of coordinates, a class of interval observers can be constructed for
any 2-dimensional, stable, detectable system.

Interval observers have seen much success in in the area of biological processes, par-

ticularly wastewater management systems [17], [18], [19], [I 1], [20]. They have also been
applied to population dynamics [18], algae cultures [21], robotics [22], circuits [15], fault-
detection [23], pharmacokinetics [13], and localization of autonomous underwater vehi-
cles [24]. They have also been used for feedback control [25], [20].

1.3 Robust Optimization

Constrained optimization problems involve the minimization, or maximization, of an ob-
jective function subject to constraints, which define a set of feasible solutions. It is assumed
in the construction and solution of constrained optimization problems that the parame-
ters are known; there is no possibility of variation, unless somehow explicitly accounted
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for in the model. However, even relatively small parametric perturbations can result in
far-from-optimal, or even highly infeasible solutions [27], as illustrated in [25].

The goal of robust optimization is to generate solutions that, under a particular model
of uncertainty, are deterministically feasible. A problem is made robust against a particular
model of uncertainty, at the expense of increased nominal cost, in exchange for guaranteed
feasibility under what is called the budget of uncertainty [27]. As this thesis uses only LPs,
we limit this survey to robust linear optimization models of uncertainty.

An ellipsoidal uncertainty model [29], [30] considers elementwise perturbations in the
coefficients of the nominal problem. The budget of uncertainty under this model is the norm
of the vector comprising the elementwise coefficient perturbations. The robust problem
under the ellipsoidal model is not linear, but a second order cone program. A special case
of the ellipsoidal model of uncertainty is polyhedral uncertainty [27]. Under this model of
uncertainty, the perturbations of the coefficients are bounded by linear constraints, effecting
a combinatorial set of admissible perturbed coefficients. The budget of uncertainty under
the polyhedral model is the elementwise bounds on the perturbed coefficients. An attractive
property of the polyhedral model of uncertainty is that an LP’s robust formulation is linear.

The norm model of uncertainty [31] characterizes the perturbed coefficients in terms
of norms of the vector comprising the elementwise perturbations of the constraint matrix.
The budget of uncertainty under this model is the upper bound of this norm. Depending
on the norm used, the robust problem is either a second order cone program, or a linear
program.

Lastly, the model of uncertainty used in this thesis is cardinality constrained uncer-
tainty [32], [33]. Under this model of uncertainty, the solution is guaranteed to be feasible
if no more than k parameters are subjected to bounded perturbations. The budget of
uncertainty is the number of coefficients protected against perturbation.

Robust optimization techniques have seen varied application, including antenna de-
sign [34], truss topology design [35], constrained stochastic linear-quadratic control [30],
circuit design [37], [38], wireless channel power control [39], and portfolio optimization [10].
The reader is referred to [27] for a comprehensive review of the robust optimization liter-
ature.

1.4 Proposed Approach

In [12], necessary and sufficient conditions for the existence of a class of interval observers
for a particular class of systems are identified and expressed as linear constraints. Two



cases are examined: 1) no model uncertainty; 2) model uncertainty. These constraints are
used to define linear programs (LPs) used to design optimal interval observers. In the case
of no model uncertainty, the cost function of the LP is the ¢;-norm of the difference between
the upper and lower estimates, and is a function of the difference between the upper and
lower bounds on the initial conditions; in the case of model uncertainty, the cost represents
an upper bound on the ¢;-norm of the steady state supremum of the difference between
the upper and lower estimates, and is a function of the difference between the maximum
and minimum values of the uncertain dynamical parameters.

We propose a method of interval observer design that leverages additional, but still-
incomplete, information about these uncertain parameters. We assume that for each uncer-
tain parameter, that there are four bounds: a loose upper and lower bound, called the outer
bounds, and a tight upper and lower bound, called the inner bounds. The outer bounds
are guaranteed to contain the uncertain parameter under all circumstances, but the inner
bounds only contain the known parameter under particular, but known, circumstances.
It is possible for one of the bounds to be tight and one to be loose, e.g., the parameter
may be known to lie between the inner lower bound and the outer upper bound. For a
given k, we assume that £ bounds are outer bounds, one bound lies between its inner and
outer bound, if and only if £ is nonintegral, and all others are outer bounds; we refer to a
combination of k£ such bounds as a bound set.

In the design phase, we do not know which bounds will be inner bounds, we know only &.
However, at implementation, the bound set is known. Applying the robust optimization
method under a model of cardinality constrained uncertainty proposed in [11], to the
linear programming-based interval observer design method of [12], we design the observer
such that the maximum of the aforementioned norms over all bound sets defined by k
is minimized, i.e., a single optimal interval observer is designed for an entire class of
systems. Since we know the bound set at implementation, we can choose appropriate
initial conditions and dynamics for the interval observer — without redesigning — such
that the observer is an interval observer.

The benefit of optimizing over smaller bound sets is that it yields a lower cost, thereby
improving performance of the interval observer. If only the initial conditions are uncertain,
using a less-conservative model of uncertainty reduces the ¢;-norm of the difference between
the upper and lower estimates. If the system’s dynamics are uncertain, using a less-
conservative model reduces the ¢;-norm of the steady state supremum of the difference
between the upper and lower estimates. A benefit of using the robust framework of [411]
is that only a single optimization must be performed for a class of perturbations, rather
than for each combination of perturbations within that class. As is characterized later in
this thesis, this circumvents the issue of combinatorial explosion of bound sets.



1.5 Notation and Terminology

Given a matrix M € R™*", the notation M,; denotes the element of M in the i¢th row and
the jth column, and M; denotes the jth column of M. Given a vector v € R", v; denotes
the jth element of v. Given a vector v € R", diag(v) € R™" is the matrix whose (4,4)th
element is v;, and all off-diagonal elements are 0. Given a matrix M € R™" let M €
R™ ™ be its transpose, and for M € R™ ™ let M~ be the transpose of its inverse; for real

matrices, (M ")~! = (M~1)T. Given two vectors v; € R™ and vy € R", define the column

vector col(vy,vs) = [vf vy ]T € R™*"; the col function extends to an arbitrary number

of arguments. When applied to a matrix M € R™*" col(M) := col(M,..., M,) € R™.
The vector 1,, € R™ is the column vector of 1s. The vector 0,, € R" is the column vector of
0s, and the matrix 0,,x, € R™*" is the matrix of 0s. The matrix I € R"*" is the identity
matrix of contextually appropriate dimensions.

The Kronecker delta is defined as

0, ifij
0ij = e
1, ifi=j.

The binomial coefficient is defined as

(V)

and is pronounced “n choose k”. The multinomial coefficient is defined as

n _nl
ki k) TI0 ki

and is pronounced “n choose ki, ..., k,”. Given a scalar k € R, its floor |k| € Z is the
value of k rounded down to the nearest integer, and its ceiling [k]| € Z is the value of k
rounded up to the nearest integer.

A matrix M € R™" is said to be Hurwitz if the real part of each of its eigenvalues
is negative. A matrix M € R™" is said to be Metzler if all its off-diagonal elements are
nonnegative, i.e., M;; > 0 for all i # j, 4,5 € {1,...,n}.

Given a matrix M € R™™ and a locally Lipschitz function g : R® x R — R", the
dynamical system @(t) = Mxz(t) + g(z,t) is said to be positive if x(0) > 0 implies z(t) > 0
for all t > 0. This is true if M is Metzler and g(z,t) > 0 for all ¢ > 0.

7



When applied to vectors or matrices, the relations >, <, >, < are taken elementwise.
Given matrices A € R™*™ and B € R™*", the relation A > B is defined as A > B, with
A;; > B;; for at least one pair (i, j); the relation A < B is defined as A < B, with A;; < Bj;
for at least one pair (7, j). Given a scalar ¢ € R, vector v € R", or matrix M € R"™*"  the
operator |- | is the elementwise absolute value. Given a set .S, its cardinality is denoted by
|S]. Denote by P(S) the power set of S, i.e., P(S) = {5 | S" C S}, and by Py(S) the set
{5 8" CS,|9 <k} CP(S), for convenience, for k < 0, we define Py (95) = .

1.6 Contributions

The main contributions of this thesis are:

1. An interval observer design procedure for systems whose only uncertain parameters
are their initial conditions.

2. An interval observer design procedure for systems with uncertain dynamical param-
eters and initial conditions.

3. A method of associating multiple distinct perturbations with individual parameters
in a robust cardinality constrained linear program of the form proposed in [11].

1.7 Outline

In Chapter 2, we provide an overview of the robust optimization method of [11]. In
Chapter 3, we provide an overview the linear programming-based interval observer design
method of [12]. In Chapter 4, we delineate the proposed robust formulation of the interval

observer in the case where only the initial conditions of the plant are uncertain. In Chap-
ter 5, we delineate the proposed robust formulation of the interval observer in the case
where the dynamics of the plant are characterized by uncertain parameters, in addition
to uncertain initial conditions. In Chapters 4 and 5, the performance of the proposed ob-
servers is characterized. In Chapter 6, we conclude the thesis and identify areas of future
research.



Chapter 2

Cardinality Constrained Robust
Optimization

In [11], a method is proposed for protecting against varying numbers of perturbed coeffi-
cients, given an LP of the form

Problem 1: o -
minimize: ¢ q
subject to: Eq < b
l<q<u,
where E € R™" b e R™, and q,l,u,c € R".

All uncertainty is assumed to be in the constraint coefficient matrix E and cost coeffi-
cient vector c¢. The vectors b, [, and u are assumed to be known. Uncertainty in b can be
modelled by augmenting ¢ and E [11, Section 2].

The set Jy contains the indices of the uncertain cost coefficients, and the set J;, i €
{1,...,m} contains the indices of the uncertain coefficients in the ith constraint. If j € J,
then the jth element of the cost vector lies in the interval [c;,c¢; + d;], where the cost
perturbation term d; > 0 for all j. Similarly, if j € J;, i € {1,...,m}, then the jth
coefficient of the ith constraint lies in the interval [E;; — Aij, Eij +Eij], where the constraint
coefficient perturbation term E;j > 0 for all 4,j. The values of d; and El-j are known for
all 4, j. The protection levels Ty € Z>o and I'; € Rxg, @ € {1,...,m}, specify the number
of perturbations to be protected against in the cost and ith constraints, respectively. The
vector I' := col(I'y,I'y,...,T';,) specifies only the cardinalities of the sets of protected
coefficients, it does not specify individual coefficients to be protected.



Example 2.0.1. Consider an LP with the form of Problem 1, with the uncertain cost
coefficient vector and constraint coefficient matrix

I P I e B e

Given the range of possible values of the cost and constraint coefficients, we take the
nominal coefficients to be

1 1 2 |
‘= 1} E“{—075 2.5

and the coefficient perturbations to be

[0 ~ 01 0]
d_pJ E‘h%(m 

A coefficient is uncertain if its perturbation is nonzero. For example, d; = 0, so it is not
uncertain, whereas dy = 0.2, so it is uncertain. The sets of indices of uncertain cost and
constraint coefficients are

Jo = {2}
J1={1}
:]2 == {1, 2}
A
The robust formulation of Problem 1, as developed in [11], is given in Problem 2.

Problem 2:

‘M1 T
minimaize. c —l— max d 0o
q {SOISUQJO,SO|§FO}{Z J|QJ|}
JESO
bject to: Eiq; + a Eijlg;| + (Ts = |Ts)) B, <
subject to jzl 39 {SiU{UHSiQJi%iéLFij,tieJi\Si} {JGZS J|QJ| ( L J) " }_

[ <q<u, ie{l,...,m}

qt;

The cost of Problem 1 has been augmented with

Q Iy) = dilgi| ¢ . 2.1
O(Q’ 0) {50|50CH}3)§0|<F0}{Z J‘qj’} ( )

J€So

10



The set Sy C Jy in (2.1) contains the indices of perturbed cost coefficients. Maximizing
over Sy identifies the set of coefficients which, when perturbed, result in the greatest cost
for a given solution ¢. By augmenting the cost with )y, minimizing the cost yields an
optimal solution ¢* that minimizes the maximum cost over the class of perturbed cost
functions defined by I'y.

Similarly, the constraints Eq < b of Problem 1 have been augmented with

Qti|} ) (2'2)

where i € {1,...,m}. If ¢; > 0, then E;; will be perturbed in the positive direction, if
g; <0, then FE;; will be perturbed in the negative direction. Notice that 2; is nonnegative
for i € {0,...,m}. The set of indices S; U {t;} identifies the |I';] constraint coefficients

E;j to be perturbed by Ej;, j € S;, and the constraint coefficient Fj;, to be perturbed by

Qi(q, ;) = max {Z E\ij’qjl + (Fi - LFzJ)E\zt
JES;

(SOt ST Si T €\ S }

(I’i — LI’iJ)Eti, that maximizes the increase in > i Ei;q;. This has the following implication
for feasibility.

Proposition 2.0.1. Any feasible solution to Problem 2 for given T';, i € {1,...,m}, is
also a feasible solution for any I'; < Ty, i€ {1,...,m}.

Proof. By construction, a constraint perturbation (2.2) increases the left-hand side of con-
straints of the form ) ;B < b Therefore, as I'; increases, thereby increasing the
magnitude of €;(g, I';), solutions that satisfy constraint ¢ with insufficient slack become in-
feasible. Conversely, as I'; decreases, the left-hand side of > i Eija; < b; decreases, thereby

expanding the set of feasible solutions. Consequently, for fixed F, E, b, l, u, the set of

feasible solutions to Problem 2 using the protection levels T, < T';, ¢ € {1,...,m} is a
superset of the feasible solutions to Problem 2 using the constraint protection levels I';,
ie{l,...,m}. O

Note that Problem 1 is equivalent to Problem 2 when Q; = 0, i € {0,...,m}, which
is achieved by setting I'; = 0 for all 4, as this yields S; = @ for all ¢ and (Fi — LRJ) =0,
ie{l,...,m}.

Example 2.0.2. Consider the LP described in Example 2.0.1. Suppose the constraint
protection levels are I'y = 0 and I'y = 1. The robust solution is deterministically feasible
for the perturbed constraint matrices

1 2 1 2

-1 25 —0.75 3|’

1 2
—0.75 2.5
11



since 0 elements in the first row have been perturbed and at most 1 element in the second
row has been perturbed. However, the robust solution will not necessarily be feasible for
the perturbed constraint matrices

1 2

-1 3|

1.1 2

—0.75 2.5
In the first matrix, 1 > I'y element has been perturbed in the first row, and in the second
matrix, 2 > I'y elements have been perturbed in the second row. Setting I'y = |J;| = 1 and

'y = |Jo] = 2 would ensure that the robust solution is feasible for all possible perturbed
coefficient matrices.

A
Problem 2 has the following equivalent linear formulation [11, Theorem 1].
Problem 3:
minimize: ¢ q+ oLy + Z Doj
Jj€Jo
subject to: Z Eijq; + G + Zpij < Vi#0
J Jj€J;
Co + poj = djy; Ve
Ci+pij2Eijyj Vi#0,j€J;
pij >0 Vi jged;
y; =20 V)
G =0 Vi
-y <q <yj Vi
lj <q; <y V7,

where, q;, Co, Doj, iy Dij  yj € Ry i € {1,...,m}, j € {1,...,n}, are decision variables.

Optimizing over the new decision variables (y and py;, and (; and p;;, © # 0, is equivalent
to selecting the sets Sy and S;, @ # 0, respectively, in Problem 2 [11, Proof of Theorem
1]. The vector of new decision variables y in Problem 3, and its associated constraints, are
the linear equivalent of taking the absolute values of the elements of ¢ in the perturbation
terms (2.1) and (2.2).

When exclusively uncertain cost coefficients are considered, the variables ¢; and p;; for
1 # 0 may be eliminated, as they pertain only to uncertainty of constraint coefficients. For
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indices associated with nonnegative decision variables, i.e., j € {j' | I > 0}, there is no
need to take the absolute value of ¢; when computing the perturbation terms (2.1), (2.2).
Since the vector of decision variables y and its associated constraints are the linear equiv-
alent of the absolute value operation, we may eliminate y; and the constraints y; > 0, and

replace y; with g; in the constraints (o + po; > dy; and ¢; + p;; > Eyj, for j € {5/ |1 > 0}.

2.1 Cardinalities

One of the advantages of the robust formulation of [11], is that a single optimization is
needed for a class of perturbations. In this section, we characterize the cardinalities of
admissible perturbation sets.

Proposition 2.1.1. For a fixed Jy and I'y, the number of combinations of indices of
perturbed cost coefficients Sy is
i (uo\)
e )

k=0

Proof. The set of possible Sy contains all Sy that contain k indices of perturbed coefficients,
k€ {0,...,I'g}. For a fixed k, the number of combinations is |.Jy| choose k. Therefore, the
number of possible Sy is the sum of |Jy| choose k, k € {0,...,To}. O

Proposition 2.1.2. For fivzed J; and T';, i € {1,...,m}, the number of combinations of
indices of perturbed constraint coefficients is

TR

=1 k=0

Proof. For a fixed i, the set of possible constraint perturbations contains all S; that contain
| k] indices of maximally perturbed coefficients, k € {O, ce LFzJ} For a fixed k, the
number of combinations of strictly maximal perturbations is |J;| choose |k]. Therefore,
the number of possible S; is the sum of J; choose k, k € {0, ooy | T }

By construction of the constraint perturbation term (2.2), no coefficient will be partially
perturbed unless the maximum number of coefficients have been maximally perturbed, i.e.,
|[';] coefficients have been maximally perturbed, and at most one coefficient will be par-
tially perturbed. There are therefore |J;| choose |k|,1 combinations of [I';] perturbations
for nonintegral T;. If [T';] = |T;], i.e., for integral T';, there are no such combinations.

13



The number of index combinations for an individual constraint is the sum of the number
of combinations of indices of strictly maximal perturbations and the number of combina-
tions of indices of [T';] perturbations. By the product rule of counting, the number of
combinations across all constraints is equal to the product of the numbers of index combi-
nations over all m constraints. O

Example 2.1.1. Consider the following nominal coefficients and perturbations,

c:m d:m E=[11 E=[ 1],

which gives us Jy = {1,2} and J; = {1,2}. We take I'y =T, = 2.

By Proposition 2.1.1, there are four combinations of the indices of cost perturbations,

SO € {@7 {1}7 {2}7 {17 2}}’

hence, the perturbed cost vector can take any value in the set

{HRERHRH)S

By Proposition 2.1.2, there are four combinations of the indices of constraint perturba-

tions,

S € {@,{1},{2},{1,2}}.
However, unlike the cost coefficient perturbations, the constraint coefficient perturbation
corresponding to Fij, j € S, may be positive or negative, depending on the sign of the
decision variable ¢;. There are therefore two perturbed coefficient values we must consider
for each j € S;. The perturbed constraint coefficient matrix can take any value in the set

{[0 0],[0 1],[0 2],[1 0o],[r 1],[1 2],[2 0],[2 1],[2 2}}.

We see that even for n = 2, m = 1, there is a relatively large number of potential
instances of an uncertain problem. In this example, there are four possible cost vectors,
and nine possible constraint matrices, yielding a total of 36 problem instances.

JAN

Example 2.1.1 illustrates the potential computational benefit of the robust formulation
of [11]: a single solution is generated, which is optimal over the entire class of perturbed
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problem instances defined by I', in the sense that the highest cost over this class for this
fixed solution is minimized.

To illustrate the rapid growth in the number of problem instances to consider as n
increases and I' is varied, we list the number of admissible cost vectors and constraint
matrices in Table 2.1. We assume that |J;| = n, for all ¢, and that all T';, i # 0, are equal.

Table 2.1: Number of combinations of indices of cost and constraint coefficients for various
problem dimensions and protection levels.

n|m|To| Ti | |[{Possible Sp}| | |{Possible Uiz Si U {ti}}]
2| 2 5 16
5| 3 2 4 64
1.5 125
313 3 512
3| 4 3 8 4096
2.5 10000
4| 4 A 65536
4l s 4 16 1048576
3.5 2476099
515 5 33554432
516 5 32 1073741824
4.5 2176782336
2.2 Equality Constraints
The LPs used to design the interval observers in [12] contain equality constraints, which
are incompatible with the stipulated form of constraints in Problem 1. We characterize
the effect of the protection process of [11] on strict equality constraints with uncertain

coeflicients.

Proposition 2.2.1. Given a problem of the form of Problem 2, if there is an equality
constraint with at least one uncertain coefficient and a nonzero protection level, i.e., J; # @
and I'; > 0, where constraint i is an equality constraint, then Problem 2 is infeasible.
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Proof. An equality constraint can be formulated as two inequality constraints,

Eiq; < b Eijq; < b
> Eiyq=b = 2 iy < = 25 Bt (2.3)
- > Eija; = bi — 22, Bijq < —bi.

Denoting the index of the second constraint by #’, the robust formulation of (2.3) is

Z Eijq; + Qi(q, ;) < b;
J
- Z Eijq; + Qu(q, Tv) < ;.

J

Summing these constraints, we have
(g, Ty) + Qi (g, Tir) <0. (2.4)

Since §; > 0, with equality holding if and only if T'; = 0, inequality (2.4) is satisfied if
and only if I'; = I';; = 0. Therefore, equality constraints with uncertain coefficients render
Problem 2 infeasible for any nonzero protection level. O

This issue is addressed in our treatment of interval observers.

2.3 Multiple Distinct Perturbations to Individual
Cost Coeflicients

Problem 2 protects against [y cost coefficient perturbations. However, this method is
based on the assumption that the perturbing of a particular cost coefficient is binary,
i.e., it is either maximally perturbed, or it is not perturbed. As we shall discuss in our
treatment of interval observers, there can be multiple possible perturbations for a particular
cost coefficient, each having a distinct physical interpretation. We propose a method
of modifying Problem 2 such that individual cost coefficients may be protected against
multiple distinct perturbations. We present this process for the case where there are two
distinct perturbations, but this process can be extended to an arbitrary number of distinct
perturbations.

Define the vector of dummy variables ¢ € R™ to be a copy of the decision variable
vector q. Define d°,d’ € RY, to be the vectors of cost coefficient perturbations associated
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with ¢ and ¢/, respectively, in the augmented problem. Define the stacked decision variable

vector @ == col(q,q') € R*, and the stacked perturbation vector D := col(d’,d’) € R%%.

We stipulate that -
d’+d =d, (2.5)

which implies that, for j € {1,...,n}, D; + Dj;, = d;, and impose the constraint

7 =q, (2.6)
which implies @+, = @;.

Replacing ¢ with @, and d with D in the cost perturbation term (2.1), yields the
objective

minimize: ¢'q + max E D;Q; ¢ .
{S01S0CJo,|So|<I0} jes
0

Note that introducing the decision variable ¢ implicitly extends the cost vector ¢ to ¢ ==
col(c,0,), i.e., the dummy variables ¢’ are nominally unweighted, but their associated cost
coefficients can be perturbed. This change in the cost coefficient vector changes the set of
indices of uncertain cost coefficients from Jy C {1,...,n} to J, C{1,...,2n}.

Proposition 2.3.1. For a fized k € Jy, {k:, (k + n)} N Jy # @, perturbing the cost co-
efficients cj, and ¢, by Dy and Dy, respectively, is equivalent to perturbing the cost
coefficient c;, by dj, in Problem 2.

Proof. Both Problem 2 and the augmented problem have an unperturbed cost of ¢'q. We
therefore need only show that the perturbations are equal, i.e.,

drqx = DipQr + DigrQtgn-

By the definitions of D and @), and applying (2.5) and (2.6), we have

= (d) + d)qn
= d Q-

]

Proposition 2.3.2. If Ty =1 =0, or g = |Jy|, Ty = |J}|, then the augmented problem
yields the same optimal solution as Problem 2.
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Proof. Since the cost perturbation term (2.1) is 0 for a protection level I'y = I'j; = 0, the
costs of Problem 2 and the augmented problem are ¢' g, proving the claim for 'y = Ty = 0.

For Ty = |Jo|, Tf = |J{|, all uncertain cost coefficients are perturbed. The cost of
Problem 2 is perturbed by
> djlal, (2.7)
J€Jo

and the cost of the augmented problem is perturbed by

> Dilal. (2.8)

je,

Applying Proposition 2.3.1 for all k € Jy, we have that (2.7) and (2.8) are equal, thereby
proving the claim. OJ
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Chapter 3

Interval Observers

We propose a method of interval observer design, based on that of [12], for systems of the
form
&= Ax + &(z,1)

3.1
y= Co. (3.1)

where x € R" is the state vector, A € R™ " is uncertain but bounded, the nonlinear
function £ : R™ x R — R” is uncertain but bounded, y € R? is the output, and C' € RP*".
We make the following assumptions regarding the boundedness of A and &.

Assumption 1. Given a system of the form (3.1), there exist known matrices 4, A € R™*",
such that A < A < A.

Assumption 2. Given a system of the form (3.1), there exist known constants ¢, £ eR”,
such that § < E(x,t) < & forall t > 0 and all z € R™

An interval observer comprises an upper observer, whose estimates " bound the true
states  from above, and a lower observer, whose estimates ! bound the true states from
below:

for all ¢ > 0, 2'(t) < z(t) < 2“(t). (3.2)

We refer to (3.2) as the interval property, and for it to be satisfied, the upper estimation
error e* := 2% — x and the lower estimation error ¢! := x — 2! must satisfy positivity.

! i.e., the difference between

Summing e* and €', we obtain (2% — )+ (r — ') = 3% — 2
the upper and lower state estimates. This value is called the interval error and we denote
it by e .= 2*—2'. If e(t) > 0 for all t > 0, then 2%(t) > 2!(¢) for all t > 0, i.e., the positivity

of the interval error e ensures that % is always above &!. Positivity of the interval error
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is a necessary, but not sufficient, condition to satisfy the interval property. The observer
pair must also be initialized such that #*(0) and 2!(0) satisfy (3.2). We therefore make the
following assumption.

Assumption 3. Given a system of the form (3.1), there exist known constants x,, o € R",
such that z, < z(0) < 7.

If the evolution of e is governed by positive dynamics, Assumption 3 means we can
always set 2!(0) :== (2*(0),2'(0)) such that the pair %! := (2", 2') satisfies the interval
property with respect to the true state x. An interval observer is said to be conver-
gent if lim;_, e(t) exists and is bounded, and is said to be asymptotically convergent if
limy o e(t) = 0.

A special case of system (3.1) of interest is when there is no model uncertainty,
(3.3)

i.e., A= A and ¢ is only a function of the output and time, i.e., &(x,t) = £(y,t). We call
this the known model (KM) case; only the initial conditions x(0) of (3.3) are uncertain.
In the general case of (3.1), called the uncertain model (UM) case, the initial conditions
x(0), state matrix A, and the instantaneous values of the nonlinearity £ are uncertain, but
bounded. In both the KM and UM cases, we assume existence and uniqueness of solutions
for x(t) for all t > 0.

3.1 Known Model Interval Observers

A known model interval observer (KMIO) is constructed for systems of the form (3.3), and
has the dynamics [12] '
4= A"+ {(y,t) + L(y — C7")

y ¥ ¥ (3.4)
i = AR+ €y, ) + Ly — C2Y,
initialized at
z4(0) =7,
W= (35
x (0) = Xy,

where L € R™*P is the observer gain matrix. An asymptotically convergent interval ob-
server of the form (3.4) exists if and only if there exist A € R™ and § € R that satisfy the
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following constraints [12, Theorem 3.1]:

(A-LC)'A <0,
(A= LC)" 4 BI > 0y (3.6)
A>0,.

The first and second constraints ensure that (A— LC') is Hurwitz and Metzler, respectively.
The quantity 1 is added in the Metzler constraint because only the off-diagonal elements
of a matrix must be nonnegative to satisfy the Metzler property.

Linear programming is used to generate optimal L matrices for the interval observer
dynamics (3.4). But there are three issues we must address first: 1) a linear cost function
must be identified; 2) the constraints (3.6) contain strict inequalities, which are not per-
mitted in linear programming, as the feasible set of an LP must be closed, to ensure that
the extrema are well-defined; 3) the constraints are not linear in L.

If the constraints (3.6) are satisfied, the ¢;-norm of the interval error is [12, Section

ILB]
’ /0 eyt

The function (3.7) is not linear in L, however, modifying the Hurwitz constraints in (3.6)
to be strictly equal to —1,,, instead of strictly less than 0,,, yields

lell =

- —(#(0) — #'(0)) (A= LO)T1,,. (3.7)

(A—LC)'\=—1,.
Solving for A and substituting into (3.7) yields the function
u . T
lell, = (2%(0) = 2'(0)) A, (3.8)

which is linear in \.

Introducing the matrix Z € RP*"™ we define
= diag(\)"'Z". (3.9)
Substituting this definition of L into the modified version of (3.6) yields the constraints

AT\-Cc"71, = -1,
ATdiag(\) — CTZ + BI > 0,0,

which are linear in A\, Z, and f.
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Lastly, at implementation, the constraint A > 0, is replaced with A\ > £1,,, where
e € Ry is an arbitrarily small constant.

System (3.4) with initial conditions (3.5), is an asymptotically convergent interval ob-
server for (3.3), if and only if Problem 4 is feasible. The gain matrix L, defined in (3.9), is
computed using an optimal solution to Problem 4:

Problem 4:
minimize: (£"(0) — :%I(O))T)\
subject to: AT\ —-C"Z1,, = -1,
ATdiag(\) — CTZ + BI > 0,
A>0,.

3.2 Uncertain Model Interval Observers

An uncertain model interval observer (UMIO) is constructed for systems of the general
form (3.1), and has the dynamics [12]

B = A"+ Ly — C3") — (A= A)p(2") + €

il = Az + L(y — Cxl) - (Z - A)@b(il) +§ (3.10)
:%“(0) =29
£l<0) = Ly,

where ¢ : R" — R%; and ¢ : R" — RZ; are defined as
¥(z) = 5 (@ + Jzl)
o(r) = 5 (v — |).

The function 1 retains the positive elements of x and maps the negative elements to 0,
and ¢ retains the negative elements of x and maps the positive elements to 0.

N~ DN~

A convergent interval observer of the form (3.10) exists if and only if there exist A € R™
and § € R that satisfy the following constraints [12, Theorem 4.2]:

(A-LC)"A <0,
(A= LC)" + BI > 0y
A>0,.
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The first and second constraints ensure that (A—LC) is Hurwitz for all A < A and Metzler
for all A > A, respectively.

We make the following assumption, which is needed to optimize a particular objective;
it is not necessary or sufficient for the existence of the interval observers we discuss.

Assumption 4. Given a system of the form (3.1) that satisfies Assumptions 1 and 2, there
exists a constant ' € R% such that s > |sup,sz(t)|.

Invoking Assumption 4, the ¢;-norm of the steady state supremum of the interval error
is bounded above by [12, Theorem 4.2]

llell, = lilgnsup lle(t)]|: < — [Q(Z - A)%—FE— §]T(Z - LC’)_Tln. (3.11)

Following an analogous process to that of Section 3.1, we obtain the linear cost function
_ - = T
lefly < [2(A—A)se+E—¢] A, (3.12)

and the linear constraints in Problem 5. System (3.10) is a convergent interval observer
for (3.1), if and only if Problem 5 is feasible. The gain matrix L, as defined in (3.9), is
computed using an optimal solution to Problem 5:

Problem 5: . -~ -
minimize: [2(A—A)x+&—¢] A
subject to: ZT)\ -c'z1, = -1,
A'diag(\) = C"Z + BI > 0,
A >0,

I'Pronounced “kappa’”.
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Chapter 4

Robust Known Model Interval
Observers

Problem 4 is used to generate an L that minimizes the ¢;-norm of the interval error of the
KMIO (3.4). By (3.8), |le||l1 is directly proportional to the difference between the initial
conditions of the upper and lower observers. Therefore, initializing the upper and lower
observers closer together effects a smaller ||e]|;. We assume that under particular operating
conditions, tighter upper and lower initial conditions, #%(0) and 2'(0), respectively, may
be chosen such that #!(0) < z(0) < £%(0), which is required to satisfy the interval prop-
erty (3.2). By casting Problem 4 in the framework of Problem 2, we develop a tunably
robust known model interval observer (RKMIO).

4.1 Robust Formulation of the Known Model Interval
Observer Problem

Define the constants gg, fé € R” such that z, < gg < fé < T and (fé — gg) = (To — xzy)-
As discussed, using these tighter initial conditions, i.e., setting £%!(0) = (gg,fé), causes
an elementwise reduction in the cost vector, which reduces the attainable optimal ||e]|;.
Define the notation

Afo Z:fo—fé Z 0

Az = z) — x4 > 0.

We wish to treat perturbations of the upper and lower bounds of the initial conditions
separately, allowing for a larger class of uncertainty than merely perturbations in the
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size of the interval. Using the method developed in Section 2.3, set @) := col(\, ') and
D = col(AZy, Az,). We do not duplicate the unweighted decision variables Z or f.

Perturbations of the cost coefficients corresponding to A are interpreted as upward
perturbations of fé, and perturbations of the cost coefficients corresponding to N are
interpreted as downward perturbations of gg. For consistency of notation with Problem 2,
we retain the symbol d to represent the redefined cost coefficient perturbation vector D,
and for clarity, we use the symbol A instead of ). We also forgo the / notation. Lastly,
since A > 0, we omit the absolute value operation in the cost perturbation term (2.1).
We propose the following robust formulation of Problem 4.

Problem 6:
b T
manimaize: (Typ — xpn) A+ max d;\;
( 0 _0) {50|50CJo,|So|<To} {]ezs:o ! j}

subject to: A"\ —C'Z1, = -1,

ATdiag(\) — CTZ + BI > 0,

A>0,

N =\
Remark 4.1.1 (Computational Complexity of the Robust Known Model Problem). The
original KM problem, Problem 4, has n + pn 4+ 1 decision variables. Introducing the
dummy variables A’ increases the number of decision variables to 2n + pn + 1. The linear
robust formulation, Problem 3, is used to implement the robust KM problem, Problem 6,

which introduces the decision variables ¢y and py; for all j € Jy. There is therefore a total
of (2n+ pn + 2+ |Jy|) decision variables, where |Jo| < 2n, and we assume p < n.

There exist algorithms that can solve LPs in O(%U ) time in the worst case [12],
where N is the number of decision variables and U is the bit length of the binary encoding

of the vectors ¢, b, and matrix F. Therefore, Problem 6 can be solved in O (% U ) time.
Perturbing all elements of (T — ) by setting Ty = |Jo|, recovers the cost vector

(To — x,) of Problem 4. Further, there is exactly one possible perturbed cost vector for
[y = |Jo|, therefore, we must verify that the optimal costs of Problems 4 and 6 are equal.

Proposition 4.1.2. If Ty = |Jy|, then Problem 6 and Problem /j are equivalent.

Proof. Setting I'g = |Jp| results in Problem 6 optimizing over all uncertain cost coefficients,
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ie., Sy = Jo.
(75— ) "N+ ATIA + Az N
:(fé + AEO)T)\ — (gg — AQO)T)\
=(To — gO)T)\
Since the cost function and constraints are equivalent, the problems are equivalent. O]
Given the pairs (T, ), (To, z,) € R" xR", a set of indices of uncertain cost coefficients

Jo, and a set of indices of perturbed cost coefficients Sy, we generate a pair of initial
conditions 2%!(0) € R" x R™ via the mapping

W PFO(JQ> — R" x R"

4.1
S0 (°(0),20)) .
where
L Zoi leSTL,ZES()
#0) = T, otherwise
07 )
#(0) = { z). otherwise.
A pair of initial conditions (2*(0),2'(0)) € R™ x R™ defines a set in R" by
{z eR":3'(0) <a<3"0)}. (4.2)

A generic 2-dimensional example of these sets is illustrated in Figure 4.1. The possible
values of x1(0) and x2(0) are on the horizontal and vertical axes, respectively. The outer-
most box encapsulates the interval defined by (7o, z,) guaranteed to contain z(0), and the
solid inner box denotes the inner interval defined by (Z,z}). The boxes extending from
the solid inner box represent individual perturbations. For example, the rightmost box
represents the perturbation of Eél to To1. If both elements are perturbed in the positive,
or negative, direction, the set (4.2) includes the white regions bordered by both boxes
representing individual perturbations. For example, if fél is perturbed to Ty; and 532 is
perturbed to Tgy, ie., (Th, z)) is perturbed to (Zo,z)), the set (4.2) comprises the solid
inner box, the rightmost box, the topmost box, and the top-right white box. To satisfy the
interval property (3.2), the observer’s initial conditions 2%!(0) must be chosen such that
the set (4.2) contains all possible x(0).

Further, for a fixed cost protection level I'y, we generate the set of initial conditions
effected by perturbing at most I'y elementwise boundaries of the interval (4.2) defined by
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Figure 4.1: A 2-dimensional example of the intervals defined by the pair (Z3, z)), (T, z,) €
R? x R2

i

the pair (z},Z5), via the mapping

X PFO(J()) X ZZO — R" x R"
(Jo, o) = {&“1(0) | (3 So € Pry(Jo)) (¥(So) = “(0))}.

Problem 6 generates an L that minimizes the maximum |/e||; of the interval observer (4.3),
over all initial conditions 2“!(0) € X (Jy, Tg) for a fixed Ty.

4.2 Optimality

Since Problems 4 and 6 have the same constraints, they admit the same set of feasible
observer gain matrices Fk,, C R"™P. Define the set Lrr(Jo, Lo) C Fky to be the set of
all matrices L constructed using optimal solutions to the robust KM problem, Problem 6,
for a given Jy and ['y. Similarly, define the set Lxy C FZ,, to be the set of all matrices
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L constructed using optimal solutions to the original KM problem, Problem 4, using the
cost vector induced by the initial conditions (7o, ;).

We propose the following RKMIO,

= A+ £(y,t) + L(y — CF
= Az 4+ E(y,t) + Ly — CiY) (4.3)
2*10) € X(Jo,Ty),

where L € ﬁRKM<J0,F0>.
Define the mapping

€y, - R™P x X(Jo, |J()|) — RZO

(L);fj“vl(o)) — —(i‘u(O) _ i,l(o))T(A _ LC)_T (44)

By (3.7), the mapping (4.4) gives the ¢;-norm of an interval observer with dynamics (3.4),
initialized at 2%!(0).

Theorem 4.2.1. Given a system of the form (3.3), constants z, < z} < Ty < Ty, such that
Ty 2 T and xy < 2(0) < Ty, indices of uncertain cost coefficients Jy, and cost protection
level Ty < |Jo|, the proposed RKMIO (4.3) effects a smaller ||le||y than the KMIO (3.4)
initialized at (To,x,), and a mazimum ||el|y over the set of initial conditions X (Jy,I'g) no
greater than that of (3.4), i.e

max L ,mA“’IO < max L ,a?“’lO < Ly, ,Lg) ) -
iu’l(o)ei«uﬂo) €z1( REM ( )) > iu’l(o)ei«uﬂo) 6131( KM ( )) 621( xus (To _o))
(4.5)

Proof. By (3.7), for a fixed L, choosing initial conditions Tt = (20, 2)) such that (% —
) = (2%(0) — 2'(0)), effects a smaller ||e||;. Since (To, z,) ¢ X(J [g) for any T'y < |Jol,
we have

(V To < |Jol) (4" € X(Jo, To)) (£4(0) = (To, zo)) = (egl(L,:%g’l) < en(L, (fg,go))).
(4.6)
Therefore, initializing the KMIO (3.4) at #%'(0) € X (Jo, o), Ty < |Jo|, effects a smaller
|le]|1 than initializing at (Zg, z).

By construction, the optimal cost of Problem 6 is equal to

max ee, (L, 2%1(0)),
#ul(0)eX (Jo.To) Kl( ( ))
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i.e., the maximum ||e||; over all initial conditions 2“!(0) € X(Jy,Ty). Since Problems 4
and 6 admit the same set of feasible L matrices, by the optimality of L € Lgrxas, there
exists no L € Lk that effects a smaller maximum |[le||; over the set of initial conditions
X (Jy,Tp). Combining this with (4.6), we verify (4.5). O

Theorem 4.2.1 signifies that the [le||; of the RKMIO (4.3) for any I'g < |.Jy], is strictly
less than that of the KMIO (3.4) initialized at (T, x,), and no greater than that of the
KMIO initialized in X'(Jo, T).

4.3 Implementation

In this section, we delineate and illustrate the design process of the proposed RKMIO (4.3).

1. Identify Ty, z,, T5, ).

2. Set I'y to the smallest value such that each possible initial condition z(0) is contained
in at least one of the sets (4.2) defined by an initial conditions pair 2%!(0) € X' (Jy, T'o).

3. Using ¢ = (T} — z}) and d == col ((Ty — ), (z) — x,)), solve Problem 6 using the

constraint A > €1,,, where € € R, is an arbitrarily small constant.
4. Using the optimal A\ and Z, construct the observer gain matrix L = diag(\)™1Z".

5. Initialize the RKMIO (4.3) in the elementwise smallest interval (4.2) induced by
2%1(0) € X(Jy,Tg) such that 2'(0) < z(0) < £%(0), for all possible z(0).

The single resultant RKMIO with gain matrix L, is optimal in the sense that the
maximum ||e||; over all initial conditions #%!(0) € X(Jy, T) is minimized, and is optimal
in this sense for any initial conditions in X' (Jy,I'g). By stipulating that £%!(0) be chosen
such that the set (4.2) contains z(0), we ensure the interval property (3.2); by setting I'y
as small as is possible while ensuring the interval property, we minimize the attainable

optimum cost.

For the class of systems defined by a fixed I'g, we perform only a single optimization,
i.e., design a single interval observer, whereas the original KMIO (3.4) of [12], is optimal
only for a single 2“!(0), and would need to be optimized for each set of initial conditions
in X(Jo,I'p). This is advantageous in situations where the initial conditions of the plant
are guaranteed to lie within some range, but under certain circumstances, this range can
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be refined. For example, as discussed in the Introduction, when performing many similar
experiments, but deliberately varying the initial conditions in specific iterations. Or when
reinitializing an autonomous robot after it has sustained damage, and its current states
are uncertain.

Example 4.3.1. To illustrate the proposed approach, we construct and implement an
RKMIO for the system (1.1), whose state space model is

A= [—13 :ﬂ c=[ —1].

We take the constants Ty, z,, Ty, £, to be

R P = A

which define the intervals (4.2) illustrated in Figure 4.2, and the cost and perturbation

vectors . R . )
c = (Tg — zp) d= COl((fo — ), (x — Eo))

=15 05", =[05 15 2 1] .

The indices of uncertain cost coefficients are those corresponding to nonzero elements of d,

Jo=1{1,2,3,4}.
Setting € = 107%, we construct Problem 6 in the linear robust formulation of Problem 3

minimize: ¢' X+ (oo + Z Doj
Jj€Jo
subject to: ATAN=C"Z1, = -1,
ATdiag(\) —CTZ +BI >0

Co + poj = d;A; Vied
Poj = 0 VjeJo
G =0

A > 10751,

N =\
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Figure 4.2: Initial conditions intervals defined by (4.7) in Example 4.3.1.

The KMIO of [12] is initialized at 2%!(0) = (Tg,z,). We compare the maximum ||e||;
over the set of initial conditions X'(Jy, I'y) of the proposed RKMIO (4.3), to the |le||s
effected by the KMIO of [12]. The maximum ||e]|; of the RKMIO over the initial conditions
X (Jy,Tg), the matrix L, and the percent reduction in | e[y, i.e.,

100 [ 1 MaXeni©)ex (o To) €0 (Lrkar, 244(0))
e, (L, (To, 2y)) ’

are presented in Table 4.1 for T'y € {1,2,3,4}. Recall that for I'y = |.Jy| = 4, the KMIO
and RKMIO are equivalent. Plots of the trial I'y = 1 are presented in Figures 4.3 and 4.4.

The data in Table 4.1 show that the reduction in ||e||; is potentially significant, ranging
from 9.00% to 48.0%. However, a reduction in |le]|; would also occur by initializing the
KMIO of [12] using tighter initial conditions. For comparison, we identify the greatest ||e]|,
effected by initializing the KMIO of [12] in the sets X' (Jy,T'9), I'y € {1,2,3}, and compute
the percent reduction in the maximum ||e||; effected by using the RKMIO instead of the
KMIO, i.e.,

100 1 _ maxiﬁu,l(o)e‘){((]o’ro) ezl (LRKM7 JA,'UJ(O))
maxgu.l(0)ex (Jo,I'o) €4 (LKMa f“’l(o))
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Figure 4.4: The estimates of x5 of the proposed RKMIO z and the original KMIO z*.
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Table 4.1: Solutions for various I'y.

Lo | [lefls L % Reduction
1 1.04] [413 —1.35]" 48.0

2 | 1.50 | [ 513 —0.564 1" 25.0
31182 [237 —423]" 9.00
41200 [310 —1.11]7

Table 4.2: Worst-case comparisons.

Lo | |lells 2%1(0) % Reduction
1 1110 [15 05]"x[-2 0]T 5.45
2 156 [15 2] x[-2 0]T 3.85
3118 |[15 2]Tx[-2 —1]T 2.15

We see in Table 4.2 that the reduction in the maximum |le||; over the set of initial
conditions X (Jy, 'g) is modest, ranging from 2.15% to 5.45%. As expected, the reduction
is inversely proportional to ['y. In Figures 4.5 and 4.6, we see that even though the RKMIO
effects a smaller ||e||;, its instantaneous upper and lower estimates are not necessarily
better than those of the KMIO; the RKMIO’s upper estimate z* is above the KMIO’s
upper estimate z"* for the entire simulation, but this is offset by the improvement in the
RKMIO'’s lower estimate .

A
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Figure 4.5: The estimates of 1 of the proposed RKMIO 2 and the original KMIO z* using
the worst-case KMIO initial conditions for I'y = 2.
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Figure 4.6: The estimates of x5 of the proposed RKMIO 2 and the original KMIO z* using
the worst-case KMIO initial conditions for I'y = 2.
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4.4 Experimental Validation of Approach

We conduct a Monte Carlo analysis to characterize the reduction in ||e||; effected by using
the proposed RKMIO (4.3), instead of the original KMIO (3.4) of [12] initialized at (Zo, ;).

The parameters T, go,fé, gg eR" A e R"™ and C € RP*™ are generated as uniform
random variables, such that
[To — zofL =1

4.8
R oa> 2, (48)
and
A;; €10,1] i,7€{1,...,n},i#j
Ay €[ —(n—1),0] ie{l,...,n} (4.9)
C e [0, 1]P*".

The constraints (4.8) provide consistency in the size of the initial condition intervals (4.2)
across trials. The ranges defined for the elements of A in (4.9) effect a bias toward positivity
and stability.

Ten thousand trials are conducted for each combination of n € {1,...,5} and p, [y €
{1,...,n — 1}. In each trial, Problems 6 and 4 are solved for the same parameters. The
absolute differences between the ¢;-norms of the interval errors of the proposed and the
original KMIOs are recorded, as well as the relative difference,

_ MaXgul0)ex(Jo,lo) €0 (LRKM: ju’l(o))

6(1 (LKM7 (507 QO))

The arithmetic means p and standard deviations o of these values are presented in the
following tables.

Table 4.3: Empirical results for n = 2.
n =2 | Absolute Relative
plTo| w o 1% o
111 (016 |0.23]0.11 | 0.059

In Tables 4.3, 4.4, 4.5, and 4.6, we see that the greatest mean reductions in ||e||; for
each n are approximately 11% — 29%. As expected, the reduction in |le||; is inversely
proportional to I'y, as Problems 4 and 6 are equivalent for I'y = n, and I'y = 0 does not

perturb the initial conditions from (Zg, z)). The data suggest that the reduction in |||,
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Table 4.4: Empirical results for n = 3.

n=3 Absolute Relative

pllo| p o p o

1 1 0.68 6.6 0.21 | 0.086
2 | 0.30 3.2 0.11 | 0.060

9 1 0.12 0.30 0.17 | 0.091
2 10.040 | 0.043 | 0.068 | 0.055

Table 4.5: Empirical results for n = 4.

n=4 Absolute Relative
pllo| n o M o
1 1.5 20 0.26 | 0.092
112 | 072 8.6 0.16 | 0.072
3 | 041 4.5 10.095 | 0.052
1 0.32 1.9 0.25 | 0.094
21 2 0.14 | 0.29 0.14 | 0.071
3 10.090 | 0.89 | 0.086 | 0.052
1 10.080 | 0.69 | 0.20 | 0.10
31 2 10.029 | 0.033 | 0.084 | 0.066
3 | 0.011 | 0.016 | 0.033 | 0.035

correlates positively with n and negatively with p. These relationships make the proposed
RKMIO (4.3) increasingly attractive as the number of states increases, and as the number
of outputs decreases, i.e., as the system becomes more complex and as less information is
available. The negative correlation with p can be interpreted as the robust formulation
compensating for the reduction in the number of measurements. A practical implication
is that the robust formulation can be used to justify using fewer sensors. However, for
many combinations of n, p, and I'y, the standard deviation is greater than the mean. This
suggests that the reduction is highly dependent upon the specific plant being observed.
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Table 4.6: Empirical results for n = 5.

n=>5 Absolute Relative
p|To Iz o I o
11 19 14 | 0.29 [ 0093
2 12 | 98 | 0.19 | 0.076
V3T 074 [ 60 | 0.13 [0.060
1] 051 | 53 10.085]0.046
11 068 | 78 | 0.29 |0.093
2 1 045 | 11 | 0.19 | 0.076
2737028 | 66 | 013 [0.059
1] 016 | 38 |0.081]0045
1] 017 | 022 | 0.28 [ 0.09%
2 [ 010 | 0.097 | 0.18 | 0.079
3737770063 | 0.058 | 0.11 | 0.060
10033 | 0.035 | 0.068 | 0.045
1 10049 | 0.046 | 022 | 0.11
2 10022 | 0.024 |0.099 | 0.073
4 173770.0092 [ 0.013 | 0.041 | 0.042
4 [0.0026 | 0.0068 | 0.010 | 0.022
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Chapter 5

Robust Uncertain Model Interval
Observers

Problem 5 is used to generate an L that minimizes the upper bound on the ¢;-norm of the
steady state supremum of the interval error. The cost of Problem 5 is proportional to the
difference between the elementwise upper and lower bounds on the state matrix (3.12). By
using tighter upper and lower bounds on the state matrix, we reduce the upper bound on
lle|l;. We assume that under particular operating conditions, the upper and lower state
matrices A% = (A%, AY) € R™™ x R™™ may be chosen such that A' < A < A*. By
casting Problem 5 in the framework of Problem 2, we develop a tunably robust uncertain
model interval observer (RUMIO).

5.1 Robust Formulation of the Uncertain Model In-
terval Observer Problem

Define the matrices AT, A" € R such that A<AT< At < A and (Zi —ANH < (A-A).
As discussed, using A% such that A < A' < AT and Zi < A* < A, causes an elementwise
reduction in the cost vector, which reduces the attainable optimal upper bound on ||é|;.
Recall that to satisfy the interval property, A%! must also satisfy A’ < A < A". Define the
notation



To treat perturbations of the upper and lower bounds of the state matrix separately,
thereby allowing for a larger class of uncertainty than merely perturbations in the width
of the interval, we apply the method developed in Section 2.3. We set Q = col(), \) and
D = col(2AA,2AA). We do not duplicate the unweighted decision variables Z or 3.

We wish to allow for perturbations to individual elements of the state matrices A
and A". This requires further duplication of the decision variable ), such that there is

exactly one decision variable corresponding to each element of A* and A", We introduce
the dummy variables X(Z), AP eRm e {1,...,n}, where the superscript (¢) is used rather
than repeated 7 notation. We redefine the stacked decision vector @) as

Q' = col <X(1), . ,X(”),A(”, o ,A(”)> c R
and the cost coefficient perturbation vector as

D' = col(2AAdiag(x), 2A Adiag(x)) € R, (5.1)

Introducing the decision variables X(l) and A® changes the sets of indices of uncertain
coefficients from J; C {1,...,2n} to J! C {1,...,2n?},i € {0,...,n? + n}. Note that the
maximum cardinality of J/ is equal to the maximum cardinality of J;, i € {1,...,n* +n},
as the number of decision variables appearing in each constraint remains the same. Since
perturbations to the cost and constraint coefficients have the same physical interpretation,
we ensure that the same number of coefficients are perturbed in the cost as in the con-
straints, by stipulating that the cost protection level be equal to the sum of the ceilings of
the constraint protection levels, i.e.,

Lo = Z[Fz] (5.2)

i£0

Perturbations to the coefficients corresponding to \ are interpreted as upward pertur-
bations of ﬁi, and perturbations to the coefficients corresponding to A are interpreted as
downward perturbations of A", For consistency of notation with Problem 2, we retain the
symbol d to represent the redefined cost coefficient perturbation vector D', and for clarity,
we use the symbol A instead of ()'; we also forgo the 7 notation. Lastly, since A > 0,,, we
omit the absolute values from the cost and constraint perturbation terms (2.1), (2.2).

By Proposition 2.2.1, an equality constraint with uncertain coefficients cannot be made
robust. We therefore propose the following robust formulation of Problem 5, where the
equality relation in the Hurwitz constraint is instead a nonstrict inequality.
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Problem 7:

minimize: [Z(Xi — AN+ & —¢] A+ max
- {S0|S0CJo,|So|<T0}

> deﬂ}
Jj€So
—IT

subject to: A PR cz1,

2

{Z AAN + (T; — [T J)AZtiiXE?} <1
keS;

max
{SiU{ti}|S: CJi,|Si|<|Ti ], ti€ Ji\S:i }

— (AN — T Z; + 6,48)

—Jr=]

max
{5rU{tr }Sr Cp,|Sr <[] str €Jr\Sr

{Z Aékiﬁgj) + (F?“ - LFTJ)AAtriAE?} <0
; keSy

A>0,
A=
A0 =\ i,je{l,...,n}, r=ni+j.

Remark 5.1.1 (Computational Complexity of the Robust Uncertain Model Problem). The
original UM problem, Problem 5, has n + pn + 1 decision variables and m = n? + n

constraints. Introducing the dummy variables X(l) and \V, i e {1,...,n}, increases the
number of decision variables to 2n? 4+ pn + 1. The linear robust formulation, Problem 3,
is used to implement the robust UM problem, Problem 7, which introduces the decision
variables (;, and p;; for all ¢ € {0,...,m}, 7 € J;. There is therefore a total of N =
(3n* +pn+n+ 1+ 37" |J;]) decision variables, where |Jo| < 2n? |J;| < n for the n
Hurwitz constraints, |J;| < 1 for the n? Metzler constraints, and we assume p < n.

There exist algorithms that can solve LPs in O(%U ) time in the worst case [12], where
U is the bit length of the binary encoding of the vectors ¢, b, and matrix E. Therefore,

Problem 7 can be solved in O (%U) time.

Denote by T' := col(I',...,T',24,) the vector of constraint protection levels. De-
note by J = {Jo,..., Ju21n} the set of sets of indices of uncertain coefficients, and by
|J| = col(|Jo|,...,|Jn24+n|) the vector of cardinalities of the members of J. Denote
by J = {Ji,..., Ju24n} the set of indices of uncertain constraint coefficients, and by
[J] == col(]J1], ..., |Ju24n]) the vector of cardinalities of the members of J.

Perturbing all coefficients by setting I' = |.J| recovers the cost and constraint coefficients
of Problem 5. We verify that the optimal costs of Problems 7 and 5 are equal.
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Definition 5.1.2. Given an instance of Problem 7 and an instance of Problem 5, if the
optimal costs of both problems are equal, and if there exists an injective mapping from an
optimal triple (A, Z, 8) of Problem 7 to an optimal triple (X, Z’, ') of Problem 5, we say
that Problem 7 recovers Problem 5.

Proposition 5.1.3. If " = |J| and Problem 5 is feasible, then Problem 7 recovers Prob-
lem 5.

To prove Proposition 5.1.3, we first prove that if I' = |.J|, then Problem 7 has the same
cost function and constraints as Problem 5, except the Hurwitz constraint is a nonstrict
inequality. Using several intermediary results, we prove that if I' = |J| and Problem 5
is feasible, then the Hurwitz inequality constraint in Problem 7 is always satisfied with
equality, thereby rendering Problem 7 and 5 equivalent.

Lemma 5.1.4. If ' = |J|, then Problem 7 has the same cost function and constraints as
Problem 5, except the Hurwitz constraint of Problem 7 is a nonstrict inequality.

Proof. Setting I'g = |.Jy| results in Problem 7 optimizing over all uncertain cost coefficients,
i.e., SO = Jo,

2(A = AN+ 8- A+ Y {2 A4 N} + 3 { 224700 |

Jj€Jo Jj€Jdo
=2 — AN+ E—€] A+ Y {[2%]-AZJT]A} +> {[2%]-AAJT]>\}
Jj€Jdo Jj€Jdo
=208 — AN+ E- g a+2 ) (%, + a4) I
J€Jo

204" = ANse+ € — €] A+ [2(AA; + AA;) ] A
=[2(A—-A)x+E—¢] "N

The cost function of Problem 7 for I'y = |Jy| is therefore equivalent to the cost function of
Problem 5.

Setting I' = |J| results in Problem 7 satisfying feasibility over all admissible constraint
coefficient perturbations, i.e., S; = J;, i € {1,...,n* + n}. We first examine the Hurwitz
constraint: A

A\ _crz,
A'N- T 71,
A'N-cT 7,

-1 die{l,...,n}
-1 die{l,...,n}
_1n7

ININA A
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which has the same coefficients as the Hurwitz constraint of Problem 5, but is a nonstrict
inequality.

We next examine the Metzler constraint:

—(ARXN = C7 2, 46,8 + AN < 0 djed{l....n}
= _(A;i)\j —C'Z;j+6;i8) + AAN < 0 Z7.7 ce{l,....,n}
= Aji/\j — O;Z] + 51]5 > 0 1,] € {17 ,TL}
= A'N=CTZ+BI > 0,4,
which is equivalent to the Metzler constraint of Problem 5. ]

Lemma 5.1.5. Using a nonstrict inequality relation in the Hurwitz constraint of Problem 7
instead of equality, as in Problem 5, results in

limsup [le(t)|1 < [2(A— A)»+E - QT)\O <[2(A-A)e+E— £]T)\, (5.3)

t—00 -

where \° is the \ in the original equality constraint.

Proof. Consider the two equations

A= —(
N = —(

LCY "1,

A —
A—LO) Tal,,

where o = diag(aj,an,...,q,),q; > 1,0 € il,...,n}. Since (A — LC)T is Hurwitz
and Metzler by construction, we have that —(A — LC)~" is nonnegative [13], and since
al, > 1,, we have X > A, with equality holding if and only if o = I. Since « is arbitrary,
it follows that A = —(A — LC)~Tal,, is equivalent to A < —(A — LC)~"1,,. Replacing A
with A" in the expression for the upper bound on ||é]|; (3.12) yields (5.3). O

Next, we prove that all feasible solutions to Problem 5 are feasible solutions to prob-
lem Problem 7, and, consequently, if Problem 5 is feasible, then any optimal solution to
Problem 7 will satisfy its Hurwitz constraint with equality.

Corollary 5.1.6. The set of feasible solutions to Problem 7 is a superset of the feasible
solutions to Problem 5.

Proof. By Lemma 5.1.4, if I' = |J|, then Problem 5 can be viewed as an instance of
Problem 7, where the Hurwitz constraint is a nonstrict inequality, instead of an equality.

If a constraint ) | ; Eijq; = b; is feasible, then the constraint ) i Ei;q; < b; can be feasibly
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satisfied with equality. Therefore, if I' = |J| and Problem 5 is feasible, then Problem 7 is
also feasible, and its Hurwitz constraint can be feasibly satisfied with equality. Therefore,
by Proposition 2.0.1, the set of feasible solutions to Problem 7 is a superset of the feasible
solutions to Problem 5 for any IT" < |J]. O

Lemma 5.1.7. If Problem 5 is feasible, then the Hurwitz constraint in Problem 7 is always
satisfied with equality.

Proof. By Corollary 5.1.6, if Problem 5 is feasible, then satisfying the Hurwitz constraint
in Problem 7 is feasible. By Lemma 5.1.5, satisfying the Hurwitz constraint with inequality
will effect a greater cost than when satisfied with equality. Therefore, satisfying the Hurwitz
constraint with equality is always optimal. O]

We can now prove Proposition 5.1.3.

Proof of Proposition 5.1.3. By Lemma 5.1.4, if I' = |J|, then Problem 7 is equivalent to
Problem 5, where the Hurwitz constraint is a nonstrict inequality instead of an equal-
ity. By Lemma 5.1.7, the Hurwitz constraint is always satisfied with equality. There-
fore, the two problems have the same optimal cost. It follows from the analysis in
the proof of Lemma 5.1.4 and the definition of A, that the isomorphism (A, Z,3) —
(col(Al, N, 2, ﬁ) satisfies Definition 5.1.2. ]

Problem 2 allows for positive and negative perturbations to the constraint coefficients,
but due to the form of Problem 7, each type of constraint, i.e., Hurwitz and Metzler, and

therefore the elements of A* and A", respectively, will only be perturbed in one direction.

Proposition 5.1.8. In Problem 7, perturbations to the elements of A% will be strictly
positive, and perturbations to the elements of AT will be strictly negative.

Proof. Since A is positive, all constraint coeflicient perturbations will be in the positive
direction. In the Hurwitz constraints, whose coefficients are the elements of Zﬂ a perturbed
coefficient of A has the value (ﬁjj + AA;) = Ay

Notice that in the Metzler constraint, we have reversed the direction of the inequality
to comply with the form of Problem 3. In the Metzler constraints, whose coefficients are

the elements of A", a perturbed coefficient of \ has the value (—A; + AA;) = —A;
Reverting the direction of the inequality to that of Problem 5, the perturbed constraint
coefficient of A is A,;. O
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Define the set of all admissible sets of indices of uncertain constraint coeflicients

n2+n

J = U {Prk(c]k)} = {{PFI(Jl)}7 T {Prn2+n(‘]”2+”)}}'

Given the pairs (Zi,AT), (A,A) € R™™ x R™" a set of sets of indices of uncertain
constraint coefficients J, and a set of sets of indices of perturbed constraint coefficients
S = {{Siu{ti} € i}, .., {Sn2n U {tnzn} C Ju24n}}, we generate a pair (A%, Al) €
R™" x R™ ™ via the mapping

= . j N Ran X Ran

5.4
S > (A, AY (5:4)
where o
Aj = A+ ([0 ~T)AA, ifi<n, jeft)
A otherwise,
l A'][‘Z if 7’7] < n, j € Sni-i—j
Ajz' - Ajz‘ - FlAA]z if 1,] S n, J S {tniJrj}
_}i otherwise.
A pair A*! defines a set in R™*" by
{AcR™™: A< A< A"} (5.5)

A generic example of these sets for n = 2, illustrated as contiguous columns constituting
a polygon, is presented in Figure 5.1. Each column represents the possible values of an
element of A. The entire region represents the interval defined by (A4, A), and the solid
inner polygon represents the interval defined by (ﬁi, A"). The upper and lower boundaries
on the entire region represent the elements of A and A, respectively, corresponding to the
element represented by each column. Similarly, the upper and lower boundaries of the
solid inner polygon represent the elements of A and A", respectively, corresponding to the
element represented by each column. The boxes extending from the inner solid polygon
in each column represent perturbations to a single element of At or A", For example, the
bottom-left box, in the A;; column, represents the perturbation of AL to A;;. To satisfy
the interval property (3.2), the state matrices used to construct the interval observer A%!
must be chosen such that the set (5.5) contains all possible A.
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A
A A Axr Ax

Figure 5.1: An example of the intervals defined by the pairs (Zi, A (A, A) € R x R
for n = 2.

Further, given constraint protection levels I, using (5.4) we define the mapping

2
A+ T x REGH — R x R

5.6
(J.T) = {4 | (3S € T) (E(S) = 4" }. (5:6)

The set (5.6) comprises all pairs of upper and lower state matrices effected by perturbing

no more than I' elements of the boundaries of the interval induced by the pair (AT, T) as
defined by (5.5). Problem 7 generates an L that minimizes the maximum upper bound on
le]l1 over all state matrix pairs A% € A(J,T) for a fixed T.

5.2 Optimality

Define F¥,,, Fii (J,T) C R™P to be the sets of all feasible observer gain matrices for
the original UM problem, Problem 5, and the proposed robust UM problem, Problem 7,
respectively. By Corollary 5.1.6, any feasible solution to Problem 7 is also a feasible solution
to Problem 5, i.e., Fkyy, (J,T) D FE,,. Define the set Lrya(J,T) C Fhy(J,T) to be the
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set of all matrices L constructed using optimal solutions to Problem 7 for a given J and
. Similarly, define the set Lyy C F¥,, to be the set of all matrices L constructed using
optimal solutions to Problem 5.

We propose the following robust uncertain model interval observer (RUMIO), whose
gain matrix (3.9) is constructed using an optimal solution to Problem 7 for a given J and

I ,
it = A"+ L(y — C3') — (A" — AY(d') + ¢

= AUt Ly — Ci*) — (A — A)op(i*) + €

A (5.7)
&'(0) = (To, zo)
At e A(J,T).
Define the mapping
e, 1 R"P x A(J,|J]) = R
( ‘ ) >0 (5.8)

(L, A%Y) s —[2(A" — AYse+ € — €] (A" — LC) ™1,

By (3.11), the mapping (5.8) upper bounds ||€||; of an interval observer with dynamics (5.7),
constructed with the state matrix pair A%!.

Proposition 5.2.1. The optimal cost of Problem 7 is no less than the tightest bound (3.12)
on ||é||l1 of the RUMIO (5.7).

Proof. Given the optimal state matrix pair (A%, A!) constructed using the mapping (5.4),
by construction of (3.12), the optimal cost is equal to the tightest bound (3.12) if and only
if the optimal perturbed cost vector is equal to

[2(A" — AN+ £ - ¢]. (5.9)

Since we stipulate in (5.2) that I'g = }_,,[I'i], exactly as many cost coefficients will be
perturbed as constraint coefficients, so (5.9) is always a feasible perturbed cost vector. By
construction, Problem 7 perturbs [2(? — AN+ €~ Q such that the maximum cost is
minimized. Therefore, the optimal cost cannot be less than the bound (3.12), as this would
violate optimality. However, if (5.9) does not effect the greatest maximum cost, then (5.9)
will not be the optimal perturbed cost vector. O

Theorem 5.2.2. Given a system of the form (3.1), with matrices A < AT < A < A,
such that A < A and A < A < A, indices of uncertain cost coefficients Jy, indices of
uncertain constraint coefficients J, cost protection level Ty < |Jo|, and constraint protection
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levels T' < |J|, the proposed RUMIO (5.7) effects a smaller upper bound on ||€||; than the
UMIO (3.10), and a mazimum upper bound on ||€||; over the set of state matrices A(J,T")
no greater than that if it were constructed instead using Lyy € Lyy, i-e.,

— w,l — w,l — A
T ee, (Lroa, A™') < 08X B (Lun, A™) < e, (Lum, (4, 4)). (5.10)

Proof. By (3.11), for a fixed L, choosing any state matrices Avwl = (A", A1) such that
(Av— Al < (A" — AY), necessarily reduces the upper bound on ||é||;. Since (A4, A) ¢ A(J,T)
for any I' < |J|, we have

(Vo < |Jo) (YT < |3)) (A" € A(J,T)) = (éﬁ(L,Ew <éen(L, (Z,A))>. (5.11)

Therefore, constructing the observer (3.10) with state matrices A*' € A(J,T), T < |J|,
instead of (A, A), effects a smaller upper bound on ||é||;.

By Proposition 5.2.1, the optimal cost of Problem 7 is no less than

max &, (L, A",
Awle A(JT)

i.e., the maximum upper bound on the ¢;-norm of the steady state supremum of the interval
error over all state matrix pairs A% € A(J,T). By Corollary 5.1.6, the set of feasible L
matrices admitted by Problem 7 is a superset of the feasible L matrices admitted by
Problem 5, and by the optimality of L € Lgzyy, we have that there exists no L € Lyy
that effects a smaller maximum upper bound on ||é]|; over the set of state matrix pairs
A(J,T). Combining this with (5.11), we verify (5.10). O

5.3 Implementation
In this section, we delineate and illustrate the design process of the proposed RUMIO (5.7).

1. Identify Ty, z,, A, A, Zi, A" s

2. Set T to the elementwise smallest value such that each possible state matrix A is
contained in at least one of the sets (5.5) defined by a state matrix pair A%! € A(J,T).

3. Using ¢ = [Q(Z¢ — AN+ € — g and d as defined in (5.1), solve Problem 7 using
the constraint A > €1,,, where € € R is an arbitrarily small constant.

47



4. Using the optimal A and Z, construct the observer gain matrix L := diag(\)1Z".

5. Construct the RUMIO (5.7) with the pair A%! € A(J,T) that induces the elementwise
smallest interval (5.5) such that A! < A < A%, for all possible A.

The single resultant RUMIO with gain matrix L, is optimal in the sense that the
maximum ||€]|; over all state matrix pairs A% € A(J,T) is minimized, and is optimal in
this sense for any state matrix pair in A(J,T). By stipulating that A*! be chosen such
that the set (5.5) contains A, we ensure the interval property (3.2); by setting I' as small
as is possible while ensuring the interval property, we minimize the attainable optimum
cost.

For the class of systems defined by a fixed I', we perform only a single optimization,
i.e., design a single interval observer. This is advantageous in situations where the dynam-
ical parameters of the plant are guaranteed to lie within some range, but under certain
circumstances, this range can be refined. For example, in wireless networks where the
dynamics, i.e., the load, changes more frequently than optimization can be performed, but
the load can be identified [11]. A RUMIO (5.7) could be designed for each I', and as
the load changes, the corresponding L and A*! would become active. Only a handful of
such interval observers would need to be designed, a priori, but would be optimal for po-
tentially billions of possible dynamics, as characterized in Proposition 2.1.2. The original
UMIO (3.10) of [12], is optimal only for a single A“!, and would need to be optimized for
each state matrix pair in A(J,T).

Example 5.3.1. To illustrate the proposed approach, we construct and implement a RU-
MIO for a system based on that in [12, Section IV.C],

-25 02 1

A=101 -05 1 ¢ =0.5sin(z])13
0 03 -08

C=[11 0].

We take the constants @y, z, £, §, %€ R3 to be

—0.5 -15] 1 ~1 1.7
To= |25 | zy=|15| €= [1| &€= |-1| »=|6],
1.5 0.5 1 ~1 2.6



and the matrices A, A, Xi,AT € R3*3 to be

Z:

Al =

[—2.48  0.22
0.12  —0.48
0 032
[—2.51 0.19
0.09 —0.51
0 029

1.02
1.02

—0.78]

0.99
0.99

~0.81|

A:

which define the cost and perturbation vectors!

c=2A" — AN tE-¢
— [2.412 2412 2.344]"

The indices of uncertain cost coefficients are those corresponding to nonzero elements of d,

and the indices of uncertain constraint coefficients are those corresponding to nonzero

[—2.49  0.21
0.11  —0.49
0 031
[—2.52  0.18
0.08 —0.52
0 028

elements of the constraint coefficient perturbation matrix?,

which yields

T

AA, O“?
E _ 01><3 AA2
01x3  O1x3
09><3 09><3
Jl = {]-7 2}
Jo = {4,5,6}
J3 = {77 87 9}
Jog =

IRefer to Appendix A.1 for the computed d.
2Refer to Appendix A.2 for the computed E.

013 019

013 019
A4, 010

09><3 dlag (CO](AA))
ie{4,...,12}\ {6}.
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1.01 ]
1.01
~0.79]

0.98 ]
0.98
~0.82)

d= col(QAXdiag(%), QAAdiag(%)).

Jo=1{1,2,4,5,6,7,8,9,10,11,13,14, 15,16, 17, 18},



Setting e = 1079, we construct Problem 7 in the linear robust formulation of Problem 3:

minimize: [Z(Xi — AN+ & —¢] A+ Gl + Z Poj

Jj€Jo
subject to: fo(i) —C 715+ ¢TIy + Zpij < -1 Vi#0
Jje€J;
— (ALY — CT Z; +6,8) + GTe + > pry <0 Vi, j£0, r=3+]
JEJIr
Co + poj > djA, Ve J
Ci+pijZEijAj Vi#0,j€J;
pij =0 Vi jeJ;
G =0 Vi
A > 10701,
PR Vi0
A0 = ) Vi£0.

The UMIO of [12] is constructed with A%! = (A, A). We compare the maximum upper
bound on ||é]|; over the set of state matrix pairs A(J,T') effected by the proposed RU-
MIO (5.7), i.e., the cost of Problem 7, to that effected by the original UMIO (3.10). The
maximum upper bound on ||é]|; over the state matrix pairs A(J,T'), the matrix L, and the
percent reduction in the upper bound on ||é]|; are presented in Table 5.1 for various T
For ease of exposition, define the scalar parameters 'y, I'y; € Z>(. The protection levels
for the Hurwitz constraints, i.e., I';, i € {1,2,3}, are all set to min(I'y,|J;|), e.g., 'y =3
effects I'y = 3, I'y; = 3, and I's = 2; the protection levels for the Metzler constraints, i.e., I';,
i€{4,...,12}, are all set to min(I'y, | J]), e.g., [y = Leffects I'; = 1,4 € {4,...,12}\ {6},
and I's = 0. Recall that I" = |J| yields the same solution as Problem 5. Plots of the trial
'y, Ty = 1 are presented in Figures 5.2, 5.3, and 5.4.

The reduction in the upper bound on ||é||; ranges from modest to significant. The
lowest reduction is 0.613% and the greatest reduction is 22.6%. The reduction in ||é||; is
similarly variable, ranging from 0.673% to 21.5%, and the data suggest that it is correlated
with the reduction in the upper bound on ||é||;. The reduction in ||€]|; seems roughly
proportional to the reduction in cost.

A reduction in the upper bound on ||é||; would also occur by constructing the UMIO
of [12] with tighter upper and lower state matrices. For comparison, we identify the
greatest upper bound on ||&||; effected by constructing the UMIO of [12] with A% effected
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Figure 5.2: The estimates of x; of the proposed RUMIO % and the original UMIO z*.
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Table 5.1: Solutions for various I'.

Ly | Ty | Cost | l€]l L % Cost Reduction | % ||é||; Reduction
0 1 | 631|466 |[0.18 008 0] 22.6 21.5
0 | 636 |49.7 [[0.19 0.09 0]" 22.0 16.3
! 1 | 734|536 |[0.18 008 0] 9.94 9.76
0 | 725 | 543 [[0.19 0.09 0]" 11.0 8.59
2 1 810|590 | (018 0.08 0] 0.613 0.673
0 | 73.9 546|019 009 01T 2.70 8.08
; 1 | 815|594 |[0.18 008 0]

by perturbing Iy bounds of (Zi,AT), as this is the class of systems which Problem 7
minimizes over, as discussed in Proposition 5.2.1. We compute the percent reduction in
the maximum upper bound on ||€]|; effected by using the RUMIO instead of the UMIO.

Table 5.2: Worst-case comparisons.

Ty | Tar | T | Cost | e Av Al % Cost | % |le|lx
H M 0 o el Reduction | Reduction

0 1 —2.49 0.21 1.01 —2.51 0.19  0.99 21.5 19.9
7o § | 804 | 82| [odt s e | | [0 0w ves | ¢

—2.49 0.21 1.01 —2.51 0.19 0.99
0 3 76.0 | 50.6 { 11 —0.49 1.01 } { 0.09 —0.52 0.99 ] 16.3 1.78

0 0.32 —0.79 0 0.28 —0.81

1 —2.49 0.22 1.01 2 51 0.19 0.99
1 11 | 81.3 | 59.2 { 12 —0.48 1.02 } { .08 —0.52 0.98 ] 9.72 9.46

0 0.32 —0.78 0 0.28 —0.82

—2.49 0.21 1.01 —2.51 0.19 0.99
0 6 79.2 | 56.3 { 0.11 —0.48 1.01 } { 0.09 —0.52 0.99 ] 8.46 3.55

0 0.32 —0.78 0 0.28 —0.82

2 —2.49 0.22 1.02 —2.51 0.18 0.98
1 14 | 81.4 | 59.3 { 0.12 —0.48 1.02 } { 0.08 —0.52 0.98 ] 0.491 0.506

0 0.32 —0.78 0 0.28 —0.82

We see in Table 5.2 that the reduction in the maximum upper bound on ||é]|; is modest
to significant, ranging from 0.491% to 21.5%. We see a similar trend in the reduction of
the actual ||e||;, ranging from 0.506% to 19.9%. In Figures 5.5, 5.6, and 5.7, we see that,
unlike the RKMIO in Example 4.3.1, the RUMIO in the trial 'y = 1, I'y; = 0, Ty = 3,
does generate better estimates than the UMIO for all ¢.
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5.4 Experimental Validation of Approach

We conduct a Monte Carlo analysis to characterize the reduction in the upper bound on
|lé||1 effected by using the proposed RUMIO (5.7), instead of the UMIO (3.10) of [12].

The initial conditions z(0) € R™ are generated as uniform random variables on the
interval z(0) € [—n,n|", and the constants Ty, z, € R™ are defined as

fo = ZL‘(O) + %]ﬂ
1
Ly = QZ(O) - %17”

which guarantees ||To —xzy||1 = 1, providing consistency in the width of the initial condition
intervals (4.2) across trials.

The elements of the matrices A, A, Zi, A" € R are seeded by the uniform random
variables on the intervals

A;; €10,1 i,iefl,....n}i#]
i [0, 1] VESH bi# (5.12)
Aiie[—Zn,—n} ied{l,...,n}.
The seed matrix A € R™" is modified to generate the state matrices such that
|A— Al =1
(5.13)

— 2
Ai _AT 2 _3]-n><n
n

The ranges defined for the elements of Ain (5.12) ensure the Hurwitz property, and al-
though we do not simulate a specific dynamical system, we make the assumption that &
is such that the solutions of & = Az + £(z,t) are bounded, which is sufficient to satisfy
Assumption 4. The constraints (5.13) provide consistency in the sizes of the state ma-
trix intervals (5.5) across trials. The matrix C' € RP*™ is generated as a uniform random
variable on the interval

C € [0, 1],

We take the constants &, £, € R" to be

£€=0.11,
£ =-0.11,

2 = 2max(|Zo|, |z,|),
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where max is taken elementwise.

Define the constant I'* € Z>(. The protection levels for the Hurwitz constraints are set
toI'; = min(F*, ]Ji]), i € {1,...,n}, and a randomly populated set Z C {n+1,...,n*+n}
of cardinality nI™, contains the indices of the Metzler constraints that have their protection
levels set to 1, i.e.,

IC{n+1,...,n*+n}
|Z| = nI™

L [1ifierT
10 ifie{n+1,...,n7+n}\ T

This causes nI™* elements of zi, and nI™* elements of A", to be perturbed in each trial.
The cost protection level is set to I'o =), 40 r;.

Five thousand trials are conducted for each combination of n € {1,...,5} and p,T* €
{1,...,n—1}. In each trial, Problems 7 and 5 are solved for the same parameters, and the
absolute and relative differences between their costs are recorded. The arithmetic means
i and standard deviations o of these values are presented in the following tables.

Table 5.3: Empirical results for n = 2.
n =2 | Absolute Relative
pl I w o 7 o
1111054112 1]0.076 | 0.062

Table 5.4: Empirical results for n = 3.

n=23 Absolute Relative
p| ™ o o W o
1 1 1.2 4.3 0.15 | 0.080
2 1.1 29 | 0.045 | 0.061
5 1] 032 | 0.30 | 0.079 | 0.047
2 |1 0.053 | 0.098 | 0.012 | 0.018

In Tables 5.3, 5.4, 5.5, and 5.6, we see that the greatest mean reductions in the upper
bound on ||é]|; for each n are approximately 7.6% — 22%. As expected, the reduction in
the upper bound on ||é||; is inversely proportional to I'*, as I'* = n recovers the original
problem, Problem 5, and I'* = 0 does not perturb the state matrices from (Zi, A", As in
the KM case, the data suggest that the reduction in the upper bound on ||é||; correlates
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Table 5.5: Empirical results for n = 4.

n=4 Absolute Relative

p| I W o 1 o
1 2.5 25 0.19 0.083

11 2 1.0 9.0 0.082 | 0.066
3 | 0.51 5.6 0.029 | 0.053
1 1.1 0.68 0.16 0.056

21 2| 042 | 0.31 | 0.060 | 0.032
31012 | 0.13 | 0.017 | 0.015
11029 | 0.29 | 0.076 | 0.043

31 2 [0.053|0.08 | 0.012 | 0.014
3 10.021 | 0.042 | 0.0051 | 0.0081

Table 5.6: Empirical results for n = 5.

n=>5 Absolute Relative

p | I'™ 7 o I o
1 4.1 58 0.22 0.080
2 1.5 5.6 0.11 0.066

L3 T077 [ 65 [ 0.051 | 0.054
4 0.51 11 0.019 0.045
1 1.8 0.83 0.20 0.051
2 | 0.86 | 048 | 0.095 | 0.034

2 31 037 | 0.33 | 0.040 | 0.020
4 | 0.12 | 0.13 | 0.013 | 0.011
1 1.2 0.71 0.17 0.056
2 | 0.50 | 0.37 | 0.068 | 0.035

3 31019 | 0.18 | 0.025 | 0.018
4 | 0.053 | 0.066 | 0.0071 | 0.0075
1] 028 | 0.28 | 0.074 | 0.043
2 [0.048 | 0.083 | 0.011 | 0.013

4 3 10.021 | 0.036 | 0.0052 | 0.0062
4 10.010 | 0.023 | 0.0025 | 0.0044
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positively with n and negatively with p, making the proposed RUMIO (5.7) increasingly
attractive as the number of states increases, and as the number of outputs decreases, i.e.,
as the system becomes more complex and less information is available. The negative corre-
lation with p can be interpreted as the robust formulation compensating for the reduction
in the number of measurements. A practical implication is that the robust formulation can
be used to justify using fewer sensors. As in the KM case, for many combinations of n, p,
and I'*, the standard deviation is greater than the mean, which suggests that the reduction
is highly dependent upon the specific plant being observed.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

In this thesis, we applied the robust optimization method of [11] to the linear programming-
based interval observer design procedure of [12]. In Chapter 2 we discussed the cardinality
constrained robust optimization method of [11]. We extended the theory of [11] to allow
for multiple distinct perturbations to individual cost coefficients. In Chapter 3 we delin-
eated the interval observer design procedures of [12]. In Chapter 4 we applied the robust
optimization method, with the multiple-perturbations-extension developed in Chapter 2,
to the KMIO design procedure of [12]. We proved that the ¢;-norm of the interval er-
ror of the proposed RKMIO is strictly less than that of the original KMIO, albeit by an
indeterminate amount. We empirically characterized the reduction in the ¢;-norm of the
interval error using a Monte Carlo analysis. In Chapter 5 we applied the robust optimiza-
tion method of [11], with the multiple-perturbations-extension developed in Chapter 2, to
the UMIO design procedure of [12]. We proved that the ¢;-norm of the steady state supre-
mum of the interval error of the proposed RUMIO is strictly less than that of the original
UMIO, albeit by an indeterminate amount. We empirically characterized the reduction in
the upper bound on the /;-norm of the steady state supremum of the interval error using
a Monte Carlo analysis.

The Monte Carlo analyses in Chapters 4 and 5 suggest that the cost reduction effected
by the proposed robust formulations correlate positively with the number of states, and
negatively with the number of outputs. The proposed RKMIO and RUMIO are therefore
increasingly attractive as the plant is more complex, and as as fewer measurements are
available. A practical implication is that the robust formulations compensate for the
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lack of measurements, thereby justifying the use of fewer sensors. However, the standard
deviations of the reduction in cost effected by using the robust formulations is relatively
high. This suggests that the reduction is highly dependent upon the specific plant being
observed.

6.2 Future Work

An important goal of future work is to identify analytic lower bounds on the reduction in the
{1-norm of the interval error, and upper bound on the ¢;-norm of the steady state supremum
of the interval error, when using the proposed RKMIO and RUMIO, respectively, over the
KMIO and UMIO of [12]. Also, an objective function should be identified that enables
simultaneous optimization of transient and steady state performance. Identifying such
an objective function could allow for the unification of the KM and UM cases, as the
constraints in both cases are already equivalent. As discussed in Chapter 5, the cost
of the proposed UM problem is conservative, as the cost and constraint perturbations
may be mismatched; future research should identify a method of coupling the perturbing
of coefficients that correspond to the same dynamical parameters. The proposed robust
design procedures should also be extended to uncertainty in the outputs. The RKMIO
and RUMIO design procedures are described in terms of the underlying LPs; it would
be useful to develop a framework that allows the process to be described in terms of the
dynamical system being observed. It would also be useful to identify the class of systems
for which these interval observers can be constructed, in terms of more intuitive dynamical
properties, rather than linear constraints.
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Appendix A

Robust Unknown Model Interval

Observer Example Constants

A.1 Cost Coefficient Perturbations Vector

[0.034 0.034 0 0.12 0.12 0.12 0.052 0.052 0.052

d=

0.034 0.034 0 0.12 0.12 0.12 0.052 0.052 0.052]"

A.2 Constraint Coefficient Perturbations Matrix

()

—
Cooococococococoo
=)

—
cCoocoococococococol@o
o

—
[eNeNoNoNoNoNoNoNolsNolo)
=)

—
coooocococoQooo
o

i
cooocoocococQoooo
=)

—
coocoocococQooooo
o

[ejeololololol~l~eholola)

—
coocooQoocoocoooco
(=}
—
cooQoocoocococoocoo
o
—
coQoocococoococooo
o
Rl
coQoocococoococooo
(=}
—
[eNelSNoNoNoNoloNoNololo)
o
—
oQooocoococococooo
o

—
ocQoocoocococococooo
o

—
ocQQoocococoococococoo

o
[eNoNoNoNoNoNoNoNoNoNo Nl

i
CQooocoocoococoocooo
=)

—
Qoocoococococococooo
=)
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