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ABSTRACT

Differential games are a useful tool both for modeling conflict between autonomous systems

and for synthesizing robust control solutions. The traditional study of games has assumed decision

agents possess complete information about one another’s strategies and numerical weights. This

dissertation relaxes this assumption. Instead, uncertainty in the opponent’s strategy is treated as

a symptom of the inevitable gap between modeling assumptions and applications. By combining

nonlinear estimation approaches with problem domain knowledge, procedures are developed for

acting under uncertainty using established methods that are suitable for applications on embedded

systems.

The dissertation begins by using nonlinear estimation to account for parametric uncertainty

in an opponent’s strategy. A solution is proposed for engagements in which both players use

this approach simultaneously. This method is demonstrated on a numerical example of an orbital

pursuit-evasion game, and the findings motivate additional developments. First, the solutions of

the governing Riccati differential equations are approximated, using automatic differentiation to

obtain high-degree Taylor series approximations. Second, constrained estimation is introduced to

prevent estimator failures in near-singular engagements. Numerical conditions for nonsingularity

are approximated using Chebyshev polynomial basis functions, and applied as constraints to a

state estimate. Third and finally, multiple model estimation is suggested as a practical solution

for time-critical engagements in which the form of the opponent’s strategy is uncertain. Deceptive

opponent strategies are identified as a candidate approach to use against an adaptive player, and

a procedure for designing such strategies is proposed. The new developments are demonstrated

in a missile interception pursuit-evasion game in which the evader selects from a set of candidate

strategies with unknown weights.
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1. INTRODUCTION

1.1 Motivation

This dissertation presents a study of adaptive solutions to differential games in the presence of

uncertainty. In presenting this research, it is useful to begin by clearly defining some notation. A

game, in the mathematical sense, is a general problem in which two or more decision makers, called

agents or players, make decisions that are not independent. Usually, the agents attempt to either

optimize some objective function or to satisfy some desired boundary conditions. This is a very

general description that can apply to many problems that have little relevance to this dissertation.

Dynamic games refer to a class of problems in which there is some sequential dependence in

the behaviors available to agents. This could be as simple as a tree-like branching structure in a

discrete-valued game, as in Fig. 1.1. The figure shows a discrete-valued dynamic game in the

extensive form[2]. In the diagram, Player A chooses either the left or right branch, then Player

B makes a choice. Each player receives a reward (R) that is dependent on both players’ choices.

Dynamic games are contrasted with static games. Differential games are a subset of dynamic

games in which the decision agents are governed by differential or difference equations[5]. In

this dissertation, the term “differential games” is preferred because it emphasizes the distinction

between aerospace and robotic systems, as compared with other game systems, e.g. economic

games.

Pursuit-evasion scenarios refer to any environment in which two or more agents exist and

at least one agent has the objective of reducing or increasing the distance between the agents.

This very broad definition has been selected because many works in the literature consider either

pure pursuit or pure evasion scenarios, in which the behavior of one “team” is considered frozen,

and the response of the other player(s) is designed. Pursuit-evasion (PE) can be expressed as a

differential game with an objective function relating to the relative range between agents. However,

PE scenarios are also extensively studied in the areas of missile defense and aircraft interception,
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often with little consideration to the classic differential games framework.

The focus of the dissertation is on addressing uncertainty using differential games. Terminol-

ogy to describe specific types of ignorance that may arise is now defined. Isaacs [5] originally

referred to any uncertainty as “incomplete information,” whether it originates from measurement

errors, uncertainty in the relative dynamics, or other sources, and many works follow this conven-

tion. A more descriptive taxonomy is adopted by Cavalieri [6]. In this work, information in a

game is categorized in terms of completeness, perfectness, and certainty. Information is complete

if the opponent’s objective function and the opponent inputs (controls) are known. Perfect infor-

mation implies is no measurement error present. Certain information indicates that the governing

differential equations are known without errors. From its inception, the study of differential games

has tended to focus on complete, perfect, certain information games. The justifications for this are

several. To name a few: such scenarios are more analytically tractable; they avail themselves to the

tools of optimal control; and certainty equivalence can be used in many scenarios to neglect some

sources of uncertainty.

The terms “zero-sum” (ZS) and “nonzero-sum” (NZS) often arise in the context of differential

games. In the ZS game, the sum of all players’ objective functions is always zero. In the two-player

ZS game, this implies simply J1 = −J2. Much attention has been given to ZS games because they

model many situations accurately and are often much simpler, in that solution equilibria and proofs

Figure 1.1: Simple discrete-valued dynamic game representation in extensive form
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of optimality are more straightforward to show. However, ZS games are not universally applicable,

and NZS games are an approach to modelling the uncertainty that occurs in practical problems.

Consequently, this dissertation focuses primarily on NZS games.

For the final terminology, different possible game equilibria are defined. While the study of

dynamic game equilibria could be the subject of an entire work on its own, consideration here is

restricted to the two most common types: Nash equilibria and minimax equilibria. These concepts

are explained fully later on, but it is useful to describe them now at a conceptual level. A Nash

equilibrium is optimal in the sense that each player obtains a local extremal value, and any devi-

ation by a single player causes that player to suffer a penalty. Effectively it is the noncooperative

equilibrium achieved when all players simultaneously play to optimize their objective metrics[7].

In two-player games the Nash equilibrium is often referred to as a saddle-point solution. The term

“equilibrium” refers to the fact that no player has any mathematical incentive to deviate from a

Nash strategy, and should not be confused with equilibrium concepts in dynamic systems. For

NZS games the Nash equilibrium may not exist; much effort has been dedicated to proving ex-

istence and uniqueness of Nash equilibria for various games. A minimax equilibrium is found

by one player choosing the control strategy that minimizes his maximum objective value[7]. Es-

sentially, this is the approach that ensures the “least bad” worst-case outcome, with respect to a

particular objective function. In some specialized cases the minimax and Nash strategies may be

equivalent. The minimax equilibrium is generally the less restrictive case and may exist when the

Nash equilibrium does not.

Having introduced the basic concepts of differential games, the motivation for their study here

can be clearly elucidated. Differential games, as studied in this dissertation, have implications for

two broad problems in engineering. The first is conflict modeling. Many military and police en-

gagements involve multiple decision agents. Differential games offer an approach for autonomous

vehicles to model and make predictions about the world. This framework is particularly applica-

ble to structured scenarios like missile interception problems, in which opponent objectives can

be at least partially anticipated and modeled mathematically a priori. The game framework has
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implications for civilian systems as well. E.g., consider autonomous cars, in which a vehicle may

want to devise a trajectory in the presence of pedestrians with uncertain intentions. A game-theoric

solution would attempt to design a trajectory to ensure a maximum distance between the vehicle

and any pedestrian for the worst-case behavior of the pedestrian. The second problem of inter-

est is robust control. Games have been used in the past to design control laws that are robust to

assumed “worst-case” perturbations by modeling perturbations as actively antagonistic opposing

agents. The areas of conflict modeling and robust control are the primary application domains of

the work in this dissertation.

The basic subject and applications of this dissertation have been introduced. The remainder of

this section continues the introduction to the important topics of the dissertation. The following

subsections review foundational works in differential games, introduce the game studied in most

of the dissertation, and present the primary objectives of this study. Subsequent sections introduce

the mathematical details of linear quadratic differential games, and outline the contents of the

dissertation. Now, some significant works in game theory and differential games in particular are

reviewed.

1.1.1 Foundational works

Given the very broad definition of game theory just discussed, it should be no surprise that

the associated literature is somewhat fractious and uses inconsistent nomenclature. Unifying the

literature is beyond the scope of this dissertation, but the author shall endeavor to be self-consistent

while providing a reasonable overview of relevant previous works.

It is generally agreed[5, 2] that the formalization of game theory should be attributed to Von

Neumann and Morgenstern[8], who defined game theory in an effort to systematically study the

actions of economic decision-makers. While game theory has figured prominently in economic

literature, such researches are fairly far removed from the focus of the present work, and Von

Neumann is rarely cited in engineering circles. On the other hand, the work of Isaacs[5] is al-

most universally cited in engineering applications of game theory. Isaacs formally defined the idea

of differential games, and his ideas influenced a great deal of further study. Isaacs was strongly
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motivated by applications in war games, and the significance of his simple examples is easily

grasped by both academics and career military personnel. This book has been particularly influen-

tial among the aerospace engineering discipline for its extensions to missile guidance and control.

Isaacs’ work was contemporaneous with many developments of optimal control theory, and initial

applications of Isaacs’ ideas were closely tied to then-new ideas in optimal control.

Isaacs made the useful distinction between games of degree and games of kind. In the game of

degree, the objective function has some intrinsic significance, like the terminal distance between

agents. This approach naturally leads to an approach based on variational optimal control. The

game of kind, by contrast, is typically defined by some sets of terminal conditions, each of which

correspond to game outcomes such as “winning” and “losing.” Much of Isaacs’ work focused

on generating barrier surfaces that divide a state space into regions that lead to various terminal

conditions under optimal play. Isaacs did not consider incomplete information scenarios except in

a speculative final chapter.

The work of Başar and Olsder[2] should be mentioned for its widespread influence. These

authors attempted to unify the increasingly fractious nature of the game theory literature. They

suggested the definitions of static and dynamic games already described, and also make an intuitive

distinction between cooperative and non-cooperative games. Their work appears commonly cited

in the mathematical and computer science disciplines, but is not as frequently cited in the aerospace

literature. The book represents a particular line of thought about games, in which the focus is

on determining existence, uniqueness, and types of equilibria that exist for a given game. This

mindset, while mathematically quite engaging, makes their work challenging to extend to scenarios

in which players do not know the opponent objectives exactly.

Next, attention is given to the particular class of differential games that is the primary focus of

this work: linear quadratic differential games (LQDGs).

1.1.2 Introduction to linear quadratic differential games

LQDGs are a class of games with linear dynamics in which each player attempts to optimize

the value of a quadratic function of the state and all players’ controls. For a general N-player
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game, each player’s objective function may be written as in Eq. 1.1. The players are subject

to governing linear dynamics. The governing dynamics and associated state are the same for each

agent, which provides a coupling between each player’s outcomes that makes the game meaningful.

The objective functions and linear dynamics may be expressed as follows[7]:

Ji =
1

2
x(Tf )

T [Sf,i]x(Tf ) +
1

2

∫ Tf

t0

(
xT [Qi]x+

N∑
j=1

uTj [Rij]uj

)
dt, i ∈ {1, 2, . . . , N} (1.1)

s.t. ẋ = [A]x+
N∑
j=1

[Bj]uj

It is generally assumed that the weight matrices [Sf,i], [Qi], and [Rij] are symmetric for all i

and j, and all problems studied in the dissertation follow this convention. Each player’s goal is

obtain a “good” value of Ji, subject to the actions of the other players. It is well-known from the

optimal control literature that the objective function is nonunique, meaning the weight matrices

can be scaled arbitrarily so long as their relative proportions are the same[6]. For the specific case

of N = 2, the game objective for each player has the form of Eq. 1.2. Note that the repeated

indices i and j do not imply summation, and this is true for equations in the remainder of the

dissertation.

Ji =
1

2
x(Tf )

T [Sf,i]x(Tf ) +
1

2

∫ Tf

t0

(
xT [Qi]x+ uTi [Rii]ui + uTj [Rij]uj

)
dt (1.2)

The problem state x is normally expressed in terms of relative coordinates between the agents.

However, it may be useful to express the state vector in terms of each individual agent’s state. In

a non-cooperative game, it is important that the problem satisfy “G-reducibility.” Essentially, this

mandates that no player be able to improve his objective value arbitrarily by manipulating states

that are not controllable by his opponent[9]. In this dissertation, all problems are expressed in

terms of relative coordinates, and each agent’s control channel satisfies controllability, in the

absence of the opponent control.

Note that Eq. 1.2 has been written in terms of linear time-invariant dynamics. This assumption
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is maintained throughout the dissertation for convenience. The work presented in later chapters

can be extended directly to time-varying systems. LQDGs are of particular interest because their

most common solutions can be expressed as linear, time-varying state feedback controllers. This

result is derived later in this chapter. In such cases, the optimal state feedback gain is computed

as the solution of an ordinary differential equation (ODE). By contrast, solutions to general games

require numerical solutions of either initial value problems or boundary value problems in multiple

variables. Well-established methods exist for solving such problems numerically, but require sub-

stantially greater time and computational power to compute. This dissertation focuses on LQDGs

because their solutions can be computed straightforwardly, allowed for rapid exploration of new

problems and concepts. At the same time, LQDGs have a history of use in applied systems, and

thus are known to possess sufficient complexity to model real-world problems. It is believed that

many of the methods used in this dissertation to achieve adaptive strategies in LQDGs can be ap-

plied, with minimal modification, to more general differential games. However, such a study is

beyond the scope of the present work.

Having introduced its general areas of study, the primary objectives of this dissertation are now

discussed in detail.

1.1.3 Objectives of the dissertation

The primary goal of the dissertation is to study decision-making under uncertainty through the

lens of LQDGs. NSZ games reflect the inherent mismatch between an agent’s assumptions and its

reality, and this interpretation has applications to both real-world conflicts and to robust control.

While differential games under various kinds of uncertainty have been widely studied, solutions

have not tended to focus on real-time systems with significant computational constraints, which

commonly arise in engineering problems. Consequently, the focus of this research is on devel-

oping solutions that avoid numerical iteration and scale reasonably well with increasing problem

dimension. This dissertation seeks to impart the following capabilities to a player in a LQDG:

• Recognize and adapt to an opponent that plays a known strategy more favorably than ex-
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pected

• Recognize an opponent that plays a known strategy less favorably than expected

• Adapt to unknown opponent strategies, leveraging domain knowledge to make the problem

tractable.

The bulk of this dissertation is devoted to implementing methods to achieve these objectives,

or to address underlying numerical challenges and reduce computational complexity for real-time

performance.

This section has introduced the objectives of the dissertation from a high-level perspective and

defined some essential terms. The next section introduces the details of LQDGs and begins the

primary technical content.

1.2 Linear quadratic differential games

LQDGs are a central focus of this dissertation, and this section is devoted to an overview of this

topic. First, the solutions to LQDGs considered in this dissertation are presented at a conceptual

level. Second, relevant literature in the area is reviewed. Third, the solutions to LQDGs considered

are presented at the mathematical level. Fourth and finally, the theoretical costs incurred by each

player in LQDGs is reviewed.

1.2.1 Solutions of LQDGs

In optimal control theory, equations of a similar form to Eq. 1.2 are solved using either the

necessary conditions of optimality or the solution to the Hamilton-Jacobi-Bellman partial differ-

ential equation1. While obtaining the optimal solution can be challenging, there is no ambiguity

about whether a candidate solution is optimal - if it satisfies the second-order sufficiency condi-

tions for optimality, it is optimal[10]. For differential games it is no longer possible to simply find

the control history for ui that optimizes Ji; some additional characteristics of the solution must

be stipulated[7][2, p.11]. For instance, an arbitrary solution may be optimal with respect to one

1In principle, of course, the two solutions are identical, but the solution methods differ substantially in practice.
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opponent control history but suboptimal with respect to another history. To compute a game solu-

tion, each player must make some assumption about how the other players will act over the time

horizon of interest. The earlier discussion of equilibrium concepts in games alludes to this fact.

Consideration is now given to the solution of LQDGs. In this dissertation, three solution types

are considered. In order of approximate complexity, they are minimax, one-sided optimal (OSO),

and feedback Nash equilibrium (FNE) strategies. Each strategy is now reviewed.

Minimax strategies attempt to generate a solution with a guaranteed upper bound. The name

arises from the fact that player i attempts to minimize Ji while assuming player j simultaneously

attempts to maximize Ji. The framework is equivalent to assuming the opponent plays in a zero-

sum fashion. The minimax control for player i can be compactly expressed in terms of her objective

function Ji:

u
(minimax)
i = argminui max

uj
{Ji(t,x,ui,uj)} (1.3)

The minimax strategy is simple to compute because its solution depends only on the particular

cost function of player i, which is known to i. However, the solution is conservative; if player j

uses any strategy other than maximizing Eq. 1.2, then player i could obtain better performance with

a different strategy. The minimax solution is often used to generate robust control by assuming that

uj models a worst-case disturbance to a dynamic system. Naturally there is a connection between

H∞ and minimax control[11]. In Ref. [12], minimax strategies are referred to as “minimax-safe”

strategies, and players use them as a “default” behavior while learning an opponent’s game strategy.

One-sided optimal strategies are simply optimal with respect to a particular opponent control

solution uj , which may be given as an open-loop or feedback function. An OSO strategy is often a

poor solution to a differential game because the opponent may deviate from the assumed strategy.

In this dissertation, the OSO strategy is used when the opponent control strategy is known approx-

imately via estimation. For the case of a linear, state-independent opponent feedback, the OSO

strategy is simply a particular form of the classic linear quadratic regulator (LQR) solution. In this

dissertation, “OSO strategy” refers specifically to the case in which the opponent control strategy

is given from a minimax solution. Other solutions that satisfy optimality with respect to particular
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strategies are possible, such as the LQDG-gain strategy discussed in Chapter 6. It should be noted

that an OSO solution is technically an optimal control solution, and not properly a differential

game equilibrium.

Feedback Nash equilibria (FNE) in LQDGs are a particular type of Nash equilibrium solution.

General Nash equilibria describe scenarios in which no player gains by unilaterally deviating from

her equilibrium strategy. In LQDGs, Nash equilibria are commonly characterized as either “open-

loop” or feedback Nash equilibria. The terminology is somewhat unfortunate, since both solutions

generally lead to a feedback form of all controls. In the open-loop case, the strategy for ui is

derived while modelling uj as a function of time, not a function of the state. In the FNE case,

player i models uj as a feedback function of the state. The open-loop case is appropriate in

economic games or other environments in which players must commit to a sequence of actions

before observing the outcome, but is not suitable for interactions between autonomous, physically

situated agents. That is why this dissertation considers only the FNE solution.

This section has introduced the basic LQDG structure and the key solution concepts that are

used in the subsequent developments. Having presented the basic LQDG form and offered some

comparison to the well-known field of optimal control, it is worth reviewing the background liter-

ature in the area of LQDGs.

1.2.2 Literature review

LQDGs describe scenarios in which each player’s cost function has a quadratic running cost in

the state and controls with a possible quadratic terminal state penalty, and the problem dynamics

are linear in the state and control. They are directly analogous to the linear quadratic regulator

(LQR) in optimal control theory, and, like the LQR, they have proved analytically tractable and in

many cases provide feedback solutions[7]. This subsection focuses on relevant literature regarding

the existence of finite-valued equilibrium solutions to particular games. For this analysis, perfect,

complete, and certain information is commonly assumed. Unless otherwise stated, it should be

understood that all of the following references have this quality.

One objective of the proposed dissertation is to consider players that continuously adapt their
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strategies based on the opponent’s performance in LQDGs. For an autonomous agent, it is impor-

tant to be aware of strategies that are conjugate, that is, strategies that contain points of infinite

feedback gain. In surveying the literature, particular attention has been given to existence condi-

tions for a solution to the LQDG, which is closely related to conjugacy. Solutions are generally

divided into closed-loop and open-loop solutions depending on whether equilibria are found in

feedback form or not, and the literature can be further classified by whether it addresses ZS or

NZS games.

Historically, one of the earliest LQDG works is Ref. [13], in which zero-sum games are studied.

This appears to be the first application of variational calculus to LQDGs. A two-player nonzero-

sum game is considered with terminal state penalty and running cost on the controls only, and a

Nash (saddle-point) equilibrium is sought. A feedback matrix solution is presented, although the

solution is different (if equilivalent) to the Riccati matrix expression now commonly associated

with LQRs and LQDGs. Second-order conditions are considered including the Legendre-Clebsch

and conjugacy conditions. A condition for finiteness of the control energy for pursuer and evader

is shown to be equivalent to the absence of conjugate points. For the nonzero-sum differential

games, Starr and Ho made the first in-depth study, with a particular focus on LQDGs [7]. This

paper calls attention to the need for solutions not corresponding to saddle-point solutions in some

scenarios, such as minimax strategies. A class called "noninferior strategies" are also introduced.

In general, such strategies only exist if agents cooperate to obtain a mutual benefit, and these

solutions are not generally applicable to competitive games. It is shown that the Nash equilibrium

leads to coupled Riccati differential equations for the players, while the minimax strategy leads to

decoupled equations. Both of these works are foundational and do not contain any detailed study

of existence conditions.

Refs. [14] and [15] are closely related works that consider the existence of solutions for a

particular form of nonzero-sum LQDGs. Ref. [14] considers games in Hilbert space. The game

is nonzero-sum but restricted to a case where players penalize only the state and their own control

inputs. Solutions are derived in open-loop form and it is shown that closed-loop solutions can
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be constructed from the open-loop for the LQDG. For the specific form of LQDG, the game is

always “playable.” Ref. [15] assumes the same form of games. By deriving the solution explicitly

in closed-loop form, it is shown that the game solution depends on the solution to simultaneous

coupled Riccati-like equations. However, the results apply only to the form of LQDG in which

players have no weight on the opponent’s control and are not immediately generalizable.

Bernhard[9] presents necessary and sufficient conditions for closed-loop saddle-point solutions

in two-player, zero-sum LQDGs. The authors conclude that the absence of conjugate points is not

necessary for the existence of a feedback solution in the zero-sum game. The main results are

presented in terms of a matrix function of time that is a generalization of the conjugacy conditions

presented in Ref. [13]. One condition for existence of a finite-valued cost is that the problem

must be “G-reducible,” which implies that the evader cannot control parts of the state-space that

are not controllable by the pursuer. Unfortunately, these results do not seem to be immediately

generalizable to nonzero sum games. As a counterpart to Bernhard, Delfour [16] considers the

existence of open-loop saddle-point solutions to zero sum LQDGs in the presence of conjugate

points (called “blow-up points” by the author). This work introduces a theorem for necessary

and sufficient existence conditions for an open-loop solution to the LQDG. According to Theorem

2.10, sufficient and necessary conditions for the existence of an open loop saddle point are: (1) the

objective function is convex in control u and concave in control v; (2) there exists a symmetrical

solution to the zero-sum Riccati differential equation. These results are specialized to the zero-sum

case.

There is a significant theoretical overlap between H∞ control synthesis and zero-sum LQDGs

in the area of robust control. The infinite horizon LQDG can be thought of as an H∞ control

problem in which the opponent represents a worst-case disturbance for design. Bryson and Carrier

[17] note the connection between LQDGs and H∞ control synthesis. The authors note that exis-

tence conditions for a steady-state solution to the LQDG are related to the H∞ problem of design

to the largest tolerable disturbance energy, although such conditions are not studied in this paper.

In appendices, the book by Başar and Bernhard[11] discusses some of the theory relating to the
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largest tolerable disturbance energy. The authors cite the earlier work of Bernhard[9] and there

do not appear to be any more recent developments leading to a more compact expression for the

maximum disturbance energy.

General existence conditions for the NZS game are challenging and have not received as much

attention. Ref. [18] presents some general existence conditions for Nash equilibrium of a two-

player, nonzero-sum LQDG. The solutions to the coupled Riccati differential equations and alge-

braic Riccati equation are shown to depend on the solution of a matrix equation. Invertibility of the

solutions to the matrix equation is shown to be a necessary condition for existence of a solution to

the Riccati equations. Controllability of the system through pursuer and evader control influence,

and observability of the state through the cost function are shown to be equivalent to invertibility

of the solutions. In Wang and Cruz[19], existence conditions for nonzero-sum LQDGs are de-

rived under some restrictions. The solutions to the coupled Riccati-like equations are derived for a

second-order, two-player system, under the assumption that the controls are separable (each player

can only directly affect one state). Further, solutions to the Riccati equation are assumed to be

diagonal at all times, leading to decentralized controls in which each player requires knowledge

only of her own state. Both infinite and finite horizon solutions are presented and a generalization

to systems of order 2n are given. However, the diagonal solution of the Riccati equation is quite

restrictive and limits the wider application of this work.

This subsection has reviewed relevant historical literature in the area of LQDGs. Next, the

equilibrium solution concepts introduced earlier are applied to develop mathematical solutions to

LQDGs.

1.2.3 Solution types

This dissertation considers three types of solutions to the LQDG: minimax, OSO, and FNE

solutions. This section derives the governing equations for each case. A critical distinction between

the three solutions should be noted. The minimax strategy is always guaranteed to exist for quite

modest assumptions that are always satisfied by the problems in this dissertation[9]. The OSO

and FNE strategies’ existence is conditional on the opponent’s strategy and weight magnitudes.
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Qualitatively, it may be said that if a player and her opponent’s control effort are of very different

magnitudes, then finite-valued solutions of the governing equations in the OSO and FNE strategies

will not exist. This is an important difference between the three strategies and should be kept in

mind. The governing equations for each possible strategy are now derived.

1.2.3.1 Minimax strategy

A minimax player j develops his strategy independently of the opponent’s weights. The mini-

max control satisfies the following expression, subject to the linear state dynamics:

u
(minimax)
j = argminuj max

ui

{
1

2
x(Tf )

T [Sf,j]x(Tf ) +
1

2

∫ Tf

t0

(
xT [Qj]x+ uTj [Rjj]uj + uTi [Rji]ui

)
dt

}
(1.4)

The solution is developed from a variational optimal control perspective, and is identical in

most respects to the classic LQR problem solution[10, 7]. First, a Hamiltonian is formed:

H =
1

2

(
xT [Qj]x+ uTj [Rjj]uj + uTi [Rji]ui

)
+ λT ([A]x+ [Bi]ui + [Bj]uj) (1.5)

The stationarity conditions are applied as follows to obtain necessary conditions on the con-

trols:

H,uj = [Rjj]uj + [Bj]
Tλ = 0→ uj = −[Rjj]

−1[Bj]
Tλ (1.6)

H,ui = [Rji]ui + [Bi]
Tλ = 0→ ui = −[Rji]

−1[Bi]
Tλ (1.7)

The costate equation yields the following:

λ̇ = −H,x = −[Qj]x− [A]Tλ (1.8)

The problem is subject to the boundary condition λ(Tf ) = [Sf,j]x(Tf ). Assume the existence

of a solution of the form2 λ(t) = [Sj(t)]x. It can be shown that the first-order optimality condi-

2To the best of the author’s knowledge, this solution form was first applied to LQDGs by Ho, Bryson, and Baron
in Ref. [13].
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tions are satisfied if the following Riccati difference equation (RDE) has a solution, subject to the

boundary condition [Sj(Tf )] = [Sf,j]:

[Ṡj] = −[Sj][A]− [A]T [Sj]− [Qj] + [Sj][E][Sj] (1.9)

[E] ≡ [Bj][Rjj]
−1[Bj]

T + [Bi][Rji]
−1[Bi]

T

Eq. 1.9 has the same form as the LQR RDE. Recall that only the first-order (necessary) con-

ditions of optimality have been applied. For a minimax solution, the second-order (sufficient)

conditions of optimality for the differential game require H,ujuj > 0 and H,uiui < 0 [20, p. 280].

Since the Hamiltonian is quadratic in the controls, the second order conditions require [Rji] < 0

and [Rjj] > 0. Therefore, it is concluded that if a non-conjugate solution to Eq. 1.9 exists with

[Rji] < 0 and [Rjj] > 0, uj = −[Rjj]
−1[Bj]

T [Sj]x is the minimax feedback control for player j.

1.2.3.2 One-sided optimal strategy

In the OSO strategy, the OSO player is assumed to be i and the opponent j uses a mini-

max strategy3. An exact OSO strategy requires knowledge of the governing state weights: [Qi],

[Qj], [Rii], [Rij], [Rjj], [Rji], [Sf,i], and [Sf,j]. The opponent j uses a feedback control uj =

−[Rjj]
−1[Bj]

T [Sj]x, where [Sj] is the solution to Eq. 1.9. The closed-loop problem can then be

expressed as a standard optimization problem subject to modified dynamics by substituting j’s

feedback control into Eq. 1.2. Closed-loop values of the state influence matrix and state weight

can be defined as follows:

[A′] ≡ [A]− [Bj][Rjj]
−1[Bj]

T [Sj] (1.10)

[Q′] ≡ [Qi] + [Sj][Bj][Rjj]
−1[Rij][Rjj]

−1[Bj]
T [Sj] (1.11)

Performing the substitution into the governing objective function and dynamics yields a stan-

3If player j uses any other strategy, i can still obtain a “one-sided optimal” solution with respect to j. In the
dissertation, “OSO” refers to the specific strategy that is optimal against a minimax opponent, which arises naturally
in the context of the adaptive LQDGs discussed in Chapter 2.
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dard LQR problem with time-varying matrices:

Ji = min
ui

{
1

2
x(Tf )

T [Sf,i]x(Tf ) +
1

2

∫ Tf

t0

(
xT [Q′]x+ uTi [Rii]ui

)
dt

}
(1.12)

s.t. ẋ = [A′]x+ [Bi]ui

Performing a similar derivation as in the minimax case, the LQR RDE is obtained, subject to

the boundary condition [Si(Tf )] = [Sf,i]:

[Ṡi] = −[Si][A
′]− [A′]T [Si]− [Q′] + [Si][Bi][Rii]

−1[Bi]
T [Si] (1.13)

A finite solution [Si] to Eq. 1.13 satisfies the first-order conditions for a minimum. However,

some caution must be used. Observe Eq. 1.11. For most noncooperative games, [Rij] ≤ 0 should

be used; otherwise agent i is seeking a strategy for which j’s control use is small. Therefore the

closed-loop state weight [Q′] may not satisfy [Q′] > 0. It can be shown that a finite-valued solution

of the governing RDE satisfies the second-order convexity condition for optimality irrespective of

the properties of [Q′]. However, for a sufficiently large opponent control, a finite-valued solution of

the RDE may not exist. In this case, the second-order Jacobi condition of optimality is violated and

the RDE no longer provides an optimal control solution[20]. Qualitatively, this condition arises

when the relative effort of the evader is much greater than the pursuer’s. For the problems studied

in Chapters 2–4, problem weights are chosen to ensure finiteness of the governing RDEs. Chapter

5 considers the problem of determining conditions for existence of finite-valued solutions for both

the OSO and FNE engagements.

1.2.3.3 Feedback Nash equilibrium

In the FNE strategy, agents seek saddle-point solutions to their objective functions, subject

to shared dynamics. The solution form can be derived using variational principles from optimal
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control with one Hamiltonian function for each player:

Hi =
1

2

(
xT [Qi]x+ uTi [Rii]ui + uTj [Rij]uj

)
+ λTi ([A]x+ [Bi]ui + [Bj]uj) (1.14)

Hj =
1

2

(
xT [Qj]x+ uTj [Rjj]uj + uTi [Rji]ui

)
+ λTj ([A]x+ [Bi]ui + [Bj]uj) (1.15)

The stationarity conditions yield equations for the control values as follow:

ui = −[Rii]
−1[Bi]

Tλi (1.16)

uj = −[Rjj]
−1[Bj]

Tλj (1.17)

The costate equations are obtained as follow, recalling that the opponent control must be as-

sumed to be a function of the state:

λ̇i = −Hi,x = −[Qi]x− [A]Tλi −
∂uj
∂x

T

[Rij]uj −
∂uj
∂x

T

[Bj]
Tλi (1.18)

λ̇j = −Hj,x = −[Qj]x− [A]Tλj −
∂ui
∂x

T

[Rji]ui −
∂ui
∂x

T

[Bi]
Tλj (1.19)

As in the LQR case, boundary conditions for the costates are linear in the state: λi(Tf ) =

[Sf,i]x, λj(Tf ) = [Sf,j]x. As before, assume that the costate solution is a linear function of

the state, yielding λi = [Si]x and λj = [Sj]x. The closed-loop controls are given by ui =

−[Rii]
−1[Bi]

T [Si]x and uj = −[Rjj]
−1[Bj]

T [Sj]x. Substituting these expressions into the FNE

controls and into the costate equations yields the following:

[Ṡi]x+[Si]ẋ = −[Qi]x−[A]T [Si]x−[Sj][Bj][Rjj]
−1[Rij][Rjj]

−1[Bj]
T [Sj]x+[Sj][Bj][Rjj]

−1[Bj][Si]x

(1.20)

[Ṡj]x+[Sj]ẋ = −[Qj]x−[A]T [Sj]x−[Si][Bi][Rii]
−1[Rji][Rii]

−1[Bi]
T [Si]x+[Si][Bi][Rii]

−1[Bi][Sj]x

(1.21)
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Substitution of the closed-loop dynamics in for ẋ yields coupled RDEs for [Si] and [Sj]:

[Ṡi] = −[Si][A]−[A]T [Si]−[Qi]+[Si][Eii][Si]+[Si][Ejj][Sj]+[Sj][Ejj][Si]−[Sj][Eij][Sj] (1.22)

[Ṡj] = −[Sj][A]−[A]T [Sj]−[Qj]+[Sj][Ejj][Sj]+[Sj][Eii][Si]+[Si][Eii][Sj]−[Si][Eji][Si] (1.23)

[Eii] ≡ [Bi][Rii]
−1[Bi]

T (1.24)

[Ejj] ≡ [Bj][Rjj]
−1[Bj]

T (1.25)

[Eij] ≡ [Bj][Rjj]
−1[Rij][Rjj]

−1[Bj]
T (1.26)

[Eji] ≡ [Bi][Rii]
−1[Rji][Rii]

−1[Bi]
T (1.27)

Eqs. 1.22 and 1.23 are coupled equations that govern the FNE case. Due to the assumed sym-

metry of the control penalty matrices, the terms [Eii], [Ejj], [Eij], and [Eji] are all symmetric. In

this dissertation, Eqs. 1.9, 1.13, 1.22 and 1.23 are all referred to as generalized RDEs to empha-

size that the solutions are related but distinct in most cases from the classical Riccati difference

equations arising in optimal control and estimation. As noted by authors such as Engwerda[21,

p. 53], a linear feedback Nash equilibrium exists if and only if the coupled RDEs have symmetric

solutions [Si], [Sj] on the interval of interest.

It is worth comparing the OSO and FNE RDEs of Eqs. 1.13 and 1.22. If the closed-loop

matrices in Eq. 1.13 are expanded, the two equations have identical forms. Mathematically, an

adaptive player i’s gain is governed by the same differential equation for both OSO and FNE

cases. The opponent gain equations are distinct; in the OSO case, j’s gain is independent of i’s

weights, but in the FNE case, j’s gain is a coupled function of [Si].

In considering LQDGs under uncertainty, an agent may encounter an opponent who plays a

strategy for which no equilibrium solution exists; or, due to uncertainty, an agent may believe the

opponent has such a strategy. For example, if an evader in a LQDG is willing to use much more

control energy than a pursuer, the generalized RDEs will in general become singular at some point.
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It is desirable to have a test for existence of a solution, given a candidate set of weights. Such a

test would prevent the agent from attempting to numerically integrate through a singularity, and

could be used as a trigger to engage some contingency plan(s). There appear to be no general

conditions for guaranteeing the existence of a solution to the coupled FNE RDEs of Eqs 1.22 and

1.23, as noted by multiple authors[19, 22]. From practical experience, the most reliable way to

determine if a finite-valued RDE solution exists is to attempt to numerically integrate its solutions

from Tf to t0. A numerical procedure for determining the existence of a singularity in the interval

of integration is needed, and a proposed approach is discussed in Chapter 5.

This section has presented the generalized RDEs governing the three types of LQDG solutions

that are used. Next, the objective function cost associated with each solution type is discussed.

1.2.4 Optimal game costs

This subsection discusses the objective function costs associated with a given LQDG. First, the

cost-to-go associated with each LQDG solution is given. Second, the concepts of zero-sum and

nonzero-sum games are reviewed in the context of uncertain games.

1.2.4.1 Minimax cost-to-go

For the minimax case it is necessary to determine the guaranteed cost level for a player, which

corresponds to the cost-to-go in the ZS game. The minimax cost-to-go is simply a quadratic

function of the state, as in the LQR problem. This can be readily derived. Let Jc2g indicate

the cost to go from time t to Tf :

Jc2g =
1

2
x(Tf )

T [Sf,j]x(Tf ) +
1

2

∫ Tf

t

(
xT [Qj]x+ uTj [Rjj]uj + uTi [Rji]ui

)
dτ (1.28)

The terminal cost is converted to an integral cost plus a quadratic function of the current state

as follows:

x(Tf )
T [Sf,j]x(Tf ) = x(t)T [F (t)]x(t) +

∫ Tf

t

d

dτ
(xT [F ]x) dτ (1.29)

Substituting the ZS game controls uj = −[Rjj]
−1[Bj]

T [Sj]x and ui = −[Rji]
−1[Bi]

T [Sj]x
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and simplifying yields the cost-to-go in terms of [Ḟ ]:

Jc2g =
1

2
x(t)T [F (t)]x(t) +

1

2

∫ Tf

t

xT
(

[A]T [F ] + [F ][A] + [Qj]− [Sj][E][F ]− . . .

[F ][E][Sj] + [Sj][E][Sj] + [Ḟ ]

)
x dτ (1.30)

Letting [F ] = [Sj] causes the integrand to become uniformly zero, and the minimax value of

the cost-to-go for agent j depends only on [Sj] and the current state:

Jc2g =
1

2
x(t)T [Sj]x(t) (1.31)

It is emphasized that Eq. 1.31 gives the value of using the minimax strategy from time t only if

the opponent uses the maximizing control strategy. If the opponent uses any other control solution,

then the actual cost incurred shall be reduced. However, this fact does not guarantee system stabil-

ity or instability, which must be evaluated separately. Furthermore, the cost “ceiling” of Eq. 1.31

assumes complete, perfect, and certain information, and does not account for uncertainty arising

due to sensing errors and other sources of uncertainty, all of which will degrade that actual cost

achieved.

1.2.4.2 One-sided optimal cost-to-go

The OSO case has already been shown to be an LQR problem with time-varying state weights.

Therefore the solution to Eq. 1.13, if it exists and is finite-valued, gives the cost-to-go if agent i

uses a one-sided optimal strategy against a minimax agent j[10]:

Jc2g =
1

2
x(t)T [Si]x(t) (1.32)

1.2.4.3 Feedback Nash equilibrium cost-to-go

The cost-to-go for agent i playing against j, in which both agents use the FNE strategies, can be

derived in a similar fashion to the minimax cost-to-go. The process begins with the FNE cost-to-go
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from time t:

Jc2g =
1

2
x(Tf )

T [Sf,i]x(Tf ) +
1

2

∫ Tf

t

(
xT [Qi]x+ uTi [Rii]ui + uTj [Rij]uj

)
dτ (1.33)

Applying Eq. 1.29 and substituting the closed-loop values of the control yields the following

expression:

Jc2g =
1

2
x(t)T [F ]x(t) +

1

2

∫ Tf

t

(
xT
(
[Qi] + [Si][Bi][Rii][Bi]

T [Si] + [Sj][Bj][Rij][Bj]
T [Sj]+

[F ](A− [Bi][Rii]
−1[Bi]

T [Si]− [Bj][Rjj]
−1[Bj]

T [Sj])+

(A− [Bi][Rii]
−1[Bi]

T [Si]− [Bj][Rjj]
−1[Bj]

T [Sj])
T [F ] + [Ḟ ]

)
x

)
dτ (1.34)

Substitution of [F ] = [Si] again makes the integrand zero and so the optimal cost-to-go is a

quadratic function of the state:

Jc2g =
1

2
x(t)T [Si]x(t) (1.35)

It should be noted that all of these results for the costs-to-go can be found in the literature; e.g.,

Ref. [10] for the OSO cost-to-go and Ref. [21, p. 364] for the FNE cost-to-go. The results are

reproduced here to provide context and because the numerical values of the estimated cost-to-go

are used later in the dissertation to quantify tradeoffs between candidate strategies in LQDGs.

Having presented the optimal costs-to-go for all three solution strategies, a brief discussion of

ZS and NZS games is now given.

1.2.4.4 An interpretation of nonzero-sum games for uncertainty modeling

The significance and interpretation of ZS and NZS games merit some attention. As has been

mentioned earlier in this chapter, ZS games have been extensively studied. Indeed, this approach

is intuitive for modeling a large range of potential conflicts, even in engineering systems. Within

the context of this dissertation, NZS games are significant because they indicate a mismatch

between an agent’s assumptions and the reality it experiences. For instance, in a missile in-
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terception engagement, a NZS game models a discrepancy between an agent’s assumed model

of its opponent and the actual behavior of the opponent. Qualitatively, this discrepancy can be

interpreted as the opponent acting less or more “aggressively” than an agent’s expectation.

This section has shown that for each LQDG strategy considered, the cost-to-go for an acting

player is always a quadratic function of the state whose value depends on the solution to the player’s

generalized RDE. Furthermore, the importance of NZS games as a way of modeling uncertainty

has been emphasized. The final section of this chapter outlines the remainder of the dissertation.

1.3 Outline of the dissertation

The dissertation is organized into eight chapters, including the present one. The remaining

chapters are now summarized.

• Chapter 2 presents an estimation-based approach to account for parametric uncertainty in a

LQDG. The primary contribution of this chapter is to extend previous research to the case in

which both players are adaptive.

• Chapter 3 considers an orbital pursuit-evasion game with both individual simulations and

Monte Carlo examples. The results directly motivate the development of Chapters 4 and 5.

• Chapter 4 proposes incremental improvements in the adaptive gameplay. A statistical test

is proposed to prevent a player from acting while uncertainty is large. To avoid repeated

numerical integration of the generalized RDEs, a high-order Taylor series approximation to

the RDE solutions is obtained using automatic differentiation.

• Chapter 5 proposes a procedure to prevent numerical singularities in the generalized RDEs

by numerically quantifying boundaries on opponent weights. The boundaries are used in

conjunction with inequality-constrained estimation to improve estimation for near-singular

engagements. Statistical tests are proposed for determining when an engagement is singular,

enabling a player to take remediating action when a singular engagement is detected.

• Chapter 6 addresses engagements in which the form of the opponent’s strategy is uncertain.
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The opponent is assumed to be a hybrid dynamic system with modes corresponding to dif-

ferent strategies, selected according to domain knowledge. This model enables a new class

of strategies to oppose an adaptive agent, and these are referred to as “deceptive” strategies.

• The new concepts of Chapters 4–6 are explored in extensive numerical examples in Chapter

7. A tactical missile interception engagement is considered and framed as a LQDG. Individ-

ual simulations and Monte Carlo results are studied to evaluate the performance of various

proposed techniques.

• Chapter 8 summarizes the dissertation and identifies promising directions for future work.

The current chapter has motivated the choice to study differential games under uncertainty.

LQDGs are identified as a convenient class of games for which feedback solutions are straight-

forward to obtain, and the basic solutions and generalized RDEs used in the remainder of the

dissertation are presented. The next chapter presents an estimation-based strategy for agents in

LQDGs that is appropriate for either the one-sided or two-sided adaptive game solutions.
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2. ADAPTIVE GAMEPLAY OVERVIEW

This chapter presents a strategy for adaptive gameplay in NZS games by using nonlinear esti-

mation to obtain estimates of opponent weights. The resulting approach is appropriate for the first

objective of this dissertation: recognizing and adapting to a “less aggressive” opponent when the

form of the opponent’s strategy is known. This chapter extends previous work of Cavalieri [6] to

the case in which both agents play adaptively. Doing so necessitates a change in state parameteri-

zation and incurs a computational burden that is addressed in Chapter 4.

The chapter begins with a review of related literature in the area of adaptation in differential

games and/or pursuit/evasion engagements. Next, the primary sequential estimation concepts used

are reviewed. This is followed by the presentation of the main adaptive gameplay approach. The

final section considers the problem of state parameterization in adaptive LQDG gameplay, and

presents a parameterization distinct from Cavalieri’s.

2.1 Adaptive gameplay literature review

Any approach that uses data to improve or modify game play for one or more sides in a game

is considered “adaptive” for the purposes of this discussion. Of specific interest are scenarios in

which information is any combination of incomplete, imperfect, or uncertain, and players attempt

to improve their play over the duration of one or more executions of the game. This idea has not

been widely studied in the differential games literature; consequently, some relevant references

from the area of linear-quadratic optimal control are also included in this section, as there is much

theoretical overlap between the two problems.

Much of the work in aerospace engineering has focused on classic missile guidance problems.

In Ref. [23], the authors compare the effectiveness of missile intercept guidance laws based on

LQDGs against linear-quadratic optimal guidance laws. As noted by the authors, the optimal con-

trol approach essentially assumes the opponent control input to be zero and calculates an optimal

feedback gain. The problem is assumed subject to control constraints that are enforced by clipping
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the commanded controls. In simulation results, the target is assumed to be maneuvering at its con-

trol limit to escape. This maneuver greatly degrades the performance of the optimal guidance law

compared to the differential game-based guidance laws. In a closely related work, Anderson[24]

again compares the differential game and optimal control guidance laws, this time in the presence

of actuator dynamics for the interceptor. Guidance laws are designed assuming particular values

of the maximum target acceleration. In general it is found that the differential game formulation

makes the guidance laws more robust when the actual target acceleration exceeds the value used for

guidance design. By considering the target acceleration as inexactly known, the two papers explore

some characteristics of uncertain differential games; however, the guidance solutions developed are

taking advantage of the same robustness that relates LQDGs to H∞ control, rather than adapting

to measured values of the opponent’s performance. Belapolsky and Ben-Asher [25] conduct an

interesting study in which the effect of control saturation effects are not considered during control

design but are present in implementation. In the study, a LQDG is contrasted with a “degener-

ate” problem in which optimal feedback controls are substituted into the linear-quadratic regulator

cost function, leading to perturbation controls about the feedback trajectory. The authors find the

degenerate control is less susceptible to control saturation, at the cost of being less responsive

to opponent maneuvers. In Ref. [26], a LQDG formulation is used to derive a missile interceptor

guidance law with a specified terminal intercept angle. Linearized dynamics are used in the LQDG

cost function and the guidance strategy is derived under the saddle-point assumption. The guidance

law is evaluated in Monte Carlo against a missile with a square wave acceleration profile having

random amplitude and phase. Existence conditions for conjugate points in the feedback solution

are also considered. The conjugate point is closely related to the “maximum disturbance energy”

threshold for the H∞ problem. The critical value is computed and used to confirm that selected

control laws will not experience any points of conjugacy. Fonod and Shima [27] use a multiple-

model estimator with adaptive controller to identify the guidance law and gain values used by a

target missile and perform interception. The paper takes a “default” perspective of identifying a

model from a discrete set of possible gains, but then introduces a “reduced-order” model in which
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the gains for each class of guidance law are estimated as continuous, unknown parameters. The

target’s guidance law and gains are assumed to be constant, but the authors note that an Interacting

Multiple Model (IMM) estimator could be used if the target’s guidance law is expected to change

mid-flight. Turetsky and Shima [28] consider a target-attacker game in which the attacker is al-

lowed to switch between allowed linear guidance laws at prescribed times. The paper takes the

perspective of the target and derives evasive strategies. A “missile endgame” scenario is consid-

ered in which there is insufficient time to identify the attacker’s strategies from data. The attacker

is assumed to choose from a finite set of possible strategies and switch times. The corresponding

hybrid evasion strategies for both attacker and target are derived from a matrix game perspective.

In Ref. [29], a pursuit-evasion game is considered in which the pursuer has hybrid dynamics. The

hybrid dynamics refer to the closed-loop feedback gains of the pursuer, which means effectively

that the pursuer chooses a time to switch between two possible feedback games. By analysis of the

continuity of the zero-effort miss variable, the authors show that the game can be converted to one

with impulsive dynamics, and address the problem using an appropriate framework.

In relatively recent literature, attention has been given to adaptive, or learning, strategies in

games for general robotic systems. In Ref. [30], a two-player zero-sum LQDG is considered in

which players do not know the state dynamics (uncertain information). In this paper, dynamic

uncertainty is modeled in “norm-bounded, one-block form.” Because of the uncertainty in the

dynamics, a saddle-point solution is difficult to evaluate. The paper develops suboptimal strategies

that guarantee a threshold value of the objective function; thus, the solution bears similarities to

the minimax strategy, while explicitly accounting for uncertainty in the dynamics in the control

strategy. The dissertation of Satak [12], and derived publications[31, 32], consider the problem

of learning the objective function and strategy of an opponent in a two-player game. A general

learning algorithm based on the numerical solution to the Hamilton-Jacobi-Isaacs equation is used.

One limitation is that knowledge of the opponent control inputs was assumed. Kopf et al. [33] uses

the idea of noncooperative LQDGs to determine an automatic control policy for systems jointly

controlled by humans and machines that lack explicit cooperation. In this paper, the usual LQDG
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objective function is used but the weights used by the human player are assumed a priori unknown.

Based on observed trajectories, which include the state and control histories of the human, the

human’s weights are estimated using an Inverse Reinforcement Learning scheme, and then are

used to solve a one-sided optimal control problem for the automatic feedback control. In Ref. [34],

an actor-critic reinforcement learning approach is combined with a neural network value function

approximation to adaptively solve the Hamilton-Jacobi-Isaacs partial differential equation online.

This adaptive strategy is derived for cooperative games.

The dissertation of Ref. [6] is a direct precursor to the present work. In that paper, nonlinear

estimation is used to obtain adaptive solutions to LQDGs in the presence of uncertain opponent

weights and uncertain relative dynamics. Each player is assumed to employ feedback linearization,

such that the relative dynamics can be modelled as effectively linear. The latter concept was

previously explored in Ref. [35] for spacecraft guidance synthesis, but does not appear to have

come into widespread use. Ref. [6] restricts consideration to a single form of the problem in which

one agent plays a nonadaptive minimax strategy. No consideration of a scenario in which both

players are adaptive is made. Additionally, the form of the opponent’s strategy is assumed known

with parameteric uncertainty, but no consideration was made of how the form of the opponent

control can be obtained in practice. The present dissertation seeks to extend that work to address

these areas of open research.

This completes a survey of related work in adaptive gameplay. The next section briefly reviews

nonlinear sequential estimation using Kalman filter approaches.

2.2 Nonlinear estimation

The Kalman Filter is a widely-used estimator that is optimal for systems with linear dynamics

and measurements with Gaussian white noise process and measurement noise[36]. The filter has

been widely studied and its details can be found in numerous references, such as Ref. [3]. For

brevity, most of the implementation details are omitted in this dissertation, and only the most basic

details are discussed. The Kalman Filter consists of an iterative propagate-update cycle in which
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prior state estimates are propagated to a new time and updated with new state measurements1. The

selection of Gaussian process noise is an approximation in many practical problems, and typically

necessitates a tuning process on the part of the designer.

Many practical problems fail to satisfy the requirements of linear dynamics with linear mea-

surements. An enormous volume of research has been conducted to develop various extensions

and approximations of the Kalman Filter for nonlinear systems. In this dissertation, the Extended

Kalman Filter (EKF) and Unscented Kalman Filter (UKF) are used. The EKF is a classic exten-

sion of the Kalman Filter for nonlinear problems. Effectively, local linearizations of the state and

measurement models are used to approximate the optimal propagation and update steps for the

nonlinear system. The UKF, on the other hand, replaces the prior state by a deterministic particle

approximation according to the Unscented Transformation (UT). The weighted statistical mean

and covariance of the updated particles is used to reset the estimated mean and covariance for the

next cycle of the filter. Additional details of the EKF and UKF descriptions are given in Appendix

B, for completeness.

In this dissertation, both EKF and UKF are used. The UKF is theoretically accurate to a higher

order than the EKF and can have better convergence properties[4]; however, in the numerical exam-

ples of this dissertation, the performance between the two filters was not found to be significantly

different. Rather, the UKF is primarily of interest because it does not require explicit Jacobians of

the process and measurement models to be developed. For the work presented in this dissertation,

the EKF is used when analytical Jacobians of the process model are straightforward to obtain. The

primary adaptive LQDG strategies are expressed in terms of parameters for which analytical Jaco-

bians cannot be evaluated in general. For the associated estimators and the Taylor series extension

in Chapter 4, the UKF is employed.

This section has briefly described nonlinear estimation using Kalman Filters. The EKF and

UKF are introduced and used heavily in the remainder of the dissertation. The next section presents

the approach for adaptive gameplay via estimation.

1In the uncommon case of continuous measurements, then both propagate and update steps occur simultaneously
and continuously.

28



2.3 Estimation-based game approach

Chapter 1 presents the theoretical governing equations and costs-to-go assuming all agents have

complete information about the game state and the weights and strategies of opponents. However,

for the OSO and FNE strategies, a player’s strategy, encapsulated in a time-varying feedback gain,

depends on the weights used by her opponent. Since noncooperating agents do not generally

communicate a set of agreed-upon weights in advance, it must be assumed that perfect knowledge

of the opponent weights is not available a priori in realistic games. This reality has led the minimax

controller to be used in practice for its robustness properties and independence of the opponent’s

weights. However, if the opponent is playing according to the assumed strategy and accurate

estimates of the opponent weights are obtained, then the objective function value can, in some

cases, be decreased below the minimax cost by implementing an appropriate solution. For now,

the question of identifying the opponent’s strategy is set aside, and an agent is assumed to know

if the OSO or FNE solution is appropriate. Identifying the correct strategy to use is revisited in

Chapter 6.

This section presents the basic approach to achieving adaptive gameplay in LQDGs. First, rel-

evant background that forms the basis of the current dissertation is presented. Second, an adaptive

gameplay strategy suitable for two agents playing adaptively against one another is proposed to

extend previous research. Third, the proposed extension is formalized into governing generalized

RDEs. Fourth, a modified state parameterization for estimation is identified to avoid a two-point

boundary value problem.

2.3.1 Adaptive gameplay background and motivating work

The fundamental idea behind adaptive gameplay is that an agent should observe the opponent

and update its prediction of the opponent’s future actions based on observations. Various methods

for achieving this have been considered in previous studies. One challenge in playing adaptively

against a potentially adaptive opponent is ensuring a tractable representation. This topic is ad-

dressed in a pursuit-evasion scenario in Satak and Hurtado[31]:
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Consider reviewing the information required by the pursuer to model the evader’s

behavior, who is also learning. The pursuer wants to learn the evader’s behavior. The

pursuer knows that the evader is learning, therefore the evader must have some opin-

ion about the pursuer. However, the evader also knows that the pursuer is learning.

Therefore to model the evader’s behavior, it is not enough for the pursuer to know the

evader’s objective and the evader’s model of the pursuer. The pursuer also needs to

know what the evader thinks about the pursuer’s model for the evader. A similar argu-

ment is true for the evader as well. If the two players continue with their arguments,

the amount of information required for them to perfectly model each other’s behavior

will have infinite levels of information . . .

The point is that an adaptive player must make some assumption that allows her to compute a

control solution from a finite amount of information. Additionally, the player should ensure that the

required information is observable. In this chapter, the opponent is assumed to choose strategies

that lead to either OSO or FNE game solutions. The solution of a LQDG using either an OSO or

FNE solution depends on the solution of one or more generalized RDEs that are coupled in nature.

Obtaining a solution requires, at a minimum, knowledge of the opponent weights and the value of

the opponent Riccati gain at one time. Given these weights, the value of [Sj] at any time is needed

to solve the associated RDEs. The relevant RDEs are repeated below. Eq. 2.1 applies for the OSO

problem and Eq. 2.2 for the FNE problem.

[Ṡj] = −[Sj][A]− [A]T [Sj]− [Qj] + [Sj][E][Sj] (2.1)

[Ṡj] = −[Sj][A]− [A]T [Sj]− [Qj]+[Sj][Ejj][Sj]+[Sj][Eii][Si]+[Si][Eii][Sj]− [Si][Eji][Si] (2.2)

[Ṡi] = −[Si][A]− [A]T [Si]− [Qi]+[Si][Eii][Si]+[Si][Ejj][Sj]+[Sj][Ejj][Si]− [Sj][Eij][Sj] (2.3)

In this dissertation, two primary models of the opponent strategy are used. The corresponding

adaptive gameplay strategies are referred to as the “adaptive OSO” and “adaptive FNE” solutions,
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respectively. The adaptive OSO strategy is equivalent to the estimation-based adaptive gameplay

of Ref. [6]. In that work, a “one-sided” adaptive game solution is considered. The opponent

is assumed to use a minimax LQDG solution, such that the opponent feedback gain is a fixed

function of time independent of the state. By estimating the opponent weights, an adaptive player

can approach a perfect information OSO strategy by using the estimated value of the opponent

weights to compute a new feedback gain.

For simplicity, agent i shall be taken as the pursuer and j as the evader. In Ref. [6], player i

estimates the values of [Qj] and [Rji] as static parameters. The value of [Sj] is estimated as a time-

varying function of the opponent weights with governing equation given by Eq. 2.1. The effect of

[Sj] is observable through its influence on the opponent feedback gain. The corresponding optimal

closed-loop gain [Si] is then obtained by first integrating Eq. 2.1 forward in time from t to Tf , then

integrating Eq. 2.3 backward in time from Tf , where the boundary condition [Sf,i] is given.

This completes the review of the relevant work of Ref. [6]. Next, the extension of this concept

to the case of two adaptive agents is considered.

2.3.2 Extension to two adaptive agents

In extending previous work to a “two-sided adaptive” game, it is essential that an agent’s as-

sumptions lead to a tractable, observable form. Furthermore, each agent’s assumptions should

lead to a game solution that satisfies the Nash equilibrium property under some conditions. This

property, qualitatively speaking, requires that no agent has an incentive to deviate in her strategy.

This second point suggests that, in the limit as the players’ estimation errors become small, the

solution should approach the perfect information FNE strategy. Following the example of the min-

imax solution, an adaptive FNE strategy is defined assuming the worst-case value of the opponent

knowledge. Under this model, each agent has a given set of weights for a LQDG and estimates the

value of the opponent weights, while assuming that the opponent knows the true value of the

estimating player’s weights. Then, each agent implements the FNE control given by his known

weights and estimates. It is clear that, in the worst case of a perfect information opponent, an agent

obtains estimates that satisfy a Feedback Nash Equilibrium to within estimation error tolerance.
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Recall that Cavalieri estimated the static opponent weights, [Qj] and [Rji], and the current-time

value of [Sj] subject to its governing RDE. In seeking to apply this work to this new, FNE game

strategy, two problems are immediately encountered. First, the generalized RDEs are unstable in

forward time for most problems of interest. This means that small errors in estimating [Sj] are

amplified in the forward integration process. Second, the value of [Sj] is estimated at t, but the

value of [Si] is fixed at Tf . For the OSO problem, this is overcome because Eq. 2.1 is independent

of [Si]. However, for the FNE problem, both coupled equations must be satisfied simultaneously,

leading to a two-point boundary value problem (2PBVP). While various solutions to the 2PBVP

exist, most solutions are iterative and may not be suitable for real-time implementation. Of the

two problems identified, the first problem might be overcome, but the second problem is more

severe and indicates another approach may be beneficial. This is the topic of Section 2.3.4. The

next subsection presents the model used in this dissertation for LQDGs in which both agents play

adaptively.

2.3.3 Adaptive FNE approach

A key assertion of this dissertation is that an adaptive strategy in differential games under

incomplete information must satisfy one of two possible conditions. Either the strategy must as-

sume the adaptive agent is more sophisticated than the opponent, or the strategy will describe

reality with some bias or other error. This is essentially the same argument made in Chapter 2

of Satak[12], from a different perspective. Motivated by this reference, an adaptive FNE strategy

has been outlined that assumes an opponent possesses perfect information. Under this assumption,

all uncertainty in the opponent’s time-varying gain as a function of unknown opponent weights.

An adaptive player solves the following generalized RDEs, in which [̂·] denotes a matrix of esti-

mated values. The adaptive player uses the estimated opponent gain [Ŝj(t)] to propagate her state

estimates and implements the feedback gain given by [Si(t)]:

[Ṡi] = −[Si][A]− [A]T [Si]− [Qi] + [Si][Eii][Si] + [Si][Ejj][Ŝj] + [Ŝj][Ejj][Si]− [Ŝj][Eij][Ŝj]

32



[
˙̂
Sj] = −[Ŝj][A]− [A]T [Ŝj]− [Q̂j] + [Ŝj][Ejj][Ŝj] + [Ŝj][Eii][Si] + [Si][Eii][Ŝj]− [Si][Êji][Si]

Following the example of Ref. [6], the estimated opponent parameters would be the elements of

[Qj], [Rjj], [Rji], and [Sj(t)]. However, as the next subsection discusses, it is preferable to use an

alternate state parameterization.

If the opponent has perfect information, the adaptive FNE player’s strategy is optimal in the

limit as the estimation error becomes arbitrarily small. When the opponent has imperfect infor-

mation and plays the adaptive FNE strategy, there is a mismatch between the two players because

neither has perfect information but both assume the opponent has perfect information. In general,

this mismatch leads to a bias in the estimation of the opponent weights. This mismatch persists if

the players increase their sophistication until and unless one player chooses to play suboptimally

by truncating his model at some level of complexity. It is expected that for most problems of prac-

tical interest, the improvement in the objective function for these more sophisticated strategies will

be insignificant, and consideration in the dissertation is restricted to the adaptive OSO and adap-

tive FNE approaches already outlined. The information mismatch between players and associated

suboptimality are noted as avenues for improvement in a future study.

This subsection formally defines the adaptive FNE strategy used in this dissertation. The fol-

lowing subsection presents and justifies a modified state parameterization for estimation purposes.

2.3.4 Parameterizaton for two-sided adaptive gameplay

This section presents an alternate state parameterization for the opponent’s Riccati gain in

adaptive LQDG solutions. The terminal value of the opponent’s gain, [Sf,j], is estimated, rather

than the current-time value of [Sj]. For estimation purposes, the value of the Riccati gain as a

time-varying function can be estimated as Cavalieri[6] did, or the value of the Riccati gain at some

epoch time can be estimated as a time-invariant parameter. The Riccati gain can effectively be

parameterized by either approach for estimation, and it remains to choose among the available

options most suitable for real-time adaptive LQDG gameplay. The time varying-value of [Sj] is

attractive from the perspective of estimation because it influences the dynamics as a gain on the
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true state. However, due to their coupling, [Sj] and [Si] can only be solved as a 2PBVP when

agents use adaptive FNE strategies.

To avoid the 2PBVP, [Sf,j] is considered as an alternate parameterization. Under this approach,

the state estimates are used to propagate [Sj] backward in time simultaneously with [Si] for both the

OSO and FNE problems. This parameterization has two associated challenges. First, the Jacobian

of the state dynamics with respect to [Sf,j] cannot be evaluated analytically for a general system.

Second, the steady-state behavior of the system is independent of its terminal value. If the transient

phase of a particular LQDG is relatively short, then [Sf,j] may not be very observable. The first

challenge can be overcome by using an estimator that does not require analytical Jacobians, such

as the UKF. Little can be done about the second challenge, but its effects are mitigated somewhat;

if [Sf,j] is weakly observable, it is because its effect on the system is small compared to other

weights. Thus, under the proposed adaptive OSO and FNE solutions, the unique elements

of the opponent matrices [Qj], [Rjj], [Rji], and [Sf,j] are estimated simultaneously with the

relative state variables using a UKF.

This section has presented the adaptive OSO strategy developed previously by Cavalieri[6]

and formalized an adaptive FNE strategy based on similar principles. A discussion of the sub-

optimality of implementable adaptive strategies has been given, and the proposed adaptive FNE

strategy has been justified as being optimal in the case of a complete information opponent. The

state parameterization used by Ref. [6] leads to a 2PBVP when applied to the adaptive FNE

problem. Instead, the terminal value of the opponent Riccati matrix is estimated for both adaptive

OSO and FNE gameplay.

In summary, this chapter introduces the estimation-based adaptive LQDG solution that is the

primary focus of the dissertation. Relevant literature on adaptation and learning in differential

games and optimal control problems is discussed. Some basics of nonlinear estimation with

Kalman filtering are reviewed. The main focus of the chapter is on extending the work of Ref. [6]

to games in which both players act adaptively. Each player achieves a tractable strategy by assum-

ing her opponent has perfect information. The estimated state is modified to estimate the terminal
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value of the opponent’s Riccati gain, rather than the time-varying value, avoiding a 2PBVP. This

is a departure from previous work. In the next chapter, a numerical implementation of an orbital

pursuit-evasion game is considered to gain insight into the proposed approach and identify some

limitations.
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3. APPLICATION: ORBITAL PURSUIT-EVASION GAME1

The previous chapter introduces the estimation-based adaptive LQDG approach that is the fo-

cus of the dissertation. By applying the FNE concept in agents’ sought solutions, the one-sided

optimal game solution introduced in Ref. [6] is extended to two-sided adaptive engagements in

which both players are adaptive. This chapter considers an orbital PE game under incomplete in-

formation. The primary motivation is to demonstrate the proposed approach and highlight some

practical shortcomings of the implementation, which motivate developments in later chapters.

This chapter is organized as follows. First, a brief overview of the problem and some relevant

background literature is given. Next, the governing dynamic equations are reviewed. This section

is followed by a discussion of the adaptive gameplay structure and associated problem weights.

Finally, numerical results are presented in the form of single simulation summaries and Monte

Carlo simulations. To begin this chapter, an overview of the problem is presented.

3.1 Problem overview

PE engagements involving spacecraft have been studied for many decades. The orbital PE

game can model various scenarios of interest, including ICBM interception, anti-satellite opera-

tions, and noncooperative rendezvous/docking. In this chapter, the relative motion of two bodies is

analyzed using the Hill-Clohessy-Wiltshire (HCW) equations of motion. The HCW equations de-

scribe, to first order, the relative motion of satellites acted on by two-body gravity about a reference

orbit. For a circular reference orbit, the HCW equations yield linear equations of relative motion

for which the satellite motion in the orbital plane decouples from the out-of-plane motion[37]. In

this chapter, the two spacecraft engage in a PE game, using the HCW equations to model linear

relative dynamics. The remainder of the current section summarizes related research in orbital PE

games.

1Part of this chapter is reprinted with permission from “Adaptive play via estimation in uncertain nonzero-sum
orbital pursuit-evasion games” by T. Woodbury and J.E. Hurtado, 2017, AIAA SPACE Forum, AIAA 2017-5247,
Copyright 2017 by Timothy Woodbury and John E. Hurtado.
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PE games for orbital spacecraft have been studied for many years, almost always in the context

of complete, perfect information games. Early research focused on application of the then-new

principles of optimal control and barrier surface ideas introduced by Isaacs[5]. In Woodward[38],

optimal thrust angle histories are computed for pursuit-evasion games involving spacecraft in Earth

orbit. The solution is obtained by linearizing about a circular reference orbit, then solving using

the necessary conditions for minimax control strategies. Anderson [39] presents an analytically

derived barrier surface in a planar pursuit-evasion game between low-thrust spacecraft2. The dy-

namics are linearized about a circular reference orbit. The work of Menon and Calise [35] uses

feedback linearization to enable the application of linear-quadratic pursuit-evasion game theory to

nonlinear spacecraft control problems. The dynamics are formed in Cartesian, inertial coordinates.

The nonlinear system dynamics are replaced with pseudocontrol terms that linearize the system.

The linear-quadratic game is solved in terms of the new controls, and the nonlinear feedback con-

trols that produce the desired pseudocontrols are then computed. A follow-up paper, Ref. [40],

enhances the discussion by considering more realistic mission scenarios and nonlinear dynamics.

More recent studied in orbital PE games have focused on applications of numerical techniques

developed for optimal control problems. Ref. [41] applies multiobjective optimization to a space-

craft pursuit evasion game. A multiphase direct transcription approach is used, leading to a mul-

tiple objective nonlinear programming problem. Solutions are then found by either building an

equivalent weighted scalar system or by using a trade-off approach. A planar spacecraft pursuit-

evasion game is presented using an inertial reference frame. Pontani and Conway [42] use a

pursuit-evasion formulation for the problem of intercepting an evading spacecraft. Saddle-point

solutions are obtained for the problem where the pursuer tries to minimize time-to-capture and

evader tries to maximize it. The solution is found using a semi-direct collocation with nonlinear

programming algorithm. This framework enforces the analytical necessary first-order conditions,

combined with an evolutionary algorithm to generate an initial guess. This study considers a com-

plete, perfect information game. Ref. [43] addresses a decentralized sensor management technique

2In this work, the “barrier surface” divides the workspace into two regions: one in which an optimal pursuer is
guaranteed capture, and one in which an optimal evader is guaranteed to evader capture “in the short term.”
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to enable orbital pursuit-evasion activities. This work is primarily concerned with a negotiation

game for assigning ground-based sensors to track particular targets. Based on the measured val-

ues from the sensors, open-loop optimal strategies for the purser and evader are implemented.

The EKF, UKF, and linear minimum mean square error filter are employed to track targets. The

dissertation of Hafer [44] applies sensitivity methods to the solution of orbital PE games. The

contributions include homotopy techniques for obtaining feedback control solutions and altitude-

constrained game solutions. Ref. [45] addresses optimal solutions to the orbital pursuit evasion

problem. The HCW equations are used to formulate the problem dynamics. A linear-quadratic

solution is compared against a nonlinear solution based on the state-dependent Riccati equation.

The solution with the nonlinear formulation shows an improvement in the cumulative cost. A

follow-up, Ref. [46], enhances this analysis to include the effect of solving the problem on a more

coarse time scale, as well as additional numerical simulations.

The summarized works in the area of orbital PE have primarily been interested in determina-

tion of optimal or equilibrium strategies for perfect information environments. The current dis-

sertation’s focus on adaptive game solutions under uncertainty is distinct in this regard. The next

section summarizes the HCW relative motion dynamics.

3.2 Problem dynamics

The Hill-Clohessy-Whiltshire (HCW) equations for relative motion are used to define realistic

initial conditions and external dynamics for the pursuer and evader spacecraft. Ref. [37] gives

the relative Cartesian coordinates of one body about a second in terms of the mean motion n.

For a circular orbit, motion in the orbital plane decouples from the out-of-plane motion, leading

to a solution in terms of relative position coordinates x, y and their derivatives. The out-of-plane

motion forms independent dynamics that should be assumed to have different weighting from the

in-plane components. When out-of-plane motion is present, uncertainty can be addressed by an

independent estimator using the same principles used to develop the in-plane LQDG play. For

simplicity, this chapter restricts consideration to the in-plane components of motion.

The full relative equations of motion are presented before simplifying to the case of a circular
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Figure 3.1: Graphic showing the definition of various reference frames and relative position vectors
in orbital PE engagement

reference orbit. The motion of the agents is described relative to a reference two-body orbit. The

reference orbit is a conic section and the two-body motion can be characterized in terms of the

distance from the central body to the orbiting body, r0(t), and the polar angle θ0(t). Note that

the subscript “0” is used to denote the reference orbit, and that all quantities thus denoted may be

time-varying. The semimajor axis of the reference orbit is denoted by a0, and it is constant for

the two-body problem. The reference frames and some coordinates used are shown in Fig. 3.1.

Let an inertial reference frame n+ be centered at the center of mass of the orbited body. The n̄1

axis points towards periapsis and n̄3 is aligned with the angular momentum vector of the orbiting

body about the central body. The n+ frame position vector of the orbiting body is given from

r = r0(cos θ0n̄1 + sin θ0n̄2). The governing equations for the orbiting body are given below in

terms of the standard gravitational parameter µ:

r̈0 = r0θ̇
2
0 −

µ

r2
0

(3.1)
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θ̈0 = −2ṙ0θ̇0

r0

(3.2)

The relative motion equations are conveniently described in the rotating Euler-Hill reference frame,

also known as the local vertical local horizontal (LVLH) frame, which is denoted h+. Frame h+

is aligned with the spacecraft position vector such that the position vector is r = r0h̄1, and thus

h+ is defined by a simple three-axis rotation through θ0 from n+. The motion of a spacecraft in

the vicinity of the reference orbit is commonly described in terms of the coordinates x, y, and z,

each corresponding to displacements along the axes h̄1, h̄2, and h̄3. By re-writing the governing

equation for the relative position of the neighboring spacecraft in terms of the reference orbit’s

coordinates, relative equations of motion for the displacement coordinates can be obtained. The

equations are subject to acceleration terms ux, uy, and uz:

ẍ− 2θ̇0ẏ − θ̈0y − θ̇2
0x =

µ

r2
0

− µ(r0 + x)

((r0 + x)2 + y2 + z2)3/2
+ ux (3.3)

ÿ + 2θ̇0ẋ+ θ̈0x− θ̇2
0y = − µy

((r0 + x)2 + y2 + z2)3/2
+ uy (3.4)

z̈ = − µz

((r0 + x)2 + y2 + z2)3/2
+ uz (3.5)

It is convenient for numerical purposes to rescale the problem dynamics so that all terms are of

approximately the same order of magnitude. In the following equations, primed quantities indicate

derivatives with respect to the new time variable, τ , and dots indicate derivatives with respect to t.

In the subsequent sections of this chapter, the distinction is neglected, and dots are used to indicate

derivatives with respect to the new time variable. The constants α, a, b, and c are introduced and

used to normalize the states and control inputs as follows. The scale factors used in the numerical

implementation in this chapter are summarized in Table 3.1. Define the alternate time variable τ

as follows:

τ ≡ αt (3.6)

Let the state vector ξ be associated with the x–y components of the displacement, with correspond-
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ing control vector u as follows:

ξ =

[
x/a y/a x′/b y′/b

]T
(3.7)

u =

[
ux/c uy/c

]
(3.8)

For the particular case of a circular reference orbit, the nonlinear equations approximately

simplify to linear, time invariant equations. Taking the first-order Taylor series expansion of the

motion about the reference trajectory, and substituting the mean motion n0 ≡
√
µ/a3

0 yields linear

equations in which x and y are decoupled from z and its derivatives. Using this model and the

rescaled variables, the orbital plane components of the HCW dynamics have the following state-

space form[37]:

ξ′ =



0 0 b
a

0

0 0 0 b
a

3n2a
α2b

0 0 2n/α

0 0 −2n/α 0


ξ +



0 0

0 0

c
bα2 0

0 c
bα2


u1

u2

 (3.9)

The HCW equations lead to linear coupled x–y dynamics and undamped out-of-plane motion

(in the absence of control). In the remainder of this chapter, the out-of-plane motion components

shall be neglected.

Eq. 3.9 describes the relative motion of a satellite about the reference orbit defined by r0(t), θ0(t).

That is, the equations describe relative motion about a nonmaneuvering target. The problem can

be transformed into a PE engagement in the vicinity of the reference orbit by defining relative state

vectors for pursuer and evader, as ξp and ξe. It is obvious that the relative state vector, z ≡ ξp− ξe
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α (s−1) a (m) b (ms−1) c (ms−2) n (s−1)
10−2 104 104 1 3.4366× 10−4

Table 3.1: Dynamic scale factors

has the same state influence matrix with control contributions from each player:

z′ =



0 0 b
a

0

0 0 0 b
a

3n2a
α2b

0 0 2n/α

0 0 −2n/α 0


z +



0 0

0 0

c
bα2 0

0 c
bα2


(up − ue) (3.10)

This section has presented the governing relative dynamics of a PE game taking place in the

neighborhood of a circular reference orbit. The governing equations for motion in the orbital plane

are independent of the out-of-plane motion and vice versa. For convenience, the problem has

been rescaled so that all states are of approximately the same magnitude. The following section

describes the implementation of adaptive game play for the orbital PE game.

3.3 Additional considerations and problem weights

The previous section presents the governing relative equations of motion for the orbital PE

game. The current section describes the adaptive gameplay applied to this example problem. Each

player has a quadratic objective function and plays either a minimax or an adaptive strategy. Adap-

tive strategies assume a parameterized form for the opponent’s gain as a function of time and use

sequential estimation for the uncertain parameters. Observability analysis of the chosen form of the

opponent weights is conducted, and results that confirm observability are presented in Appendix

A.2.

This section contains three parts. First, the basic game description and the way in which players

use adaptation is described. Second, the equations for sequential estimation are presented.
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3.3.1 Adaptive game description

Players act according to the relative, linear equations of motion in the vicinity of a circular

reference orbit. Each player has a quadratic cost function in the relative states and controls, as in

Eq. 1.2. The terminal time is assumed to be known and fixed by some external knowledge. The

pursuer is denoted by the subscript p and the evader by e; under this convention, [Rpe] is the weight

that the pursuer places on the evader’s control. It is assumed that players place equal weights on the

X and Y components of position, velocity, and acceleration. That is, all position-level states have

the same weight, all velocity-level states have the same weight, and all controls have the same

weight. It is further assumed that each player uses diagonal weights. Players act under planar

motion. Under these assumptions, for planar motion using the dynamics of Eq. 3.10, each players’

weights take on the following form, for i ∈ {e, p}:

[Qi] = diag(q1,i, q1,i, q2,i, q2,i) [Rie] = diag(ri, ri) [Sf,i] = diag(s1,i, s1,i, s2,i, s2,i) (3.11)

Under this framework there are a maximum of five distinct unknown opponent parameters. Note

that without loss of generality, the convention of Ref. [6] has been followed, in which [Rpp] and

[Rep] are each taken to be identity.

Players are either static (minimax) or adaptive in their solutions. Under the minimax strategy, a

player solves Eq. 1.2 according to the minimax principle and obtains a time-varying feedback gain

that ensures a minimum objective function value against a worst-case opponent control. Under the

adaptive strategy, a player uses either the OSO or FNE approach as appropriate. An adaptive player

is always assumed to know the type of strategy used by the opponent. That is, the opponent’s

control is subject only to parametric uncertainty. This is a limiting assumption, and Chapter 6

explores solutions when this assumption is invalid. At each time including the initial time, adaptive

players implement the control that is optimal against the assumed form of the opponent strategy

for the current values of the state estimates.

Adaptive players initially assume the opponent’s weights are at their zero-sum values with
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some prescribed uncertainty.3 This is a critical choice of initial condition and merits some particu-

lar attention. The adaptive OSO and FNE strategies have been implemented under the assumption

that the estimated weights correctly converge to the true weights. This is in contrast to many other

adaptive gameplay techniques which iterate or optimize the control signal until a local extrema of

the objective function is achieved. In the estimation-based adaptive game solution, the estimates

are assumed to be correct and the optimal control for the estimated opponent weights is imple-

mented. It is possible, particularly during the initial transient when uncertainty is high, that the

adaptive agent may implement controls that are suboptimal against the unknown true values of the

opponent’s weights. The zero-sum condition, it should be recalled, is a saddle-point solution of the

game at which both the FNE and minimax control strategies become equivalent[7]. By setting the

initial estimates of the opponent weights to the zero-sum values, the resulting control shall have the

minimax property. Even if no additional information is obtained from observations, the adaptive

control strategy ensures a minimum worst-case outcome. This choice of initial conditions has the

effect of biasing the closed-loop control toward the minimax strategy. However, it should be noted

that, since the convergence properties of the Kalman filter are notoriously difficult to ensure or

predict, the transient behavior of the closed-loop filter is not guaranteed to be optimal.

This completes the description of the adaptive game implementation. The next subsection

presents the governing equations for the filter used in adaptive LQDG gameplay.

3.3.2 Filter equations

Each agent is assumed to have full-state measurements of the relative position and velocity

terms with Gaussian measurement noise. The governing state dynamics are obtained from Eq.

3.10. Let matrices [A] and [B] denote the state and control influence matrices in that equation. The

governing equation for the relative state, z ≡ xp − xe, has the following form in terms of each

player’s control:

ż = [A]z + [B](up − ue) (3.12)

3In practice, the magnitude of the initial uncertainty is chosen heuristically based on the convergence properties of
the estimator.
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Each agent models the opponent weights as stationary white-noise processes with large initial un-

certainty. The governing equations for agent p are now presented; obtaining the similar equations

for agent e is left as an exercise for the reader. Let θ̂e denote a vector representation of e’s five

unique governing weights. An adaptive agent p assumes the following closed-loop dynamics:

˙̂z =
(

[A] + [B][Ree]
−1[B]T [See(t, θ̂e)]

)
z + [B]up (3.13)

[See(t, θ̂e)] is governed by either the uncoupled RDE of Eq. 1.9 for a minimax evader or the

coupled generalized RDE of Eq. 1.23 for a FNE evader.

For an explicit example, consider planar motion under the HCW dynamics. The estimated state

vector consists of the four elements of the relative state and the five unique opponent weights:

x̂ ≡
[
x/a y/a x′/b y′/b q1,e q2,e re s1,e s2,e

]T
(3.14)

The governing process model in state-space form may be summarized as follows. A disturbing

process noise vector w ∈ R5,w ∼ N (0, [Q]) is assumed:

˙̂x =



b
a
x̂3

b
a
x̂4

3n2a
α2b

x̂1 + 2n
α
x̂4 + c2

x̂7b2α4

(
x̂1s6(θ̂e) + x̂2s7(θ̂e) + x̂3s3(θ̂e) + x̂4s10(θ̂e)

)
+ c

bα2u1 + w1

−2n
α
x̂3 + c2

x̂7b2α4

(
x̂1s8(θ̂e) + x̂2s9(θ̂e) + x̂3s10(θ̂e) + x̂4s4(θ̂e)

)
+ c

bα2u2 + w2

w3

w4

w5

0

0


(3.15)

The elements of the opponent’s Riccati matrix solution are denoted as follows and subject to ter-
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minal boundary conditions:

[See(t, θ̂e)] =



s1 s5 s6 s8

s5 s2 s7 s9

s6 s7 s3 s10

s8 s9 s10 s4


(3.16)

s1(Tf ) = s2(Tf ) = x̂8, s3(Tf ) = s4(Tf ) = x̂9

s5(Tf ) = s6(Tf ) = s7(Tf ) = s8(Tf ) = s9(Tf ) = s10(Tf ) = 0

The relative state terms, comprising the four components of z, are measured with uncorrelated

Gaussian errors. Using the presented process and measurement model, adaptive agents implement

a UKF to obtain iteratively better estimates of the opponent weights as the engagement unfolds.

At each time instance, the posterior opponent weight estimates are used to re-solve the governing

RDE for the adaptive player by integrating backward from the terminal time to the present time.

This process generates an updated state feedback gain that is then implemented. Each agent is

treated as implementing her control with a zero-order hold.

This completes the description of the filter equations. Next, the problem weights used in nu-

merical examples are presented.

3.3.3 Problem weights for numerical examples

To conclude this section, the numerical values used in subsequent simulations are now re-

viewed. Table 3.2 presents the problem settings. The table shows the initial relative state, the

simulation horizon, and the sample period ∆τ in scaled units. The values Pz, PQ, PR, and PS

denote each player’s initial covariance associated with the relative state, the opponent state weight,

the opponent control weight on the evader state, and the terminal state penalty. The value rk de-

notes the state measurement error variance, and all states are measured with independent zero-mean
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z(0) τf ∆τ Pz PQ PR PS rk
(−5, 10, 0.1,−0.1) 6.0 0.05 0.1 7.5 1.5 0.01 10−4

Table 3.2: Simulation settings for finite horizon simulations.

q1,p q2,p rp s1,p s2,p q1,e q2,e re s1,e s2,e

3.16 8.91 -2.00 1.00 1.00 -1.00 -1.00 1.80 -1.2 -0.9

Table 3.3: Player weights for orbital PE game

Gaussian errors. The effect of the chosen initial state covariance is to place a large uncertainty on

[Qj] and [Rje], which are found to have good observability properties. These values are strongly

correlated with the opponent steady-state gain, which is known to be observable in the absence

of significant disturbances. The initial uncertainty in [Sf,j] is quite small by comparison. Simula-

tion results indicate that the terminal Riccati value is poorly observable at best, and the estimator

does not converge with larger initial errors, for the game weights chosen. These game weights are

reviewed next.

Table 3.3 shows the values of the unique elements of the opponent gains used in this problem.

Pursuer and evader weights are denoted by p and e respectively. Because each player takes [Rip] =

[In×n], the weights are simple to interpret. E.g., ‖qk,p‖ > ‖qk,e‖ indicates that P places a greater

weight on the running state magnitude than E. Similarly, ‖re‖ < ‖rp‖ indicates that E places a

smaller weight on her control use than P imagines her to do. E places a larger terminal weight on

the relative position than P, but a smaller weight on the relative velocity components. In a nominal

simulation with no adaptation, it should be qualitatively expected that P will steadily reduce the

relative states for most of the simulation. As the simulation approaches the terminal time, E will

gradually expend greater control energy to increase the relative position states, which may be

enough to reduce their rate of decrease and/or increase the relative states.

This section has described the application of the adaptive gameplay developed in the previous

chapter to the orbital PE game. The complete filter equations for one player in a planar game have
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been presented. Finally, the numerical values used in simulations have been presented. These

numerical simulations are the focus of the next section.

3.4 Results

Numerical simulations are conducted to evaluate the effectiveness of the proposed adaptive

OSO and FNE strategies. Results are presented in three subsections. Each section begins with

a discussion of the metrics used to evaluate agent effectiveness, before presenting results. First,

individual simulations are presented for the finite horizon problem. Second, the performance of an

adaptive agent playing against a static agent with increasingly inaccurate information is examined

to justify the use of adaptative gameplay used in this chapter. Last, Monte Carlo analysis of the

three types of adaptive game is shown.

3.4.1 Individual results - finite horizon

Individual simulations are conducted to gain insight into the behavior and performance of

adaptive agents. Adaptive agent performance is evaluated by comparing simulations with adap-

tive gameplay against a reference static simulation in which both agents use minimax strategies.

In many of these simulations, it is found that the position, velocity, and control histories often

are qualitatively indistinguishable between static and adaptive gameplay. Consequently, the per-

formance of adaptive agents is characterized by their estimation accuracy and cost-to-go change.

Estimation accuracy is evaluated by estimation error plots showing the parameter errors and as-

sociated 3σ covariance bounds. The 3σ bounds are computed from the diagonal elements of the

covariance matrix and off-diagonal elements are ignored.

The cost-to-go based on actual simulation performance is computed by subtracting the running

cost from the total cost incurred over the simulation. The change in the cost-to-go is evaluated as

the difference between the cost-to-go under adaptive gameplay and under static gameplay. Neg-

ative values of the cost-to-go change indicate the adaptive player performs better than the corre-

sponding minimax player in the static game. The cost-to-go change is plotted as a function of

time to determine if there are trends relating to initial or terminal transient behavior. The total cost
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Figure 3.2: Finite horizon gameplay with minimax strategies. In the legend, P and E are used to
denote pursuer and evader respectively.

under adaptive gameplay and the reference cost are also reported. The reference cost is denoted as

“BL cost,” where BL denotes “baseline.”

Now, the play of static agents using minimax strategies with imperfect information is consid-

ered. In this scenario, the agents use both UKFs to estimate only the relative state while using

minimax control gains. The pursuer has greater state weight than the evader, causing her to use

more control energy and stabilize the system. The evader has a larger terminal state penalty than

the pursuer does, which causes the position history response to level out near the end of the simu-

lation. The resulting system, shown in Fig. 3.2, converges slowly from the initial state. The control

magnitudes are large initially but decay quickly. The pursuer expends much more control energy

than the evader, particularly at the initial time.

When the pursuer plays adaptively against a static evader, there is little change visible in the

state and control histories. The objective function value and estimation errors are shown in Fig.
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Figure 3.3: Pursuer estimation errors and objective function values for a finite-time simulation

3.3. This figure plots the estimation errors in each parameter and the associated 3σ bounds from

the covariance diagonal elements. The relative state errors track the measurements and are omitted

for brevity. The parameter estimates trend toward the direction of reduced error as more data are

acquired, and are bounded by the typical 3σ errors. However, the convergence of the parameters

is relatively slow, and it is clear that there are significant biases in the parameters for most of

the simulation. Both the pursuer control weight, r, and the position-level state penalty q1 show

relatively fast convergence of the error. The velocity-level state penalty q2 shows much slower

error convergence. However, all three parameters converge to small errors of order less than one

by the end of the simulation. Convergence of the terminal Riccati weights, by contrast, is poor.

Even though the error magnitudes are small, the estimator only reduces the error in each element

slightly, and only during the final two time units of the simulation, when the opponent’s RDE

solution departs from its steady value. The cost-to-go change is shown in the last subplot. The true
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Figure 3.4: Evader estimation errors and objective function values for a finite-time simulation

cost-to-go as a function of time minus the static game baseline value is plotted. When the relative

cost-to-go is positive, the adaptive agent has a larger cost-to-go than in the baseline case, and is

interpreted as performing worse than the baseline case. Under this interpretation, the adaptive

OSO pursuer has a noticeably poor initial response. The cost-to-go under adaptive gameplay, in

fact, becomes steadily worse until about τ ≈ 1. After that time, the relative cost-to-go decreases

and approaches zero as τ → τf . The total cost incurred by the adaptive pursuer is about 2%

greater than the baseline cost. Overall, the performance shows that the adaptive OSO pursuer is

able to obtain accurate estimates of the evader’s weights, but with large estimation errors for most

of the simulation. While playing according to these biased estimates, the OSO pursuer achieves

about a 2% drop in overall performance compares to a minimax baseline reference. That is, due

to estimation errors, the performance is worse than playing statically for the initial conditions and

weights chosen.
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Fig. 3.4 shows the estimation errors and overall performance when the OSO evader plays

against a static pursuer. There are two main differences between this plot and Fig. 3.3. First,

the estimation errors are reduced much more quickly. Second, the adaptive player incurs a much

greater penalty. Regarding the estimation errors, the r and q estimates mainly converge within the

first time unit. The covariance bounds and terminal errors are noticeably smaller. The estimates of

the terminal state weights are still noticeably difficult to estimate, but the s1 weight exhibits much

better convergence. The finding that the evader has better observability of the pursuer weights is

not surprising. The system is nonlinear and the pursuer control inputs are much larger than the

evader’s. It is reasonable to expect that the pursuer’s control gain, which is a direct function of his

weights, should be more observable than the evader’s control gain.

Turning now to the OSO evader’s cost-to-go, it is clear that the evader pays a huge initial

penalty. After the initial penalty, the OSO evader outperforms the reference value. This poor

initial transient can be explained by the large initial mismatch in the estimated and truth values

of the opponent’s weights. These errors lead to a large initial control use from the evader, during

which a large penalty is accrued. For further consideration, the state histories corresponding to this

scenario are also plotted in Fig. 3.5.

The state and control histories with an adaptive evader and static pursuer are noticeably dif-

ferent than the baseline case of Fig. 3.2. In considering Fig. 3.5, the relative positions are no

longer monotonic and the evader initially increases the relative distance. Consequently, the ter-

minal position is slightly farther from the origin than in the static case. The evader demonstrates

huge initial control inputs. This leads to an increase in the pursuer control as well; however, the

pursuer control profile is much smoother. The control history of the evader is a consequence of

overconfidence, in which the evader acts according to highly uncertain parameter estimates as if

the estimates are accurate. This poor transient performance represents a research challenge, and is

addressed in Chapter 4.

Figs. 3.6 and 3.7 show simulation results when both agents simultaneously estimate the other’s

weights, using the coupled generalized RDEs. In this scenario, the state histories are not noticeably
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Figure 3.5: Simulation states for the adaptive evader with static pursuer

different from the static case. In examining the estimation errors, it is clear that the estimates are

more biased than in the OSO cases. Recalling that the adaptive FNE strategy represents a truncation

of a complete model, this bias should be expected. It appears that the pursuer estimates are more

biased than the evader estimates. The evader also appears to outperform the pursuer in terms of

its objective function. The FNE pursuer’s cost is higher than the baseline, but better than the OSO

pursuer cost. The maximum amplitude of the relative cost-to-go for the FNE pursuer is also much

lower than in the OSO engagement. It can be speculated that the evader’s estimated parameters,

as in the OSO case, are more observable than the pursuer’s. The FNE evader achieves a total cost

that is essentially equivalent to the baseline cost. There is a small initial transient during which the

FNE evader outperforms the baseline case, lasting until about τ = 1.7. Afterward, the FNE evader

cost-to-go is higher than the baseline. The overall interpretation of the cost-to-go changes can be

summarized as follows. While playing against an adaptive pursuer, the adaptive FNE evader is
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Figure 3.6: Pursuer estimation history for the two-sided finite game

able to recover her reference cost. The adaptive FNE pursuer performs slightly worse than in the

baseline case. The adaptive pursuer incurs a large initial penalty, and if penalty could be overcome,

performance would be improved.

The difference in performance between the FNE pursuer and evader may be explained partially

by the relative observability of the uncertain parameters. It has been shown in the OSO engage-

ments that the evader has better observability of the pursuer’s weights than the reverse. This trend

appears to continue in the FNE engagement as well. If so, then the evader’s state estimation error

should be reduced more quickly than the pursuer’s, which would lead the evader to adapt more

quickly than the pursuer. This is one possible explanation for the relative performance of the two

agents.

As a comparison of all four cases, Fig. 3.8 shows the trajectories in the relative reference

frame. The initial position is indicated by an open circle and has the same value for all three
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Figure 3.7: Evader estimation history for the two-sided finite game

cases. The terminal position is indicated by an “X” and varies slightly. From examination, the

static case, in which no agent is adaptive, is most similar to the two-sided adaptive case. This

reinforces the idea that the two-sided game is essentially recovering the static case - neither agent

gains a substantial advantage. The one-sided engagements have similar terminal states but different

underlying trajectories. The engagement with OSO evader in particular has the most distinctive

trajectory, with the initial range between agents initially increasing, and a noticeable amount of

“cross-track” motion orthogonal to the nominal capture trajectory.

The individual simulation results presented in this subsection demonstrate two primary trends.

One, the asymmetry in the control weights used by each player makes the adaptive evader’s estima-

tion performance much better than the adaptive pursuer’s in general. Two, there is a large transient

effect on performance due to the initial uncertainty. Once that transient effect passes, the adaptive

evader typically outperforms his baseline, and the adaptive pursuer’s performance improves little
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Figure 3.8: Trajectory comparisons for all four finite horizon cases

because his estimation performance is poor.

This subsection has considered the finite horizon LQDG engagement between various adaptive

agents. The following subsection performs a small Monte Carlo analysis to analyze the behavior

of adaptive agents playing against static agents with progressively poorer information.

3.4.2 Convergence of adaptation

As noted previously, the adaptive FNE approach is mismatched if both players use it simulta-

neously, because there is an error between the assumptions of the model and the actual approach

used by the opponent. In practice, the effect of this mismatch is that each player obtains estimates

of the opponent weights that are slowly time-varying, in such a fashion that errors in the estimate

of the closed-loop opponent gain remain small. Since the weight estimates are time-varying and no

longer unique, it is challenging to analyze the equilibrium properties of these strategies. Indeed, in

this dissertation it is assumed that the mismatched adaptive FNE strategies achieve asymptotically

a Nash equilibrium. To justify this assumption, in this subsection an adaptive FNE player plays

against an opponent who implements a non-adaptive FNE strategy with some error.
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The idea is a simple one; under perfect information, a Nash equilibrium exists at particular

weight values. When the opponent has perfect information, the adaptive player should approach

the FNE performance with no bias. As the opponent’s information becomes less accurate, the

adaptive player should perform no worse than in the exact FNE engagement. While this behavior

does not prove the mismatched strategies are in equilibrium, it does demonstrate that the adaptive

strategy is achieving the goal of improving performance in the presence of opponent errors.

To analyze this performance, an opponent information metric is defined. Monte Carlo simula-

tion with fixed weights and initial conditions are conducted as the opponent information degrades

from perfect information to minimax information. The distribution of the adaptive player’s total

cost incurred as a function of the opponent information quality is then considered. To analyze

the distributions, a sort of modified box-whisker plot is employed to characterize distributions as

a function of an independent variable. A box-whisker plot is a traditional statistical tool for vi-

sualizing a distribution of data. To visualize the distribution as a function of time, the traditional

box-whisker components are simply plotted as functions of time. The approach is briefly summa-

rized. The experimental mean and median are plotted as measures of the center of the distribution.

The upper and lower quartiles4 are plotted to give some idea of where the data are concentrated.

(Half the data fall within these bounds.) Finally, the “whiskers” commonly used in box-whisker

plots are shown to give some idea of the spread within the data. The upper whisker corresponds to

the last value less than the upper quartile plus 1.5 times the interquartile range (the difference in

quartiles). Similarly, the lower whisker corresponds to the last value greater than the lower quar-

tile minus 1.5 times the interquartile range[47]. Qualitatively, the “box” values indicate where the

data is concentrated and whether there is any asymmetry in the distribution. The “whisker” values

indicate the extrema of the data and are intended to discard outliers. The resulting plots are useful

for observing transient effects on the data distribution and convergence to asymptotic limits.

To perform this analysis, let an opponent information metric be defined as a value on [0, 1]. The

opponent’s model of the adaptive player’s weights are obtained by linearly interpolating between

4Corresponding to the 25th and 75th percentiles, respectively
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the true values and the zero-sum values. An information metric of 0 indicates the opponent has

perfect information and 1 indicates the opponent uses the zero-sum weights and has no information.

To evaluate performance, fixed values of the initial conditions and weights corresponding to Tables

3.2 and 3.3 are used and the resulting objective function value obtained by the adaptive player

is evaluated across 100 simulations. Both adaptive pursuer and adaptive evader are considered.

Values of the information metric corresponding to 0, 0.2, 0.4, 0.6, 0.8, 1.0 are used.

Fig. 3.9 shows the distribution of the objective function value for the adaptive players across

100 simulations. Overall, these figures show the distribution of the overall cost as a functions of

the opponent information quality. It is clear from the figures that the performance of the adaptive

FNE player improves as the opponent’s information quality deteriorates. The change in the overall

cost is greater than the extent of the whiskers for the perfect information case, which indicates that

the extent of the improvement is statistically significant. The change in the objective function is

larger for the pursuer than for the evader. Additionally, the adaptive evader appears to experience

diminishing returns as the opponent information approaches the ZS case, while the distribution for

the adaptive pursuer is relatively linear. Both the change in the objective function and the curvature

of the plots are functions of the weights used by both players, and the trends noted are not expected

to generalize to all possible weights.

The results of this section are not sufficient to demonstrate global properties of the adaptive

FNE strategy. What has been shown is that, for particular values of the opponent weights, an

adaptive player consistently improves her objective function value as the opponent’s information

is eroded from perfect information to no information. This finding indicates that the adaptive strat-

egy is achieving some improvement in reaction to errors in the opponent’s knowledge, which is

the minimum that should be expected of any useful adaptive strategy. Thus, while this subsec-

tion has not demonstrated optimality, it has validated that the adaptive LQDG play meets a basic

requirement to be useful. The next subsection presents a Monte Carlo analysis of the orbital PE

game.
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Figure 3.9: Performance of adaptive FNE player against a static FNE player with deteriorating
information

3.4.3 Monte Carlo analysis

In Monte Carlo analysis, initial states and/or player weights are sampled from some assumed

distributions and the resulting performance of the agents is analyzed. When initial states are sam-

pled, all values are sampled independently. Initial positions are drawn from a uniform distribution

on [−5, 5] and initial velocity from a uniform distribution on [−2, 2]. When player weights are sam-

pled, it is found that the generalized RDEs become unstable if sampled blindly from a Gaussian

density of modest covariance, and so some additional sampling logic must be employed. Player

weights are sampled from a Gaussian distribution whose mean is the true value of the opponent

weight and whose covariance is one-tenth the value assumed in Table 3.2. If the weights satisfy

stable RDEs, then the weights are used. If the weights lead to singular solutions, then the weights

are re-sampled until stable values are found. Stability is evaluated by numerically integrating the

RDEs backward from the terminal time. If any element of the associated RDEs exceeds a numeri-

cal threshold, the engagement is identified as unstable. Note that the value of the sample covariance

is reduced from the initial covariance assumed by the adaptive player because larger values were
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found to sample unstable engagements at an exceedingly high rate.

Monte Carlo simulations are evaluated according to three metrics. First is the number of sim-

ulations that terminate prematurely. This can happen for several reasons, such as a large estimate

covariance magnitude, indicating divergence of the estimator, or estimated opponent weights that

lead to a singular RDE solution and unimplementable control. In general, the number of premature

terminations is an indicator of how robust an estimator performs in a given circumstance.

The second metric is called the agent’s loss function. An agent’s loss function Li and normal-

ized loss function `i(t) are defined as functions of time as follows:

Li(t) = J∗c2g,i(t)− Jc2g,i(t) (3.17)

`i(t) ≡
J∗c2g,i(t)− Jc2g,i(t)
‖J∗c2g,i(t)‖

=
Li(t)

‖J∗c2g,i(t)‖
(3.18)

J∗c2g,i denotes the perfect information cost-to-go for agent i and Jc2g,i denotes the cost-to-go based

on the actual cost incurred during the simulation. The perfect information cost-to-go depends

on both agent’s strategies and is defined as follows. For an adaptive OSO agent playing against

a minimax agent, the OSO agent’s perfect information cost-to-go is computed by using the true

values of the minimax agent’s weights. The minimax agent’s perfect information cost-to-go is

found by computing the optimal RDE solution for the minimax agent when the adaptive OSO

agent uses his perfect information strategy5. For the two-sided FNE case, both agents’ optimal

costs-to-go are found from the perfect information FNE game. The perfect information costs-

to-go are computed from the solutions of the associated RDEs and the true state history from

simulation with imperfect information. From the definition of the loss function, its nominal value

should generally be negative; if an opponent plays optimally, then the best an agent can hope to do

is to approach a zero value of the loss function. In practice, the loss function can be positive when

both players play according to imperfect information, and this occurs in many simulations. This

loss function is defined using the cost-to-go rather than total accrued cost to make the metric less

5Hence, the perfect information “minimax” agent strategy is not actually minimax.
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sensitive to transient effects. The loss function is analyzed both in terms of the total cost-to-go,

evaluated at the initial time, and also in terms of the time histories of the loss function. For the time

histories, the distribution plots introduced in Sec. 3.4.2 are employed to consider the loss function

distributions as functions of time.

The third and final metric for evaluating Monte Carlo results is the mean square error (MSE) in

estimating the opponent’s gain. It is expected that estimation of the opponent weights incurs a bias

when both players are adaptive, as discussed previously. As a result, the accuracy in estimating

the opponent weights is not a good metric of the performance of the estimator. Instead, it is more

useful to consider the accuracy in predicting the opponent gain as the simulation develops. The

MSE is computed for each simulation across all times and gain elements as follows:

MSEK =
1

8N

4∑
i=1

2∑
j=1

N∑
k=1

(K̂ij(tk)−Kij(tk))
2 (3.19)

Monte Carlo results are presented in three parts. First, constant initial conditions and agent

weights are selected and the resulting aggregate performance is analyzed. It is useful to conduct

simulations for a constant set of initial conditions to gain insight into the behavior of each player’s

objective function. The objective function is in general more sensitive to the initial state than

to individual parameter uncertainty. In the second part, the initial conditions are allowed to vary

according to a uniform distribution, and the resulting performance is analyzed. Finally, the problem

weights vary with constant initial conditions.

3.4.3.1 Baseline case with fixed initial states and weights

As a baseline case, 100 simulations are conducted with fixed problem weights and initial con-

ditions. The only source of uncertainty is in the measurement errors and the resulting influence on

the estimation and control of each agent. Figs. 3.10–3.11 plot the distribution of the loss function

as a function of time for each of the three simulation cases. These figures plot Li, the unnormalized

cost-to-go loss, as a function of time. Fig. 3.10 plots the loss metric for OSO evader and pursuer.

The distribution plots are of the same type as Fig. 3.9, in which the median, mean, upper and
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Figure 3.10: Distribution plot of the loss function for OSO evader (left) and OSO pursuer (right)

Figure 3.11: Distribution plot of the loss function for opposing adaptive pursuer and evader

lower quartiles, and whiskers are plotted to give a sense of the overall distribution of the data as

a function of time. These plots show the same general trends in cost-to-go as were observed in

the individual simulation results. The pursuer’s initial loss is small but quickly spikes to a large
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negative value. The cause of the spike is a rapid increase in the adaptive cost-to-go, apparently

caused by a transient response when the adaptive gameplay begins. The OSO evader also initially

suffers a large loss, corresponding to the poor transient response when the uncertainty is high. The

transient lasts approximately three-quarters of a time unit. After that point, the distribution includ-

ing the whiskers are approximately bounded above by zero, and the entire distribution approaches

zero cost-to-go uniformly as τ → τf . Noticeably, the adaptive evader approaches zero loss more

quickly than the adaptive pursuer once the initial transient is overcome. Considering the whiskers,

the OSO pursuer has much lower variation in performance than the OSO evader. The performance

of the OSO pursuer’s loss function appears to be close to deterministic, with only small changes in

loss experienced due to measurement sampling effects.

Fig. 3.11 shows the loss metric as a function of time when both players use the adaptive

FNE approach. The results suggest the two-sided adaptive FNE game is nearly zero-sum, in that

the pursuer and evader loss functions are nearly mirrored about the x-axis. The curves are not

identical, however. At the initial time, the pursuer has a positive loss and the evader has a negative

value, indicating that the pursuer cost-to-go at τ = 0 is lower than the perfect information baseline

value, and the evader cost-to-go is higher. After an initial transient, the trend is reversed, with the

pursuer metric indicating worse performance than the baseline and the evader performing better.

This result is similar to what was shown previously in Sec. 3.4.1 for the same weights and initial

conditions.

Tables 3.4–3.5 report the remaining performance metrics. Table 3.4 reports the distribution

of the relative loss function, `i, evaluated at the initial time. This metric quantifies the overall

cost incurred under adaptive play relative to the perfect information baseline. The median and the

upper and lower quartiles are reported to give some idea of the spread within the data. The loss

metrics are reported for the static agents as well as adaptive ones. The results indicate that the

adaptive pursuer against minimax evader is able to nearly recover perfect information play, having

a loss metric typically between −0.6% and −0.4%. Because of the adaptive pursuer, the minimax

evader incurs a loss of about −6% generally. As noted earlier, the OSO adaptive evader incurs
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Agent Adaptive? Lower quartile Median Upper quartile
Pursuer X -0.0063 -0.0052 -0.0041
Evader -0.060 -0.059 -0.059
Pursuer 0.54 0.59 0.70
Evader X -2.7 -2.3 -2.1
Pursuer X 0.015 0.016 0.016
Evader X -0.035 -0.034 -0.032

Table 3.4: Summary of cost function loss statistics in 100 simulations with sampled weights

a huge penalty due to the initial transient. This transient skews the OSO evader’s relative loss

function to values of about −200% of the baseline. Because of this highly suboptimal initial play,

the minimax pursuer actually attains better performance than he should expect to against a static

player. In the two-sided adaptive FNE scenario, the relative loss distributions are very tight. The

pursuer typically improves by about 1.6% relative to his baseline, and the evader metric is about

3.4% worse than the baseline. As the distribution plots show, the improvement in cost-to-go is

highly dependent on the transient response, and a small change in either player’s initial response

could easily change the relative loss metric from positive to negative or vice versa. The overall

picture can be summarized as follows: the OSO pursuer essentially recovers perfect information

gameplay. The OSO evader incurs a large penalty due to suboptimal play when the uncertainty is

large. In the two-sided game, the pursuer plays a little better and the evader a little worse than the

baseline case.

Table 3.5 shows metrics of the MSE in opponent gain estimation distribution. The MSE metric

excludes simulations that terminated prematurely. The mean, median, and quartile values of the

MSE across different simulations is then reported in Table 3.5. The results indicate that the OSO

pursuer obtains estimates of the minimax evader’s gains with a typical MSE that is about one-

third of the MSE of an OSO evader estimating a minimax pursuer’s gain. It is interesting that

the pursuer MSE is smaller than the evader MSE, given the lower estimation errors shown for the

evader than for the pursuer. However, the evader gain is generally smaller than the pursuer gain,

so it is reasonable that the gain MSE is lower for the pursuer estimating the evader’s gain. In the
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Agent Lower quartile Median Mean Upper quartile
Adaptive Pursuer 0.014 0.017 0.017 0.021
Adaptive Evader 0.049 0.051 0.054 0.056
Adaptive Pursuer 0.025 0.041 0.039 0.053
Adaptive Evader 0.31 0.46 0.47 0.66

Table 3.5: Summary of opponent gain estimation mean squared error statistics in 100 simulations
with sampled weights

adaptive FNE engagement, both player’s MSE metrics deteriorate, but the evader’s error becomes

much larger than the pursuer’s. It is reasonable to conclude that the larger loss metric experienced

by the evader in this case can be attributed in part to this larger error in gain estimation.

For the case of fixed initial states and weights, there are no failed simulations in the OSO

simulations. There are only four failed simulations in the two-sided FNE simulations. Based on

this result, the robustness of the agents to measurement uncertainty alone is acceptable.

Baseline Monte Carlo results have been presented. Next, the effect of sampled weights with

constant initial conditions is considered.

3.4.3.2 Sampled weights with constant initial conditions

In the following discussion, the weights used by each player are sampled according to a nomi-

nally normal distribution. The distribution is only nominally normal because some sampled values

correspond to games for which there is no finite-valued RDE solution, and these values are dis-

carded and re-sampled. No consideration is made of the “distance” from the sampled values to

the point of instability. For instance, if chosen weights are “close,” in the space of parameters, to

unstable weights, then small estimation errors may cause the estimated RDE solution to become

singular even when the perfect information solution is nonsingular. Hence, a greater number of

failed simulations are to be expected under this new sampling paradigm.

1000 Monte Carlo samples are used to evaluate performance, using the same metrics introduced

previously. Fig. 3.12 shows the loss function for the OSO evader and pursuer. The OSO evader

loss function shows a huge initial variance at τ = 0. After about half a dozen measurements, the
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Figure 3.12: Distribution plot of the loss function in 1000 simulations with sampled weights for
OSO evader (left) and OSO pursuer (right)

Figure 3.13: Distribution plot of the loss function in 1000 simulations with sampled weights for
opposing adaptive pursuer and evader

66



Agent Adaptive? Lower quartile Median Upper quartile
Pursuer X -0.092 -0.013 0.0073
Evader -0.11 -0.041 0.10
Pursuer 0.018 0.066 1.2
Evader X -2.9 -0.33 -0.095
Pursuer X 0.014 0.017 0.021
Evader X -0.045 -0.034 -0.027

Table 3.6: Summary of cost function loss statistics in 1000 simulations with sampled weights

median loss value approaches zero, but the upper quartile remains noticeably larger for about one

time unit. The upper whisker decays even more slowly, and cannot be said to have converged until

about τ = 4. The mean loss metric is very skewed and is not visible on the plot for most of the

simulation time. The OSO pursuer also shows a large initial variance in the loss, but the whiskers

are tighter and are generally negative-valued. The median value is close to the upper quartile. The

distributions converge to near zero by approximately τ = 4. Convergence of the distribution to

zero indicates there is little that can be gained by additional adaptation or estimation from this

time onward. Overall, the distributions show similar median responses to the baseline case, but

huge growth variation in performance due to the sampled weights. Based on the performance in

individual simulations, it is likely that this increase in variability is attributable to poor transient

responses due to initial errors.

Fig. 3.13 shows the loss function distributions for the two-sided adaptive FNE game. The

results are comparable to those of Fig. 3.11 but with much wider uncertainty in each distribution.

However, the variability in the two-sided adaptive FNE game is much less than was displayed in

the adaptive OSO games with sampled weights. The whiskers converge to values near the quartiles

by approximately τ = 1, and the overall loss distribution converges to near zero by about τ = 3 or

τ = 4. The plots indicate that, after suffering a penalty due to the initial conditions, the adaptive

evader typically enjoys an improvement in the cost-to-go at subsequent times.

Tables 3.6–3.8 summarize the remaining performance metrics. Table 3.6 shows the relative

loss metric. It manifests similar general trends to the baseline case, but with much greater variance
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Agent Lower quartile Median Mean Upper quartile
Adaptive Pursuer 0.011 0.018 0.028 0.032
Adaptive Evader 0.069 0.095 0.12 0.13
Adaptive Pursuer 0.011 0.016 0.021 0.025
Adaptive Evader 0.064 0.086 0.095 0.11

Table 3.7: Summary of opponent gain estimation mean squared error statistics in 1000 simulations
with sampled weights

between the upper and lower quartiles. The median OSO pursuer loss is about −1.3% but the

interquartile range is about 9.9%, roughly two orders of magnitude larger than in the baseline

case. The introduction of sampling improves the performance of the OSO evader substantially.

Although the lower quartile value is still on the order of several times the baseline value, the

median and upper quartile values are on the order of tens of percents. In the adaptive FNE game,

the pursuer relative loss metric is typically between 1.4% and 2.1%, and the evader metric between

−4.5% and −2.7%. The results in this table generally follow the same trends as the baseline case

but with much greater uncertainty. It remains true that OSO pursuers typically are able to attain

similar performance to their perfect information counterparts, and initial-condition-based transient

errors degrade OSO evader performance. In the adaptive FNE case, pursuers typically are able to

improve over their baseline, and evader experience a loss.

Table 3.7 summarizes the MSE gain estimation error experienced across simulations. Pursuers

achieve errors on the order of 0.01 in both the OSO and FNE engagements. The evader errors are

typically larger while being of the same order of magnitude; the upper quartile is on the order of

0.10. Both players now achieve slightly smaller errors in the FNE case than in the OSO case. This

is a reversal of the trend seen in the baseline engagement, although it is not clear if the change in

the errors is statistically significant. With sampled player weights and fixed initial conditions, the

MSE in gain estimation is almost indistinguishable whether the OSO or FNE strategy is used.

Lastly, Table 3.8 summarizes the number of failed simulations in each case. About 10% of

pursuer OSO simulations failed to complete, while the number is much higher in the other cases.

About 40% of evader OSO engagements failed, and about 25% of adaptive FNE engagements
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Agent Failed simulations
Adaptive Pursuer 114
Adaptive Evader 395

Adaptive Pursuer and Evader 258

Table 3.8: Summary of failed simulations in 1000 simulations with sampled weights

failed. It is clear that the overall estimator robustness is highly sensitive to the game weights. The

performance demonstrated here is likely to be unacceptable in most practical systems. Motivated

by this finding, improving the robustness of the adaptive gameplay by quantifying the “stability

bounds” associated with the LQDG game weights is a focus of Chapter 5.

This completes the description of results for sampled weights with constant initial conditions.

Next, sampled initial conditions with constant agent weights are considered.

3.4.3.3 Sampled initial conditions with constant weights

In this section, initial conditions are chosen such that the initial position components are from

U(−5, 5) and the initial velocity components from U(−2, 2). All relative state components are

independent. Latin Hypercube sampling is used to ensure the sampled values are spread throughout

the uniform domain[48, 49]6. The agent weights are the constant values specified in Table 3.3. As

in the previous set of Monte Carlo results, 1000 sampled values are chosen.

Fig. 3.14 shows the OSO evader and pursuer cost-to-go loss distributions. The evader loss

metric, as before, manifests very large initial uncertainty that typically leads to a large penalty.

By τ = 1, much of the uncertainty has been reduced, but the distribution does not fully converge

until about τ = 4. The large uncertainty indicates the OSO evader is quite unreliable; sometimes

the performance is much worse than the baseline, and sometimes it is better. The OSO pursuer

behavior, on the other hand, shows relatively little variability. The whisker height is much smaller

during the initial transient. The median loss values are small, on the order of 1, and the distribution

converges steadily as τ → τf . The OSO pursuer loss is consistently small.

6Note that Latin Hypercube designs were not used previously because the engagement stability with respect to
weights made the samples potentially dependent.
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Figure 3.14: Distribution plot of the loss function in 1000 simulations with sampled initial condi-
tions for OSO evader (left) and OSO pursuer (right)

Figure 3.15: Distribution plot of the loss function in 1000 simulations with sampled initial condi-
tions for opposing adaptive pursuer and evader
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Agent Adaptive? Lower quartile Median Upper quartile
Pursuer X -0.0050 0.0036 0.014
Evader -0.12 -0.085 -0.030
Pursuer 0.83 2.5 14
Evader X -42 -7.5 -2.8
Pursuer X 0.013 0.027 0.039
Evader X -0.064 -0.050 -0.029

Table 3.9: Summary of cost function loss statistics in 1000 simulations with sampled initial condi-
tions

Fig. 3.15 shows the loss function distributions in the adaptive FNE game. The evader dis-

tribution is initially quite sharply peaked before decaying gradually from a postive value. After

the initial timestep, the evader loss whiskers appear to be bounded below by zero. The pursuer

transient response is less peaked, and gradually decays from a small negative value to zero. By

comparison with the OSO evader distribution, the adaptive FNE evader distribution is much tighter

and more consistent. It appears that in the two-sided FNE engagement, there is less overall vari-

ability in either agent’s cost. This phenomenon was also observed in the case with sampled weights

and constant initial states.

Tables 3.9–3.11 summarize the loss function, gain estimation MSE, and failed simulations with

sampled initial states. First, consider Table 3.9. In the game with OSO pursuer, the pursuer loss

values are typically near zero. The upper quartile is about 1.4%, indicating better performance than

the baseline. The minimax evader in the same simulations experiences loss values typically on the

order of one to ten percent. These results suggest a significant degradation in evader cost, but min-

imal change in pursuer cost due to the adaptive pursuer play. In the OSO evader game, the initial

conditions skew the results and lead to poor performance for the evader. In the two-sided FNE

game, the pusuer typically achieves small positive values and the evader achieves small negative

values. All of these trends are consistent with the other Monte Carlo cases. The uncertainty has

increased, as measured by the wider interquartile range for both pursuer and evader. Overall the

findings still indicate an advantage for the pursuer in the FNE game, while the evader is struggling

to “keep up.” However, it is also clear that this outcome is a function of the initial guesses for each
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Agent Lower quartile Median Mean Upper quartile
Adaptive Pursuer 0.011 0.013 0.014 0.015
Adaptive Evader 0.074 0.088 0.096 0.11
Adaptive Pursuer 0.014 0.016 0.019 0.020
Adaptive Evader 0.040 0.051 0.061 0.071

Table 3.10: Summary of opponent gain estimation mean squared error statistics in 1000 simula-
tions with sampled initial conditions

agent, and that the cost-to-go at subsequent times in the simulation usually is better for the evader,

once its estimates have begun to converge.

Table 3.10 summarizes the gain estimation MSE statistics. The OSO pursuer MSE values

are on the order of 0.01 and have a very small interquartile range, indicating very consistent per-

formance across simulations. The OSO evader has larger errors of the same magnitude and an

interquartile range that is about an order of magnitude larger. Essentially, the OSO evader has

slightly higher typical errors but significantly larger variance in performance. In the adaptive FNE

game, the pursuer MSE median errors increase slightly and the evader median errors descrease

noticeably. The change in pursuer MSE is small and may not be statistically significant, but the

evader MSE appears to be statistically significant based on the quartile values. It is interesting that

the error metric increases for the pursuer in the FNE game and descreases for the evader. This may

be related to the initial weight estimates, which are unfavorable to the evader but appear to be less

unfavorable in the FNE game.

Lastly, Table 3.11 summarizes the number of failed simulations in each case. Essentially, only

the OSO evader engagement has any significant number of failures, with 136 out of 1000. It should

be noted that this is significantly less than occured in the case of sampled weights only, but still

a large fraction of simulations. This finding indicates that the OSO evader is particularly fragile

compared to the OSO pursuer.

The Monte Carlo results demonstrate four clear trends:

1. The OSO adaptive pursuer performance typically approaches that of the perfect information

baseline case. While the estimator is robust to initial state changes, the OSO pursuer still
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Agent Failed simulations
Adaptive Pursuer 0
Adaptive Evader 136

Adaptive Pursuer and Evader 6

Table 3.11: Summary of failed simulations in 1000 simulations with sampled initial conditions

fails in a large number of simulations when sampled weights are used.

2. The OSO adaptive evader performance is heavily skewed by a poor initial transient response,

which is mitigated slightly when sampled weights are used. The adaptive evader exhibits

high uncertainty, long after the initial time, and extremely poor robustness to sampled values

of the pursuer’s weights.

3. In adaptive FNE games, the pursuer consistently improves over his baseline by a small

amount, while the evader suffers overall relative losses of about −5% typically. This perfor-

mance metric is highly dependent on the initial conditions. It appears that after overcoming

an initial transient, the adaptive evader’s performance typically improves more than the adap-

tive pursuer’s does.

4. Despite estimator fragility with respect to the agent weights, the performance and MSE error

metrics are seen to be more sensitive to the initial state than to the values of the opponent

weights. It seems like that this happens because a large number of simulations with sampled

weights terminated prematurely, which has biased the metrics of the remaining simulations

towards better values.

Given the performance demonstrated thus far, it seems reasonable to expect that sampled initial

states and agent weights simultaneously would produce a large number of prematurely terminated

simulations, and are unlikely to produce new trends in terms of agents’ performance. Hence, for

the sake of brevity, the discussion of Monte Carlo results is limited to the results presented thus

far. The next section summarizes the chapter and presents conclusions.
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3.5 Conclusions

This chapter has studied the use of sequential estimation to enable adaptation in agents playing

a nonzero-sum incomplete, imperfect information PE game. An agent plays against an opponent

whose behavior is known to be either static or adaptive, and the appropriate Riccati equations

are used to predict an opponent’s future actions according to the best estimate of the opponent’s

objective function weights at each time. The linear relative dynamics of the HCW equations allow

the use of the well-developed LQ PE game in the problem formulation.

There are four primary conclusions from the numerical examples. (1) Estimating the oppo-

nent’s terminal state penalty, [Ŝf ], poses an unusual challenge. [Ŝf ] is not very observable in the

sequential estimation framework, because the opponent’s Riccati matrix is in a steady state for

most of the simulation. However, the opponent weights overall can be estimated with lower uncer-

tainty in the finite horizon game, because the presence of the terminal weight causes the opponent’s

behavior to deviate from the estimated models more significantly and improves observability. (2)

The evader in this scenario generally gets a more precise estimate of the pursuer’s weights than

the pursuer does of the evader’s. This is because the pursuer’s greater control use makes his ac-

tions more observable. Likely because of this improved estimation accuracy, the evader typically

achieves better cost-to-go metrics after the effects of initial estimation errors have been overcome.

(3) To limit the effect of initial errors when the uncertainty is high, an agent should employ a “safe”

strategy until his estimates converge, or take some other action to obtain smooth control correc-

tions. Since this step is not employed in the chapter, most simulations show an initial transient in

which a cost penalty is accrued. The tradeoff, naturally, is that waiting too long to begin using the

estimates will reduce the potential benefits for an agent.

The results shown in this chapter suggest several avenues for further consideration. The nu-

merical implementation of adaptive LQDG gameplay suffers from quite slow evaluation times, due

to the need to repeatedly re-solve the generalized RDEs via numerical integration. This problem

was present in the earlier work of Ref. [6], but is more prevalent in the adaptive FNE case, which

requires each player to numerically integrate coupled RDEs in a UKF. Additionally, a rigorous
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framework for deciding when to begin using the estimates of the opponent’s weights is needed to

prevent the poor transient response present in many simulations. Efficiently approximating RDE

solutions and safely switching to the adaptive strategy are both covered in Chapter 4. The Monte

Carlo results with sampled weights and fixed initial conditions clearly demonstrate a fragility of

the estimation process with respect to the weights. It is believed that many of these failed simu-

lations can be attributed to nearly-unstable engagements in which the estimated weights stray into

the unstable region, causing a numerically singular control to be computed and leading to the fail-

ure of the simulation. A method for more robustly estimating the opponent weights in the presence

of engagement stability considerations is presented in Chapter 5. Another challenge not addressed

in this chapter is how an adaptive agent might distinguish between a static and adaptive opponent.

This area is discussed more in Chapter 6, which proposes an approach based on multiple-model

estimation.
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4. PARAMETERIZATION, PROBABILISTIC LOOP CLOSURE AND RICCATI SOLUTION

APPROXIMATION

The previous chapter considers a detailed example of an orbital pursuit-evasion game in which

agents use adaptive gameplay to try to improve their overall performance. While the estimation

underlying adaptation shows reasonably good performance, the simulations demonstrated several

shortcomings that are not addressed in the work of Ref. [6]. The present chapter focuses on

improvements to the estimation-based adaptive gameplay, while using the same basic adaptive

gameplay approach. In particular, three topics are addressed. First, the LQDG estimation problem

parameterization is modified to produce identical equations from both agents’ perspectives. This

change is made primarily for convenience in the numerical implementation of adaptive gameplay.

Second, a rigorous method for switching from the minimax strategy to adaptive strategy based

on the estimation uncertainty is introduced and used in all future results. Finally, a method for

approximating neighboring solutions of the generalized RDEs using the Taylor series is introduced

and demonstrated. To begin, the problem re-parameterization is introduced.

4.1 Re-parameterization

In the work of Ref. [6] and the orbital PE game of Chapter 3, the pursuer is designated as

player i and [Rii] = [Rji] = [In×n] is used. There is no loss of generality, and this approach is

reasonable for the minimax and OSO games. However, a different choice of parameterization leads

to more compact expressions of the FNE governing equations. Choosing instead [Rii] = [Rjj] =

[In×n] eliminates matrix inverse terms in the generalized RDEs. Furthermore, it produces a useful

symmetry between agents i and j. After simplification, the governing RDE for [Si] is given as

follows:

[Ṡi] = −[Si][A]− [A]T [Si]− [Qi]+[Si][Eii][Si]+[Si][Ejj][Sj]+[Sj][Ejj][Si]− [Sj][Eij][Sj] (4.1)

[Eii] ≡ [Bi][Bi]
T (4.2)
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[Ejj] ≡ [Bj][Bj]
T (4.3)

[Eij] ≡ [Bj][Rij][Bj]
T (4.4)

The governing FNE equation for [Sj] is simply given by interchanging the indices i and j in

the previous expressions. This assumption also simplifies the closed-loop dynamics such that i’s

closed-loop equation only depends explicitly on [Sj(t)] and not on [Rjj]. In principle, any linear

system can be transformed to the suggested form simply by a linear transformation on the variables.

Furthermore, any objective function for i in which [Rii] is equal to a constant times identity can

be transformed into this form without a change of variables by simply changing the relative scale

of the problem weights. This change is significant for numerical implementation because it allows

the same code to be used for both agents while retaining a compact problem representation.

The choice of [Rii] = [Rjj] = [In×n] has the undesirable effect of slightly changing the in-

terpretation of the problem weights for both agents. For simplicity of the discussion, let i be the

observing agent, whether in an OSO or FNE solution. If i is a pursuing agent, then he must have

[Qi] ≥ 0 and [Sf,i] ≥ 0 for the problem to be physically meaningful. Similarly, in a competitive

game where j and i are opposing one another, [Rij] < 0 must be satisfied. On the other hand,

if i is an evader, then he must choose [Qi] ≤ 0 and [Sf,i] ≤ 0, but the requirement [Rij] < 0

remains. That is, under the altered problem representation, two of the problem weights have a

sign dependence on the role of the acting agent. This should be kept in mind while reviewing

the subsequent results.

This section has summarized a re-parameterization of the LQDG system that is more conve-

nient for the FNE game. This system parameterization is used in all following work. The following

section presents a straightforward procedure to prevent adaptive agents from acting according to

highly uncertain estimates.

4.2 Cost-based loop closure

As noted in both Refs. [6] and [12], as well as Chapter 3, it is not generally appropriate to

immediately use the learned values of an opponent’s weight, because errors in the initial estimates
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may lead to an overall reduction in the game outcome. In both of those dissertations, an arbitrary

observation window was specified by the control designer. During this period, the adaptive player

used a minimax strategy. His estimates were assumed to converge when the observation window

expired, and the estimates were used to generate subsequent values of the control. This approach

is generally acceptable in practice, but has two disadvantages. First, it requires tuning for specific

scenarios. Second, even with tuning, the convergence of the nonlinear estimates is dependent on

the state trajectory, so an agent in practice could wait longer than necessary, or not long enough.

Since nonlinear Kalman Filtering is used to obtain estimates, a straightforward statistical approxi-

mation can be used to determine when the uncertainty is sufficiently low to begin using estimates

to generate control values.

At the beginning of a scenario, an agent has access only to his own weight values. Unless good

a priori estimates of the opponent weights are known at initialization, the agent should implement

a strategy that is independent of the opponent’s settings, such as the minimax strategy. The min-

imax strategy ensures a “cost ceiling;” as discussed earlier, the cost-to-go with minimax weights

always has an upper bound given as a quadratic function of the current state. That upper bound is

independent of the opponent strategy. The adaptive agent wishes to observe the opponent, develop

good estimates of the opponent weights, and exploit those estimates to achieve better performance

than would otherwise be possible. This behavior can be achieved by stipulating that the adaptive

agent should not switch to a candidate strategy unless that strategy is expected to result in a lower

cost than the minimax cost ceiling.

The estimated values are assumed to be approximately Gaussian. The cost-to-go (C2G) under

the OSO or FNE strategies is simply a nonlinear function of the estimates. By using the estimate

means and covariances, the cost-to-go and its covariance can be approximated. Let the full state

vector for estimation be ẑ ≡
[
x̂T θ̂T

]T
. The estimated cost-to-go for i if he acts using his state

estimates is a simple function of his Riccati matrix solution:

ĴC2G =
1

2
x̂T [Si(θ̂)]x̂ (4.5)
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The mean and covariance of ĴC2G can be approximated to first order under the assumption that

the state estimate ẑ is Gaussian. The Unscented Transform (UT) is employed to approximate the

mean and covariance of the C2G[4, p. 155]. If it assumed that i correctly knows the strategy of

his opponent, then the estimation errors are the only source of uncertainty in Eq. 4.5. It remains

only to determine an appropriate threshold on ĴC2G for which it is acceptable to begin using the

estimates for closed-loop control.

A simple approach is to require a high probability that the true cost-to-go is less than the

minimax ceiling. This can be achieved by requiring Pr(JC2G < Jminimax) > Pα, where Pα is

some threshold near zero. Pα = 0.99 is typically used in the dissertation. Both the cost-to-go and

the minimax cost depend on the current state, and hence are random variables. Consequently, the

UT is used to evaluate the mean and covariance of Jδ ≡ JC2G − Jminimax. If the higher moments

of Jδ are assumed negligible, then Pr(Jδ < 0) is simply given by the cumulative distribution

function (CDF) of the approximately Gaussian random scalar Jδ. The CDF, denoted by FJδ(0), is

straightforward to evaluate, given the mean and covariance approximated by the UT.

To highlight the use of this cost-based initialization, return to the example of the orbital pursuit-

evasion game. In Fig. 3.4, the evasive player incurs a huge initial penalty by acting according to

the estimates of the pursuer’s weights when the uncertainty is large. The same scenario is repeated

in Fig. 4.1 using the cost-based initialization. In this plot, the evader is denoted as agent j, and has

the objective of minimizing the cost function Jj . The evader transitions from using the minimax

strategy to the one-sided optimal strategy after less than five measurements typically. The true

adaptive gameplay cost (computed assuming perfect information) is shown on the left plot and is

evaluated against the cost incurred for the same scenario with no adaptation. The adaptive cost

smoothly departs from the static cost and achieves a lower overall value. The left plot shows the

estimated and true values of the change in cost to go obtained by switching from the minimax

strategy to the OSO strategy. The right plot shows the estimated and true change in the cost-to-go

from switching to the adaptive OSO strategy. After about four measurements, the uncertainty is

low enough that the 3σ bounds on the estimated cost-to-go change are negative, and the closed-loop
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Figure 4.1: Cost improvements in evasive agent for orbital pursuit-evasion game

control is used. This figure shows that the cost-based initialization eliminates the transient penalty

in a fashion that is automatically adaptive to the data quality, enabling a reduction in overall cost.

This completes the description of the procedure to prevent adaptive agents from acting under

high levels of uncertainty. This method is labeled “cost-based loop closure” to reflect the fact that

estimates are prevented from being used in the closed-loop control until uncertainty is sufficiently

low. It is important to note that the default control strategy is still a feedback structure. This

procedure, unless otherwise noted, is used in all future results addressing adaptive game-playing

agents.

The first two sections of this chapter have presented relatively straightforward addenda to the

existing work of Chapter 2. In the remaining section, a Taylor series expansion of the generalized

RDE solutions is used to obviate the need to repeatedly solve the RDEs by numerical integration.

This enhancement is more complicated and is the subject of the remainder of the current chapter.

4.3 Truncated Taylor series Riccati solution approximation

This section presents an approach for approximating neighboring solutions of the generalized

RDEs using truncated Taylor series approximations. Automatic differentiation (AD) is leveraged

to numerically evaluate the Taylor series coefficients. AD is a software approach to numeri-

cally evaluating derivatives that has primarily been employed in problems involving large-scale
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optimization, such as engineering design optimization and training of recurrent artificial neural

networks[50]. Some applications in the areas of guidance, navigation, and control of aerospace

engineering vehicles have been published, such as Ref. [51], which has influenced this section.

In this section, AD is employed to numerically expand RDE solutions about a nominal set of

opponent weights.

This section begins by introducing AD and its application to RDE solution approximation.

Subsequently, a scalar numerical problem is considered to evaluate the AD approach.

4.3.1 Automatic differentiation

Many functions of practical interest can be approximated by a truncated Taylor series expansion

about a nominal solution point. By using the Taylor series approximation to the RDEs, an adaptive

player can numerically solve for her optimal gain as a polynomial function of the opponent’s

weights. These solutions can be computed offline, prior to the engagement, and are valid in some

neighborhood of the expansion point. This approach nicely complements the use of the nonlinear

Kalman filter for estimation, which in general only converges for initial estimates “near” the true

values and cannot tolerate arbitrarily large initial errors. By using the Taylor series approximation,

an agent effectively eliminates repeated numerical integration of the RDEs, at the cost of a small

loss in solution accuracy, and a requirement to store polynomial coefficients in memory.

The generalized RDEs have no closed-form solutions. Any Taylor series coefficients must

be computed numerically. Governing equations for the coefficients as functions of time can be

obtained by expanding partial derivatives of the governing ODEs. This can be done by hand,

leading to tedious tensor equations that are time-consuming to numerically integrate. Alternately,

computer symbolic algebra can be used to obtain the governing ODEs, but this often leads to

an explosion of terms for higher-order derivatives. AD offers an alternative path to evaluating

derivatives up to arbitrary order. All values of the higher-order derivatives are computed and stored

a priori, and the accuracy of the online update is limited only by the resources available to store

the derivatives in memory and perform array operations to evaluate the RDE approximation. Once

the AD software is configured, all the end user must do is write code to numerically integrate
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the governing RDEs for nominal values of the opponent weights, and the software automatically

computes the required derivatives in the background.

AD is employed to evaluate arbitrary-order Taylor series expansions of the RDE solution. The

full class of AD methods is broad, but all share the characteristic of evaluating the numerical value

of a floating-point operation(s) and one or more of its derivatives. AD is commonly implemented

using operator overloading, allowing a user to write code in a standard form while derivatives are

seamlessly evaluated in the background when code executes. AD is employed as an alternative to

computer symbolic manipulation, which can become impractical for determining governing ODEs

for high-order sensitivity derivatives. AD is often applied to problems in numerical optimization

to obtain Jacobian information for gradient-based solutions[52]. A great number of AD software

packages exist. Many are intended specifically for optimization problems, and only directly allow

the user to evaluate the Jacobian and Hessian matrices. To obtain arbitrary-order Taylor series

approximations, an AD tool that computes higher-order derivatives is needed.

The class of AD methods optimized for univariate Taylor polynomials (UTPs) offers a par-

tial solution to the higher-order derivatives. Univariate Taylor series expansions of an operation

can be evaluated very efficiently using AD. Software exists in various languages for computing

UTPs. This dissertation has used the open-source AlgoPy Python software, whose development

is discussed in Ref. [53]. However, UTP methods generally only directly compute unmixed partial

derivatives in the expansion of an operation. To obtain the mixed partials needed for the Taylor

series expansion, directional derivatives of the underlying function are expanded to high orders

and a linear combination of directional derivatives can be used to obtain the mixed partials[52].

Efficient evaluation of these higher-order partials from UTPs has been a topic of study[54]. A brief

overview is now given. Consider the Taylor series expansion of a vector function f(x) about the

point a + vτ . By taking the expansion as τ → 0, the Taylor expansion reveals the directional

derivatives of f(x) along v:

f(a+ vτ) = f(a) +
∂f

∂x

T

v

∣∣∣∣
x=a

τ +
1

2
vT

∂2f

∂x2
v

∣∣∣∣
x=a

τ 2 + . . . (4.6)
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For example, assume a second-order expansion of f is desired, and evaluate the directional

derivatives associated with the following directions: v1 = (2, 0), v2 = (0, 2), v3 = (1, 1). This

produces the following three Taylor series expansions:

f(a+ v1τ) ≈ f(a) + 2
∂f

∂x1

∣∣∣∣
x=a

τ + 2
∂2f

∂x2
1

∣∣∣∣
x=a

τ 2 (4.7)

f(a+ v2τ) ≈ f(a) + 2
∂f

∂x2

∣∣∣∣
x=a

τ + 2
∂2f

∂x2
2

∣∣∣∣
x=a

τ 2 (4.8)

f(a+ v3τ) ≈ f(a) +

(
∂f

∂x1

+
∂f

∂x2

) ∣∣∣∣
x=a

τ +
1

2

(
∂2f

∂x2
1

+
∂2f

∂x2
2

+ 2
∂2f

∂x1x2

) ∣∣∣∣
x=a

τ 2 (4.9)

The terms ∂f
∂x

T
vi

∣∣∣∣
x=a

and vTi
∂2f
∂x2vi

∣∣∣∣
x=a

in Eq. 4.6 are computed directly by the UTP AD

software package. Using these computed terms, the desired mixed partials in Eqs. 4.7–4.9 can be

found by rewriting the equations in matrix form. By requiring equality hold between Eqs. 4.6 and

4.7–4.9 for all values of τ , it is clear that the first and second order derivatives must satisfy the

following matrix expressions:


∂f
∂x

T
v1

∂f
∂x

T
v2

∂f
∂x

T
v3


∣∣∣∣
x=a

=


2 0

0 2

1 1


 ∂f
∂x1

∂f
∂x2

 ∣∣∣∣
x=a

(4.10)


vT1

∂f
∂x
v1

vT2
∂f
∂x
v2

vT3
∂f
∂x
v3


∣∣∣∣
x=a

=


4 0 0

0 4 0

1 1 2




∂2f
∂x21

∂2f
∂x22

∂2f
∂x1x2


∣∣∣∣
x=a

(4.11)

Eqs. 4.10 and 4.11 are linear equations in the unknown derivatives ∂f
∂x1
, ∂f
∂x2
, ∂

2f
∂x21
, ∂

2f
∂x22
, ∂2f
∂x1x2

.

Eq. 4.10 is clearly overconstrained, and a unique solution can be found by either using a full-rank

submatrix of the coefficient matrix or a pseudoinverse. Eq. 4.11 can be solved by direct inversion

of the coefficient matrix. This procedure allows the higher order mixed partial derivatives of f to

be extracted from the UTP expansions computed by an AD program.
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A general procedure for extracting arbitrary order Taylor series partial derivatives of a function

is now presented. The procedure is presented without proof, but is straightforward to confirm

using properties of polynomials. Let the desired maximum polynomial degree be d. Let the eth

degree directional derivative along vi of f be denoted as De
vi
f(x). For each e ≤ d, the directional

derivative can be related to the mixed partials by a polynomial expansion as follows:

De
vi
f(x) =

(
n∑
k=1

vi(k)
∂

∂xk

)e

f (4.12)

In Eq. 4.12, the multinomial acts as an operator on the scalar function f with argument x ∈ Rn.

vi(j) is the jth element of the vector vi. This operator determines the coefficient matrix; it can be

verified that it produces the coefficient matrices of Eqs. 4.10–4.11. All that remains is to specify

the directions vi along which derivatives are taken. In principle, any set of vectors that produces a

full-rank coefficient matrix at degree d can be used. A convenient choice is the vi having 1-norm

equal to d and whose elements are in the set of positive integers, Z+[54].

Eq. 4.12 and the chosen set of vi are sufficient to define the coefficient matrices for all poly-

nomial degrees 0 < e ≤ d. The AD program is used to compute the numerical values of the

directional derivatives, and the corresponding values of the mixed partials are extracted by in-

version of the coefficient matrices. This computes a vector of the mixed partials. To evaluate

the truncated Taylor series approximation to f(x) at a new value of x, array operations are used

to compute appropriate monomial functions of x, and the dot product with the vector of mixed

partials evaluates the contribution of the eth degree in the polynomial expansion.

In this dissertation, the Taylor series expansion of the numerical solution to an ODE is de-

sired. AD methods are commonly implemented using operator overloading, which makes them

convenient for many applications, but incompatible with most existing numerical integration func-

tions. To support the use of AD Taylor expansions of ODE solutions, a fourth order Runge-Kutta-

Fehlberg integrator (RKF45) method is implemented using the adaptive stepsize of Ref. [55]. Tay-

lor expansions are to be computed offline a priori, and the efficiency of the numerical integration

is not a significant priority.
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This subsection has discussed how sensitivity derivatives are used to approximate updated so-

lutions to the RDE in this dissertation. First-order derivatives have been obtained by analytically

deriving the governing ODEs for the OSA game problem. To enable higher-order derivatives to

be computed, automatic differentiation has been used to directly evaluate Taylor series expansions

numerically. The class of AD methods based on univariate Taylor polynomials is used, necessitat-

ing some postprocessing to extract the mixed partials of the underlying functions. The use of AD

software also requires the re-implementation of a numerical integration function for compatibility

with AD data types, for which RKF45 is used. This software enables arbitrary order sensitivity

derivatives of an ODE to be numerically determined. To develop an understanding of the practical

use of the AD Taylor series expansion, the next section considers a numerical example.

4.3.2 Performance comparison – scalar problem

To validate the truncated Taylor series approximation to the generalized RDE solution, the

performance of the truncated series is compared with the performance of the numerical solution

from integration. Consider a simple problem with scalar dynamics. The problem dynamics and

objective functions for the adaptive pursuer i and minimax evader j are given as follow:

ẋ = ax+ ui + uj (4.13)

Ji =
1

2
sf,ix(Tf )

2 +
1

2

∫ Tf

0

(
qix

2 + u2
i + riju

2
j

)
dt (4.14)

Jj =
1

2
sf,jx(Tf )

2 +
1

2

∫ Tf

0

(
qjx

2 + u2
j + rjiu

2
i

)
dt (4.15)

Consider the following numerical values: a = 0.1, qi = 4, rij = −1.05, sf,i = 10, Tf = 3. Under

the OSO strategy, pursuer i estimates the values of qj , rij , and sf,j . For simplicity in this example, i

uses no control, which allows the performance of different estimators to be compared on the same

measurement sequence.

The numerical values considered are collected in Table 4.1. The performance of the “full”

estimator, using the UKF and repeated integration of the RDEs, is compared against the Taylor
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qi qj rij rji sf,i sf,j Tf ∆t x(0)
4.0 -3.0 -1.05 -.92 2.0 -2.5 2.0 0.02 -0.05

Table 4.1: Table of values used for scalar study of Taylor approximation

series-based RDE approximation for increasing polynomial degree. The feasible region−4 ≤ qj ≤

−3, −0.952 ≤ rji ≤ −0.88, −3.0 ≤ sf,j ≤ −1.0 is defined for the opponent weights. For this

comparison, all estimators use the same process noise model, which places uncorrelated Gaussian

noise on each of the estimated states. A process noise of variance 10−8 is placed on the ẋ dynamics,

and of variance 10−6 on each of the equations for the opponent weights. All measurements have a

variance of 10−4, and the same measurement sequence is used for all estimators. Initial covariances

of Pxx = 10−4, Prr = 10−4, Pqq = 10−1, Psf sf = 1 are chosen judiciously to envelope the initial

estimate errors while avoiding instability of the RDEs.

Fig. 4.2 shows the performance of estimators as the polynomial degree is increased. The upper

four charts indicate the estimated and true states. The bottom four charts show the estimation errors

and associated 3σ bounds computed from covariance diagonals. Taylor series approximations up

to degree three are shown. While it is clear that the filter is not well-tuned, the convergence of

the Taylor series to the full problem solution for increasing d is clear. As the Taylor series degree

increases, the approximation-based estimators more closely track the full UKF estimator. The

largest difference comes in the increase from degree one to degree two. Degrees higher than two

are considered, but not plotted as there are diminishing returns. The parameter estimates eventually

converge with negligible bias, although the convergence is relatively slow. This is explained by the

large initial errors in rji and qj . The linear (degree one) Taylor approximation actually achieves

smaller errors for most of the simulation, but reaches a biased estimate as time increases.

This section has discussed a sensitivity-based approach to approximating the RDE solution.

First, AD is introduced and employed to obtain higher-order terms in a Taylor series approximation

of the RDEs. These approximations eliminate the need for repeated integration of the RDEs, at the

cost of reduced accuracy far from the point of Taylor series expansion in parameter space. Finally,
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Figure 4.2: Comparison of the estimates and errors between the full LQDG estimator and the
Taylor series-based filter. Upper figures show the truth values in black.

to demonstrate the merits of the truncated Taylor series approximation, a scalar open-loop example

has been considered. This example shows the estimation performance converging to that of the full

RDE solution as the Taylor series degree increases.

This chapter introduces a number of background improvements to address some shortcomings

of the adaptive LQDG play introduced in Chapter 2. A slightly modified system parameterization

is used to allow for a consistent notation between pursuer and evader, enabling more efficient code

re-use in implementations. A straightforward cost-based loop-closure is introduced to allow an

agent to intelligently switch from minimax strategy to adaptive strategy only when the uncertainty

is sufficiently low. Finally, AD is used to obtain Taylor series approximations to the numerical

RDE solution as functions of time and of the opponent weights. This innovation enables the
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adaptive player to efficiently use the unscented transform without the need to repeatedly solve

the generalized RDEs, with performance in practice that approaches the original RDE solution

accuracy. A scalar problem has been introduced and used to justify the basic performance of the

Taylor series approximation. Chapter 7 presents numerical results demonstrating the cost-based

loop closure and Taylor series expansion.

This chapter has focused on incremental improvements that make the adaptive LQDG play

significantly more practical. In subsequent chapters, the new research directions suggested by the

results of Chapter 3 are considered. In the next chapter, constrained estimation is introduced to

reduce the rate of numerical failures in simulations for which the opponent parameters are near the

limits of engagement stability.
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5. CONSTRAINED ESTIMATION FOR NEAR-SINGULAR ENGAGEMENTS

Previous chapters have presented and refined an approach for adaptive gameplay in LQDGs.

This approach permits an agent to adapt to NZS opponent weights and improve his performance

by optimizing his control with respect to the true opponent weight values. However, not every

configuration of player and opponent weights has a nonsingular solution. In a PE game, this could

occur, e.g., if an evader is willing to use much more control energy to avoid capture than a pursuer

is to achieve capture.

Previous discussions in Chapters 2 and 3 have noted the existence of such “singular engage-

ments.” These engagements are characterized by nonfinite values of the generalized Riccati gains

during the game’s time horizon. Even when the true game weights are selected to ensure finiteness

of the Riccati matrices, the adaptive LQDG solution may fail if the estimated weights converge

to an incorrect value for which no finite solution exists. This is especially likely at the start of an

engagement when the uncertainty is high.

Thus, there are two motivations for studying the problem of singular engagements. First, an

agent in a nonsingular engagement may still encounter numerical singularities in her RDE solutions

due to estimation errors. Second, an agent may find herself in an engagement for which a solution

does not exist because of the value of the opponent’s weights. In the latter context, the agent

can take some application-specific remediating action. For example, an agent can change her

weights so that a finite-valued solution exists, or change her overall objective (e.g., switching into

an information-gathering mode rather than a capture mode).

This chapter studies the problem of singular engagements for which the governing RDEs be-

come unbounded. An approach based on constrained estimation is proposed both to prevent sin-

gularities due to errors in estimation, and to detect engagements for which finite-valued solutions

are not possible. The chapter restricts its focus to implementing estimation algorithms and de-

tecting when an incomplete information engagement has no finite solution. The question of what

action should be taken when encountering opponent weights that lead to a singularity is taken to
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be application-specific and is left for future consideration.

The most significant technical challenge in this chapter is in obtaining explicit inequality con-

straints to apply to the estimated state. It has already been stated that there are no known, general

analytical conditions for which nonsingular solutions to the generalized RDEs exist[19]. On the

other hand, it is relatively inexpensive to use numerical integration to evaluate whether a candidate

set of weights has a finite-valued RDE solution. Consequently, most of the present chapter focuses

on developing a procedure for numerically approximating the inequality constraint in the space of

opponent parameters.

The remainder of this chapter presents the approach for detecting engagement stability in de-

tail. First, a scalar example problem is studied. This problem admits analytical conditions for

engagement stability, and is used in subsequent sections. Next, an approach to approximating the

set of stable opponent weights using Chebyshev polynomial functions is introduced. Third, con-

strained estimation based on probability density function (PDF) truncation is presented to address

the nonlinear inequality constrained problem. Fourth, the procedure for detecting a singular en-

gagement is presented. Finally, numerical results, including Monte Carlo analyses, are generated

to demonstrate the utility of the approach.

5.1 Motivation

This section presents problem with scalar dynamics having a set of analytical stability bounds

in the space of evader weights. Consider the scalar OSO problem considered in Sec. 4.3.2. A

set of numerical values for i’s weights and box constraints for j’s weights are shown in Table 5.1.

Note that the box region has been expanded to include weight values for which stability is not

satisfied. The stability of the RDE solutions in this region can be characterized by the existence of

real steady state solutions of the correct sign. The existence of such solutions places constraints

on both agents. For the minimax evader j, the requirements are simply qj ≤ 0 and 0 > rji > −1.

For the adaptive OSO pursuer i, the existence of a real positive definite s∗i requires the magnitude
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Variables Box region
Tf 3.0 rji
∆t 0.05 -.97 -.88
a 0.1 qj
rij -1.05 -6 -2
qi 4 sf,j
sf,i 10 -3 -1

Table 5.1: Table of values used for scalar OSO study of constrained estimation

of j’s steady-state Riccati solution, sj , be bounded as follows:

∣∣∣∣sj − a

1 + rij

∣∣∣∣ ≤
√
−rija2 − qi(1 + rij)

1 + rij
(5.1)

By requiring the true solution for s∗j be greater than or equal to the lower bounds of Eq. 5.1, an

inequality constraint on the magnitude of qj is obtained. Satisfaction of this condition ensures the

existence of a positive definite steady-state pursuer gain.

qj ≥ s̄2
j(1 + rji

−1)− 2as̄j (5.2)

s̄j ≡
a+

√
−rija2 − qi(1 + rij)

1 + rij

To validate these results, the solutions of the OSO RDEs are evaluated numerically over a grid

of values of qj and rji. If the numerical solution at any time exceeds an absolute value of 106,

it is classified as unstable. The results and the lines corresponding to the inequality constraints

are shown in Fig. 5.1. The numerical solution matches the theoretical limits, indicating that the

steady-state analysis adequately characterizes stability in the region of interest.

This section presents background motivation for studying the constraints in LQDGs. This sec-

tion introduced a problem with scalar dynamics and validated analytical bounds for engagement

stability. The analytical bounds are used later in this chapter to validate the proposed numerical

procedure for predicting engagement stability. The next section presents the approach to approxi-
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Figure 5.1: Numerically evaluated stability in scalar problem parameter space, with solid line
showing theoretical stability boundaries

mating the engagment stability condition numerically.

5.2 Numerical quantification of instability conditions

The general LQDG problem lacks analytical conditions for which the generalized RDE solution

guarantees optimality and/or Nash equilibrium conditions. Singular solutions to the generalized

RDEs are a particular problem because they lead to excessively unbounded control commands.

Constrained estimation is suggested as a method for preventing an adaptive LQDG player from

commanding singular control values. To implement constrained estimation, a functional form of

the constraints on the opponent’s weights is needed. This section investigates numerical quantifi-

cation of these constraints.

It is relatively inexpensive to test a given set of weights for singularity by brute-force numer-

ical integration with a numerical tolerance on the maximum absolute value of the RDE solution

elements. This section proposes a simple iterative procedure for identifying points on the the “sta-

bility manifold” separating the regions in the opponent’s parameter space that lead to stable and

unstable engagements, respectively. Subsequently, Chebyshev polynomial basis functions are used
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to approximate the stability manifold over a region of interest for numerical evaluation.

5.2.1 Approximation of the stability interface

This objective of this section is to numerically approximate constraints on the opponent’s

weights that guarantee nonsingular solutions of the generalized RDEs. The boundary between

regions in which solutions are and are not singular is referred to as the “stability manifold,” for

convenience; in general, the stability manifold may consist of non-intersecting closed sets. Nu-

merically computing points on the stability manifold generally requires iteration from a starting

point. It is felt that performing this computation online is impractical. Instead, the approach used

is to approximate the stability manifold with basis functions and use the approximate constraint for

estimation. Fitting basis functions is the topic of the next subsection. Before that can be investi-

gated, a procedure is needed for obtaining points on the stability manifold in offline computations.

That is the subject of the current subsection.

Identifying the stability manifold represents an unusual sort of root-finding problem. On one

side of the manifold, the generalized RDE solutions are well-defined and exhibit no special nu-

merical challenges. On the other side, one or more elements of the solutions become singular

before the terminal time. This characteristic prevents the direct use of most standard root-finding

algorithms, which are generally not well-equipped to find solutions in the presence of singular

solutions. Motivated by Fig. 5.1, a reasonable approach is to assume the user has some crude

knowledge of the parameter values of interest and perform a bracketing search for a point at which

the Riccati matrix norm becomes singular to within a tolerance at Tf . For example, in Fig. 5.1, a

lower bound of −0.92 can be defined for rji, and an upper bound of −0.99. Given these bounds,

the approximate solution for the value of rji on the manifold can be found as a function of qj by

searching on the interval between the upper and lower limits on rji.

The bisection method is a simple but reliable method for finding a root of a function on an

interval. It is applied to the problem of numerically approximating the stability manifold. Let the

opponent have N independent weights. One weight is specified as the iteration weight and upper

and lower bounds on it are specified by an engineer. The upper and lower bounds must satisfy
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the condition that one endpoint lies in the stable region and the other lies in the unstable region.

The bisection algorithm begins by selecting a point halfway in between the stable and unstable

endpoints. The RDE solution is evaluated at the midpoint. If the solution is singular, the unstable

endpoint is set equal to the midpoint, and the function starts again on the new interval. Otherwise,

the stable endpoint is updated, and iteration continues on the new interval. Iteration continues until

a numerical tolerance on the difference between the stable and unstable endpoints is met. The

bisection method is a well-known algorithm and its application to this problem is straightforward.

To evaluate the stability of the numerical RDE solutions, event detection is used in conjunction

with numerical integration. Event detection is a common feature of modern ordinary differential

equation (ODE) solvers including MATLAB’s ode45[56] and SciPy’s solve_ivp[57] func-

tions. Event detection allows the numerical solution to be terminated conditionally if the norm of

the Riccati matrix exceeds a numerical threshold. If an event is detected, then the problem weights

are identified as unstable.

This subsection outlines a simple procedure to numerically approximate a point on the stability

manifold using the bisection method for search along a fixed interval. In the next subsection, this

procedure is used to fit a basis function approximation to a set of points lying on the stability

manifold.

5.2.2 Constraint approximation with Chebyshev polynomial basis functions

To effectively adapt to uncertainty in the opponent parameters while ensuring parameter esti-

mates remain inside the stable region of the parameter space, the stability interface must be treated

as an explicit constraint on the parameter estimation problem. Since the stability interface cannot,

in general, be analytically quantified, it must be approximated numerically using the method of the

previous subsection. The current subsection reviews the motivation for numerically approximating

the stability manifold. This is followed by a discussion of possible solution methods. Chebyshev

polynomial basis function approximation is chosen because it is relatively scalable and straight-

forward to implement. Lastly, an alternative constraint approximation choice that may be more

generalizable is reviewed.

94



The decision to numerically approximate the stability interface is justified in light of the con-

strained estimation problem. Constrained estimation forces a state estimate to satisfy one or more

possibly nonlinear constraints:

g(x̂, t) ≤ 0 (5.3)

A usable characterization of the stability interface should have two properties. First, it should be

able to evaluate, in a binary fashion, whether a given point x̂ in parameter space satisfies Eq. 5.3.

Second, it should contain an explicit functional representation or approximation to the left-hand

side of Eq. 5.3 that can be used to solve for a point that satisfies equality of the equation. These

two requirements enable a constrained estimation algorithm to determine if a constraint is violated

and update the state estimate to a value that satisfies the constraint. Any approach to quantifying

the stability interface that satisfies these properties should be compatible with most constrained

estimation procedures.

In considering this problem, two classes of algorithms are natural choices: algorithms for direct

function approximation of the stability interface, and algorithms for classifying points as belong

to stable or unstable parts of the opponent’s parameter space. The latter approach is potentially

attractive, particularly if the stability manifold has high curvature, or is not one-to-one over the

region of interest. In the dissertation, the function approximation approach is used, primarily

motivated by simplicity of implementation.

In numerically approximating the stability interface, there are two main considerations. First,

the numerical approximation should have at minimum reasonably smooth first derivatives; this

allows the approximation to be compatible with a wide range of possible estimation strategies.

Second, the approach should be somewhat scalable as the dimensionality of the problem increases.

Ultimately, many different approaches may work, depending on the problem dimension and the

nature of the stability interface. The approach presented in this section is thought to be suitable for

a range of problems of small to medium dimensions, and exhibits good tradeoffs between accurate

function approximation and algorithm complexity.
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Chebyshev polynomials1 are a well-known choice of polynomial basis functions. Recent work

has highlighted the suitability of Chebyshev polynomials for least-squares-based function approx-

imation in high dimensions[58]. The procedure for efficiently fitting Chebyshev polynomials is

summarized in Appendix C. In Section 5.5, Chebyshev polynomials are used to evaluate the sta-

bility limits of the simple example problem (cf. Fig. 5.5).

The advantages and disadvantages of the application of Chebyshev approximation to the con-

strained estimation problem are now discussed. The two primary advantages both stem from the or-

thogonality properties when applied to least-squares function approximation. First, the Chebyshev

coefficients can be computed using pure matrix algebra operations, which can readily be evaluated.

Second, the method scales reasonably well as the dimension of the independent variable space in-

creases. These qualities make it a useful choice that is straightforward to implement and achieves

low approximation error in many cases. There are several disadvantages to the Chebyshev ap-

proximation approach. First, although the method scales well in regard to increasing dimensions,

the procedure is still memory intensive for high-degree approximations in high dimensions, which

may limit the achievable accuracy. Second, some error is incurred by using this approach, since the

stability interface is only being approximated. The magnitude and acceptability of the error must

be evaluated on a case-by-case basis. Third, the solution procedure of Ref. [58] does not offer a

rigorous approach for deciding how many basis functions should be used, and this question must

generally be addressed by either manual iteration or some separate statistical analysis. Fourth and

finally, Chebyshev approximation cannot be applied if the stability interface cannot be represented

by a one-to-one function.

This section has discussed numerical approximation of the stability manifold and selected a

Chebyshev basis function approach. The following section discusses constrained estimation for

the LQDG problem.

1Specifically, this work refers to the Chebyshev polynomials of the first kind.
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5.3 Constrained estimation

Estimation in the presence of equality and inequality constraints is not frequently considered

in aerospace engineering applications. However, an extensive background literature exists, and

has been applied to problems such as chemical process modeling[59], turbofan engine health[60],

and ground vehicle tracking[61]. For realtime applications, the most popular approaches seem

to be derived from either the Kalman filter or moving horizon estimation approaches. This sec-

tion begins with a brief overview of the categories of possible solution methods. Second, a PDF

truncation approach is selected, based on the LQDG problem environment, and an elegant sample

implementation is outlined.

5.3.1 Constrained estimation overview

A useful nomenclature for constrained estimation approaches is identified by Straka et al [61].

This work suggests three categories of constrained estimation approaches exist: (1) description-

modifying approaches, in which an equality constraint is either eliminated from the system param-

eterization, or is treated as a deterministic “pseudo-measurement” with zero noise; (2) optimization

approaches, such as moving horizon estimation or its one-step analog, recursive nonlinear dynam-

ics data reconciliation[62], which solve for state values that minimize a residual error subject to

the constraints; (3) estimate-constraining approaches, which commonly augment the standard non-

linear Kalman estimation procedure with some additional correction to account for the presence of

constraints. It should be noted that description-modifying approaches are usually amenable only

to equality constraints, and are not suited for the LQDG problem. Optimization-based approaches

are attractive but tend to be more computationally intensive. It may not be possible to implement

these methods on all systems. Consequently, it is felt that estimate-constraining approaches are

the most general class of estimation solutions that are appropriate for the LQDG problem, and this

shall be the focus of the following discussion.

Simon [63] provides a useful overview of the primary methods used across all three categories

of the constrained estimation literature. From this survey paper, the equality constrained prob-
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lem appears to have received the greatest attention in the existing literature. Classical methods

implement modifications to the EKF and are well-suited to handle linear equality and inequality

constraints. The primary approaches are as follow: psuedo-measurements, in which a constraint

is treated as a zero-noise measurement and appended to the measurement vector; projection, in

which an updated state is projected onto the constraint surface to minimize some distance met-

ric in state space; and PDF truncation, in which the updated state PDF from the Kalman update

is truncated at a constraint surface and re-normalized, producing a shifted estimate and smaller

covariance. Of these, only projection and PDF truncation are well-suited to handle inequality con-

straints. When constraints are nonlinear, a diverse array of methods have been considered, such as

the second-order EKF, Moving Horizon Estimation, and various extensions to particle filters.

In the LQDG application, it is desirable to retain relatively modest computational demands to

ensure the proposed solution is suitable for a broad range of candidate systems. Thus, exploiting

one of the modifications to the EKF is felt to be a reasonable starting point. Of these approaches,

both pseudo-measurements and projection require an exact root of the constraint to be enforced.

This process is trivial for linear constraints, but in general requires numerical iteration with non-

linear constraints. Since the methods operate directly on the mean of the updated state, accuracy

of the solved root may be critical to ensure the updated state lies outside the inadmissible region.

By contrast, PDF truncation operates on the covariance of the posterior state, and has the effect of

shifting the conditional mean via the truncation process. If the truncated covariance magnitude is

larger than numerical errors in the resolved root, then the numerical tolerance of root-finding can

be relaxed, and first-order accurate methods may be adequate.

5.3.2 PDF truncation discussion

The procedure for constraint application using PDF truncation is presented in Appendix B.

Essentially, it consists of sequentially applying each of the inequality constraints to modify the

posterior estimated state and covariance. The procedure does have some unusual operational char-

acteristics that should be reviewed[60]. First, the truncated state estimate is biased, even for fully

linear systems with linear constraints. This is a drawback to PDF truncation that other constrained
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estimation approaches overcome. It should be noted that other error metrics, such as root mean

square error, may still be better for the PDF truncation filter than for the unconstrained estimate.

Second, the truncated state x̃+
k is nonunique if the constraints are not independent. This is not

expected to be a significant problem for the LQDG, in which only one constraint is expected in

most problems. Third and finally, the PDF truncation process is not properly recursive. Consider,

for example, a constant scalar state with no process noise bounded below by 0:

xk+1 = xk (5.4)

xk ≥ 0 (5.5)

Let the measurement model yk = xk have infinite measurement covariance, such that [Pk+1] = [Pk]

for the unconstrained system. If the PDF truncation algorithm is applied blindly to the posterior

state, and the truncated state is fed back into the filter as the prior state for the next iteration, then

the resulting state estimate will increase monotonically while the covariance decreases monotoni-

cally. This is obviously unacceptable. Two possible remedies are identified, and are referred to as

the “recursive” and “nonrecursive” implementations of PDF truncation. Essentially, the recursive

implementation only applies the truncation algorithm using constraints that are violated after the

measurement update. The nonrecursive implementation never modifies the filter state, and only

uses the PDF truncation to modify the state before it is used in external calculations (e.g. for

closed-loop control). This chapter studies both recursive and nonrecursive implementations as an

exercise. In the LQDG estimation problem, the recursive method is the natural choice because

it prevents the UKF propagation step from attempting to solve for potentially singular opponent

gains. However, when the Taylor series approximation to the RDE solution introduced in Chapter

4 is used, the nonrecursive method can be used.

Appendix B also summarizes two approaches to applying the PDF truncation algorithm for

nonlinear equality constraints of the type that arise in the LQDG. The method of Simon [64]

uses the Jacobian of the constraint about its pre-constrained value to obtain approximately linear
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constraints. The approach of Tully [65] operates directly in the “constraint space,” and uses a first-

order accurate pseudo-measurement to transform the truncated PDF back into the estimated state

space. The two algorithms differ only in their extension to nonlinear systems. Both are first-order

accurate and it is not clear how they compare. In this chapter, both approaches are implemented

and compared in the later numerical example in this chapter. This section has discussed constrained

estimation procedure and chosen a PDF truncation procedure for the LQDG problem. The problem

of detecting singular engagements is now considered.

5.4 Singular engagement detection

The method of estimating opponent weights in a LQDG depends on observability of the op-

ponent’s game weights through their influence on the measured relative dynamics. The opponent

weights define her feedback gain, and the time-varying nature of the RDE gain solution allows

observability of the underlying game weights. As an alternative to estimating the LQDG weights,

the opponent feedback gain can be estimated directly by modeling it as a stationary white-noise

process. This approach has many disadvantages if the opponent is actually using a LQDG-derived

strategy. It will not track the time-varying gain as well, and it cannot be used to extrapolate the

future value of opponent gains. However, this “nonparametric” gain estimator can be reliably

used even in situations where the adaptive player’s RDE solution is singular. By comparing the

nonparametric estimator and the constrained LQDG estimator, the presence of unstable opponent

gains can be detected. In this section, a procedure for using the nonparametric estimator to classify

engagement stability is presented.

The proposed approach is summarized in the flowchart of Fig. 5.2. Two nonlinear Kalman

Filters are implemented and executed in parallel. First is a constrained adaptive LQDG estimator

of either the OSO or FNE type, as appropriate for the scenario. Second is a nonparametric estima-

tor in which the opponent’s influence is modelled as a stationary white-noise process with some

appropriately chosen process noise magnitude2. The constrained LQDG estimator is referred to as

2Additional sophistication can be introduced by considering various adaptive process noise filters to adapt to sce-
narios with greater uncertainty.
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Figure 5.2: Flowchart of parallel filter logic

“filter 1” and the nonparametric estimator as “filter 2.” The two estimators have the same measure-

ment model. When the opponent gains are in the stable region of the parameter space, then the

gain computed from filter 1 should agree with that of filter 2. When this occurs, the values of filter

1 should be used to develop an appropriate strategy to counter the opponent. When the opponent

gains are in the unstable region, then the gain computed from filter 1 will disagree with that of

filter 2. In this case, the objective is no longer to develop an appropriate counter-strategy. Instead,

the goal is to identify with some appropriate statistical confidence when the two filters disagree.

Subsequently, the estimating player can take appropriate, application-specific action. For instance,

if capture is not possible, an adaptive pursuer might switch into an information-gathering mode,

rather than a capture mode. In other scenarios, a player may be able to change her gains to achieve

a stable RDE solution, but this will not always be feasible.

Design and implementation of the filters is relatively straightforward. All that is needed to

implement the procedure of Fig. 5.2 is a method to determine if the two filters agree. With the

adaptive LQDG scenario, two methods can be used. First, some LQDG problems may implicitly

bound the closed-loop opponent gain. For instance, the opponent gain elements may be bounded

above or below for all solutions of stable engagements. This can occur in the OSO engagement,
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since the adaptive player’s Riccati gain can become singular while the minimax player’s gain

remains finite. However, in the FNE engagement, the Riccati solutions are coupled and both

will become singular simultaneously. So, this approach is only usable for OSO problems. A

different approach is to directly evaluate the filter 2 estimates in terms of their statistical consistency

with respect to the estimates from filter 1. Inconsistency indicates an unstable engagement. This

approach is more general, and has a good theoretical basis. However, it is likely to be sensitive to

the statistical consistency of the two estimators, and may require more manual labor in tuning the

filters. To conclude this section, methods based on each approach are presented in technical detail.

Three approaches for testing if the parallel filter estimates agree are considered. Two (Methods

0 and 1) are based on implicit limits on the opponent gain elements. The remaining approach

(Method 2) is based on statistical tests for consistency between the parallel estimates. Before

presenting these methods, some notation is first defined. Let filter 2 produce a direct estimate

of the opponent gain in terms of a vector of random variables having the assuming distribution

N (x̂2, [P2]). Filter 1 produces a constrained estimate of LQDG parameters, and then computes

the opponent gain as a function of the parameters. Denote by θ̂ the parameter estimates from filter

1 and x̂1(θ̂) the estimated value of the opponent gain elements under filter 1. Under the LQDG

constraints, θ is assumed to be constrained to lie in some admissible region. If the volume defined

by all admissible values of x̂1(θ) is also finite, then Methods 0 or 1 can be used to detect instability.

Otherwise, Method 2 should be used. To begin, Methods 0 and 1 are described.

5.4.1 Implicit opponent gain bounds

Methods 0 and 1 operate by exploiting the stability bounds that exist in the set of stable LQDG

game weights and feedback gains. Basically, Method 0 compares the closed-loop opponent gain

from filter 2 against the set of admissible gains for which a nonsingular RDE solution exists.

If the probability that any gain element lies outside the admissible gain region is too large, the

engagement is classified as unstable. Method 1 operates in the space of opponent LQDG weights

θ by attempting to find a value of θ that produces the gain estimate x̂2. If the probability of the

solution θ∗ under the estimate of filter 1 is too small, the engagement is classified as unstable.
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Method 0 is the simplest approach considered. The approach overestimates the probability that

a state estimate x̂2 lies in the stable region of the opponent’s gain space, but it is less expensive to

evaluate online than Method 1. Under Method 0, each element of x̂ is assumed to be independent,

and the extremal values of each element are computed based on the admissible values of θ. The ad-

missible values of θ are characterized by exploiting the Chebyshev constraint approximation. Un-

der the Chebyshev constraint model, a boundary associated with θN as a function of θ1, . . . , θN−1

has already been defined using a grid of points in parameter space. The extrema of the jth element

of x̂ can be characterized as follows: for each Chebyshev CGL node θ1(k), . . . , θN−1(k), find θN

that satisfies the constraints and maximizes (minimizes) x̂(j). The global extrema of each element

over the CGL nodes defines upper and lower bounds on x̂(j) associated with stable engagements.

The elementwise extrema lb(j) ≤ x̂(j) ≤ ub(j) are determined offline. Online, the estimate x̂2

is found to support the hypothesis of a stable engagement if there is an admissible x̂ that satis-

fies the constraints and has a high likelihood under a Gaussian assumption for the estimate. An

α-level test is implemented as follows. Let x̂∗ = argminx(x − x̂2)T [P2]−1(x − x̂2), subject to

lb(j) ≤ x̂(j) ≤ ub(j), j = 1, . . . , n. If the following inequality is satisfied, then x̂2 supports the

hypothesis of a stable engagement with a false-positive rate of α:

(x∗ − x̂2)T [P2]−1(x∗ − x̂2) < F−1
χ2 (1− α, n) (5.6)

F−1
χ2 (a, b) is the inverse cumulative distribution function of a chi-square random variable with

probability level a and b degrees of freedom. Because this approach assumes the elements of x̂∗

are independent of one another, it overestimates the volume of the set of admissible opponent

gains. However, Method 0 solves a problem that is guaranteed to be convex, unlike Method 1;

hence, in general, Method 0 is numerically advantageous to Method 1, which may be significant

in some applications. The test is demonstrated graphically in Fig. 5.3 for estimating an opponent

gain with two unique elements. The figure shows the inadmissible region in the space of variable

x as shaded. The upper and lower bounds on the elements of x are drawn from the admissible
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Figure 5.3: Graphical explanation of Method 0 statistical test

Figure 5.4: Graphical explanation of Method 1 statistical test

region, and the maximum likelihood value of x̂∗ that satisfies the constraints is shown. The test

evaluates if the computed value of x̂∗ is sufficiently likely, given the estimated distribution of x̂2.

Method 1 solves the same problem as Method 0 by optimizing over the parameter space, θ,

using the existing bounds used for constrained estimation. Because x̂2 is theoretically independent

104



of θ, a test procedure can be implemented by finding the value of θ that maximizes the probability

that x(θ) comes from the same distribution as x̂2. That is, let θ∗ be the maximum-likelihood

estimate of θ constrained by the theoretical requirements of the stable LQDG:

θ∗ = argmaxθ
{
p(x(θ)

∣∣x̂2, [P2])
}

(5.7)

s.t.f(θ∗) ≤ 0

Let x∗ denote x(θ∗). Under the null hypothesis H0, x∗ is an admissible value drawn from the

same distribution as x̂2 and the engagement is stable. The alternate hypothesis, H1, states that x∗

comes from a different distribution. Under this model, (x∗ − x̂2)T [P2]−1(x∗ − x̂2) is a chi-square

random variable with n degrees of freedom, with n being the dimension of x̂. A decision rule with

false error probability α is defined as follows:

(x∗ − x̂2)T [P2]−1(x∗ − x̂2)
H1

≷
H0

F−1
χ2 (1− α, n) (5.8)

This equation defines a decision rule for determining if the distribution of x̂2 satisfies the theoreti-

cal requirements for stability of the LQDG. That is, if the left-hand side of the equation is less than

the right-hand side, H0 is detected as true; otherwise, H1 is take to be true.

As presented, Method 1 is applied to only the current-time estimate of x̂2. In practice, better

performance may be obtained by replacing the left-hand side of Eq. 5.8 by a sum over the last

N estimated states and covariances, in which case the degrees of freedom of the right hand side

are modified to Nn. This modification may reduce false positives during transients, for example,

when x̂2 is changing rapidly. Method 1 is demonstrated graphically in Fig. 5.4. This figure shows

the admissible regions in both θ-space and x-space as unshaded. The constrained value of θ∗ that

maximizes the likelihood of x(θ∗) given x̂2 is shown on the left plot. It it mapped into x(θ∗) on the

right plot, and the resulting value is found to support the hypothesis of a nonsingular engagement

if the likelihood of x(θ∗) is sufficiently high.
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Figure 5.5: Illustration of one limitation of the method 1 test showing the inadmissible region and
various candidate PDFs as ellipses

The advantage of Method 1 is that it is simple to understand and to tune. Furthermore, it is not

highly sensitive to statistical consistency of the estimator for x̂2, and is independent of the estimator

for x̂1. While the computation of θ∗ can require iterative numerical methods, in practice any θ that

satisfies Eq. 5.8 is sufficient to demonstrate stability of the estimated state. One shortcoming of

this decision rule is that no consideration is made of the overlap between the admissible region and

the PDF of x1. This is demonstrated graphically in Fig. 5.5. The figure shows the inadmissible

region as shaded and candidate PDFs of the estimate for θ1, θ2 as 99% covariance ellipses. PDFs

1 and 3 both satisfy the Method 1 test with a 1% false-positive rate, even though it can be argued

qualitatively that PDFs 2 and 3 are more similar to one another. It is felt that, in practice, careful

tuning of the acceptance region of the decision rule is required to obtain an acceptable rate of false

positives and negatives3.

This completes the description of Methods 0 and 1. Method 2 is now presented.

5.4.2 Filter consistency test

Method 2 is proposed as an alternative for scenarios in which the admissible region for x̂2

is unbounded in all directions. This may occur in FNE games where [Si] and [Sj] tend to ±∞ at

3Widening the acceptance region is achieved by reducing the value of α for the false-positive rate.
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similar rates. In this case, differences in the estimated densities of x̂1 and x̂2 are taken as indicators

of engagement instability. If the assumptions underlying the constrained estimate x̂1 are valid, then

the two estimates should achieve the same values as long as the estimators are well-tuned. If the

two estimates are seen to disagree significantly, this is interpreted as indicating the assumptions of

the constrained estimate are validated and the underlying engagement is unstable.

Method 2 directly compares the estimate x̂1 to the density defined by N (x̂2, [P2]). In devel-

oping a test for “agreement” between the two estimators, some practical considerations must be

made. At first glance, both estimators approximate the underlying variables as multivariate normal

distributions, and one could implement a test for statistical consistency of, e.g., x̂1− x̂2, which has

a known mean and covariance. In practice, performance of the estimators is sensitive to process

noise tuning, and it is not possible to ensure statistical consistency without a sophisticated process

noise model that is adaptive to the particular nonlinear dynamics of the system. It is felt that such

an approach would be time-consuming to develop and would eventually require ad hoc modifica-

tions to achieve acceptable error rates. Instead, a test is developed by comparing the estimate x̂1

to the density described by N (x̂2, [P2]). The nonparametric filter approximates the time-varying

dynamics of the opponent gains as a white-noise process, which is inherently a crude approxima-

tion. It is expected this filter will have a larger covariance than Filter 1 under normal operation.

Furthermore, Filter 2 is expected to lag the true gain, which manifests as a gain estimation bias.

Because of this bias, x̂2 is unlikely to look like a random variable drawn from N (x̂1, [P1]), but it

is plausible that x̂1 could look like a random variable drawn from N (x̂2, [P2]) due to the larger

value of [P2]. This test is implemented as follows by comparing sequential estimates from the two

filters:
N∑
k=1

(x̂1,k − x̂2,k)
T [Pk,2]−1(x̂1,k − x̂2,k)

H1

≷
H0

F−1
χ2 (1− α,Nn) (5.9)

Eq. 5.9 explicitly assumes a sum over multiple times tk. However, the estimate of x̂2 is

expected to be biased, and the difference x̂1,k− x̂2,k is likely to have a nonzero average value. The

value of N should not be chosen to be too large, or the bias error will lead to an excess number

of false positives. In practice, it is suggested that a minimum of K consecutive test statistics that
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reject the null hypothesis should be required to detect an unstable engagement. That is, if Eq. 5.9

is evaluated after each filter update over a sliding window for some short N , and the left-hand side

exceeds the right-hand sideK consecutive times, then the hypothesis of a stable engagement should

be rejected. Requiring K consecutive rejections of the null hypothesis improves the robustness of

the test to outliers and reduces false positives during transients.

This section has presented three statistical tests for evaluating if parallel estimators support the

hypothesis of a stable engagement. Methods 0 and 1 are based on comparing the estimated value

of x̂1 against the set of opponent gains for which stable engagements are possible. Because these

methods depend only on outputs from one estimator, they are felt to be less sensitive to tuning and

statistical conditioning than Method 2, and are preferable in general. However, Methods 0 and 1

can only be applied to the OSO engagement. Method 1 better accounts for interdependence among

elements of the opponent gain matrix, but may form a nonconvex problem that is more difficult to

solve online. Method 0 should be used only when the demands of realtime applications prohibit

Method 1 from being used. Method 2 directly compares the state estimate from filter 2 against the

distribution described by filter 1. The test is sensitive to errors in both filters and is likely to be

more difficult to tune so that acceptable rates of false positives and false negatives are obtained.

However, Method 2 can be implemented even in the FNE game where no limits on the opponent

gain exist.

This section has discussed the problem of detecting when an opponent’s gains lead to an unsta-

ble engagement. The next section applies the parallel estimation algorithm to the scalar problem

introduced earlier in the chapter.

5.5 Numerical example

In this section, the full process of stability-constrained LQDG estimation is demonstrated

through a numerical example. The LQDG with scalar dynamics used in Sec. 5.1 is considered. The

pursuer always uses the adaptive OSO strategy against a minimax evader. To begin, the Chebyshev

function approximation to the stability bound in parameter space is computed and presented. Sub-

sequently, the performance of constrained and unconstrained LQDG estimators for nearly unstable
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Figure 5.6: Convergence of Chebyshev interface approximation for increasing number of basis
functions

values of the evader parameters are compared in terms of estimation errors. Monte Carlo analysis

is also used to compare a large number of metrics between the unconstrained estimation and the

various constrained estimation implementations considered in this chapter. Finally, the parallel

estimation approach is used to classify engagements as stable or unstable. The effectiveness of the

three methods for evaluating engagement stability is compared in Monte Carlo simulations.

5.5.1 Stability constraint approximation

To begin, the Chebyshev function approximation to the stability interface is computed. rji is

treated as a dependent function of qj and sf,j along the interface. Fig. 5.6 shows the convergence

of the Chebyshev approximation for increasing numbers of basis functions. On the left, the maxi-

mum error and the average error between the approximation and truth values at gridded points are

plotted. The grid points are the CGL nodes associated with polynomial degree N + 1; this choice

is intended to evaluate the goodness-of-fit in between CGL nodes at degree N . On the right, the

Chebyshev function approximation to the stability interface and the exact function values for the

CGL nodes at N = M = 6 are plotted. The results show sharply diminishing returns for increas-

ing N above 4. The Chebyshev approximation of the stability interface on the right appears to

be qualitatively reasonable. Based on the results, N = 4 is an appropriate polynomial degree for

approximation, and is used in the subsequent simulations.
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On reviewing Fig. 5.6, it is clear that the numerical approximation to the stability manifold

is dependent on sf,j , even though it is asserted in Sec. 5.1 that the analytical stability constraints

depended on rji and qj alone. This is an effect of the definition of numerical stability, which is

evaluated over the finite time t ∈ [0, Tf ]. If a system becomes singular in the neighborhood of

t = 0, the terminal value of sf,j influences how quickly the Riccati matrix grows to exceed the

defined numerical limits for nonsingularity. By increasing Tf arbitrarily, the stability manifold ap-

proximation can be made to approach the conditions for existence of a steady-state RDE solution.

This is demonstrated in Fig. 5.7, which plots the analytical bounds of Fig. 5.1 with numerical

approximations for increasing Tf at constant values of sf,j . The dashed lines indicate the extrema

of qj used for Chebyshev basis function fitting, and the blue and red regions denote the stable and

unstable regions, respectively, identified in earlier testing. Fourth-degree polynomials are used.

For short time horizons, the instability at small magnitudes of qj is poorly approximated by the

basis function fit. This is because, for small qj , the rate of growth in the Riccati matrix is slow,

and the numerical tolerance is not exceeded on short time horizons. As Tf increases, the stability

manifold approximations approach the analytical bound, and the bound can be approximated to

any desired precision by increasing Tf further.

A convergence study has been conducted to determine the appropriate order of Chebyshev

polynomials for this problem. Further, it has been shown that the analytical problem stability

bounds of Section 5.1 are recovered by the numerical approximation in the limit as the time hori-

zon becomes large. Next, the obtained Chebyshev constraint approximation is used to apply con-

strained estimation to the adaptive OSO LQDG strategy.

5.5.2 Constrained estimation effectiveness

This subsection compares the estimation error and failure rate of constrained and unconstrained

estimators for nominally stable values of the opponent parameters. To highlight the differences in

the two cases, values of qj and sf,j are sampled from an initial covariance, and the correspond-

ing value of rji lying on the Chebyshev constraint surface is chosen for the nonadaptive evader’s

weights. This results in a large number of nearly unstable engagements in which unconstrained
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Figure 5.7: Comparison of the analytical stability manifold and its approximation for increasing
values of Tf

estimation fails at a relatively high rate. To demonstrate the utility of the constrained estima-

tion approach, the performance of the constrained estimator is compared against the unconstrained

UKF. First, individual simulation runs are highlighted for discussion. Second, a small Monte Carlo

analysis is conducted to evaluate trends in the performance of the constrained and unconstrained

estimation algorithms.

Figs. 5.8 and 5.9 show estimation performance for simulations using constrained and uncon-

strained estimation, respectively. A fixed set of opponent weights lying on the stability interface

is used: qj = −3.43, rji = −0.972, and sf,j = −1.90. With constrained estimation, the estimator

performance is qualitatively good. The pursuer uses the adaptive OSO strategy and the evader uses

the minimax strategy. The Simon constraint algorithm is applied, using the nonrecursive constraint

strategy with the approximate stability manifold identified in the previous subsection4. The state

estimation errors and covariances typically converge to small values by the end of the time horizon.

The errors in the weight estimates exhibit a bias for most of the simulation, but this is typical of

the performance achieved in earlier LQDG examples. Comparing this case against Fig. 5.9, it is

4Qualitatively similar histories are achieved using the recursive constraint strategy.
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Figure 5.8: Individual simulation estimation performance using constrained estimation. Top: true
states and estimates. Bottom: estimation errors (solid line) and 3σ bounds (dashed lines).

clear that the unconstrained estimator performs poorly in the same scenario. The unconstrained

estimator fails after the second measurement update and there is no subsequent measurement his-

tory. The constrained and unconstrained estimates have the same state and covariance history up

until the time the unconstrained estimate fails. The constrained estimate history continues after

experiencing a large step change in the state sf,j . That step change corresponds to the constraint

violation being detected, triggering the PDF truncation and producing a sharp drop in the covari-
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Figure 5.9: Individual simulation estimation error histories using unconstrained estimation

ance. To further quantify the difference in performance, Monte Carlo simulation results are now

presented.

For Monte Carlo simulations, the initial state and opponent weight values are sampled accord-

ing to a Latin Hypercube approach. The initial state is drawn from U(−25, 25). The opponent

weights are sampled on the Chebyshev stability interface, such that qj ∼ N (3.81, 2 × 10−2) and

sf,j ∼ N (−1.90, 5 × 10−3), and rji is the corresponding value on the stability interface. This

sampling scheme is used to ensure the unconstrained estimator fails in a large number of cases.

The sampled states and weights are then applied to each estimator. Each estimator experiences the

same conditions, up to the measurement noise, which is chosen to be small. For each estimator,

the following performance metrics are considered. A simulation is considered to have failed when

the commanded control exceeds a predefined threshold of 1010. The number of failures, Nfail, and

the statisical mean µTf and standard deviation STf associated with the failure time is tabulated for

each estimator. The mean square error (MSE) in the estimates of evader weights are also tabulated.

Table 5.2 compares the performance of the various constrained estimation approaches against

the unconstrained UKF in Monte Carlo simulation. The constrained estimation strategies use the
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Case Unconstrained
Tully

Recursive
Simon

Recursive
Tully

Nonrecursive
Simon

Nonrecursive
Nfail 403 177 173 167 171
µTf 1.71 1.59 1.52 1.62 1.59
STf 1.44 0.757 0.79 0.711 0.752

MSE(rji) 2.88×10−6 3.82×10−6 3.76×10−6 3.71×10−6 3.02×10−6

MSE(qj) 0.000124 0.00101 0.00148 0.00119 0.00159
MSE(sf,j) 4.56×10−8 2.07×10−6 1.05×10−5 2.49×10−6 4.86×10−6

Table 5.2: Summary of Monte Carlo simulations of unconstrained and constrained estimation for
scalar test cases sampled from the stability interface. 1000 simulations are executed for each case.

constraint algorithms of either Simon[64] or Tully[65], and use either the recursive or nonrecursive

formulations of PDF truncation, as discussed in Sec. 5.3. In the table, µ(·) and S(·) denote the

sample mean and standard deviation of variables. All four combinations of constrained estimation

implementations are compared. Their error metrics display small differences between the different

methods. Among the mean square error metrics, the constrained estimators uniformly have an error

of about an order of magnitude larger in estimating qj . The errors for all estimators in estimating

rji are of the same order of magnitude. The unconstrained estimator achieves a consistently lower

MSE metric in rji. The unconstrained estimator achieves a MSE on the order of 10−6 for sf,j . This

is two orders of magnitude lower than most of the constrained estimation algorithms, and three

orders of magnitude lower than the Simon algorithm using the recursive implementation.

The main findings of Table 5.2 are now summarized. The simulations with constrained estima-

tion finish at about twice the rate as the unconstrained UKF. The average simulation time at failure

is similar for all five cases, although the standard deviation is much smaller for the constrained es-

timators, which suggests a more consistent failure modality in those simulations. The error metrics

are generally one or two orders of magnitude larger when constrained estimation is used instead of

unconstrained estimation. Overall, the Monte Carlo results validate that the constrained estimation

approach succeeds in significantly reducing the number of simulation failures. The constrained

estimators show order-of-magnitude or greater increases in the MSE metrics for estimating qj and

sf,j . This is consistent with the expectation that the PDF truncation algorithm leads to biased state
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estimates.

This subsection has compared the failure rates of constrained and unconstrained estimation

algorithms in a LQDG. For the final subsection, the parallel estimation algorithm is considered

and the effectiveness of the various suggested statistical tests is evaluated.

5.5.3 Instability detection tests

The numerical results so far have shown the performance of the numerical stability interface

approximation and the constrained estimation algorithm. Now, the effectiveness of the procedure

for detecting engagement instability is evaluated. For this procedure, the opponent weights are

drawn from a Gaussian distribution that is chosen so that about one-third of samples fall in the un-

stable region: Pqj ,qj = 2× 10−2, Prji,rji = 10−3, Psf,j ,sf,j = 5× 10−3. Latin Hypercube sampling

is employed to ensure the sampled values approximate the distribution. Each of the three methods

proposed in this chapter for evaluating agreement between the parallel estimators is implemented.

The effectiveness of the statistical test is evaluated in terms of its rates of false positives and false

negatives. As reported, false positive rate denotes the fraction of stable engagements that are incor-

rectly classified as unstable, and false negative rate denotes the fraction of unstable engagements

that are classified as stable. The number of simulations that failed for other reasons, such as sin-

gular covariance or excessively large control, are also compared. The latter can occur when an

unstable engagement is not detected before the control becomes large.

Each of the three statistical tests is individually tuned on a small number of simulations to

achieve an acceptable compromise between false positives and false negatives. For Method 0, the

most recent three estimates are used to compute the test statistic, and one exceedence of the thresh-

old classifies an engagement as unstable. Method 1 uses the last three estimates three estimates

with three consecutive exceedences to detect instability. Method 2 uses the last two estimates and

requires five consecutive exceedences to detect instability.

Table 5.3 reports results for 1000 simulations using each method. It is clear that the greatest

challenge is achieving an acceptable rate of false negatives. As seen in the table, Method 0 has

the best performance in terms of error rates, with no false positives and about a 26% false negative
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Method
False

positive
rate

False
negative

rate

Unstable
engagements

Stable
engagements

Other
failed

simulations
Method 0 .000 .264 352 648 52
Method 1 .00779 .355 358 642 19
Method 2 .0324 .575 351 649 47

Table 5.3: Comparison of detection performance with 1000 Monte Carlo simulations

rate. Method 1 has a small number of false positives (less than 1%), and about 36% false negatives.

Method 2 achieves poor performance, having approximately a 3.2% false positive rate and 58%

false negative rate. Method 2, in particular, was found to be very challenging to tune. In terms of

other sources of simulation failure, Method 1 has just under half as many failures as the other two

cases. Failures occur when a large control or state value is attained, and are prevented when singu-

lar engagements are correctly identified before a large control is commanded. The total number of

failed simulations is too small for statistical significance, and it is concluded that failures occur at

a rate of about 2%–5% in all methods.

This chapter leverages constrained estimation to overcome potentially nonsingular solutions to

the generalized RDEs governing the LQDG solutions introduced in Chapter 2. The effective limits

on opponent weights for nonsingular solutions are found approximately by numerical integration

and are referred to as the “stability manifold.” Chebyshev polynomials are used to approximate

the stability manifold for online operations. Using the approximate stability manifold represen-

tation, constrained estimation is shown to significantly reduce the number of simulation failures

due to singular RDE solutions for true opponent weights lying on the stability manifold. By com-

paring constrained estimates against a nonparametric unconstrained estimate of the opponent gain,

approaches for detecting unstable engagements are presented and tested. In tests, the proposed

approaches are shown to achieve low rates of false positives, but somewhat high rates of false

negatives, in which unstable engagements are not classified as such.

Not studied in this chapter is the question of what an adaptive player should do when he recog-

nizes an engagement for which he has no finite-valued solution. In some applications, if a player
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has sufficient control authority, he may be able to change his game weights to obtain a stable strat-

egy. This may not be practical for control-limited players. Nonetheless, the concept of updating

the game weights to adapt to the larger-than-expected opponent control is an appealing option, and

has implications for the H∞ control problem, as well. This idea is suggested as an area for future

research, but is not explored further in this dissertation. Instead, the next chapter finally returns

to an important fundamental question: how can a player recognize when an opponent is using a

particular strategy, such as the minimax strategy?
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6. MULTIPLE MODEL ESTIMATION FOR UNCERTAIN OPPONENT STRATEGIC FORM

This dissertation so far as considered the problem of how a player in a differential game should

respond to an opponent who uses a known strategy with some inexactly known weights. In Chap-

ter 2, solutions are suggested based on appropriate assumptions about the sophistication of the

opponent. Chapters 4 and 5 suggest incremental improvements that address some limitations of

the initial implementation of those ideas. Qualitatively speaking, the suggested methods improve a

player’s response when the opponent’s strategy is more favorable than expected and offer a means

to recognize when the opponent’s strategy is less favorable.

Thus far, nothing has been said about how a player can know the form of his opponent’s strat-

egy sufficiently well that the adaptive gameplay can be used. The adaptive OSO and FNE strategies

support parametric uncertainty in the opponent strategy, but they assume the form of the strategy

itself is known. It is useful to differentiate between these two sources of uncertainty. For the re-

mainder of the dissertation, “parametric uncertainty” refers to uncertainty in the exact numerical

values of a particular representation of an opponent’s strategy, and “uncertainty of form” to un-

certainty in the true representation of the opponent’s strategy. In general, an opponent is free to

use any objective function or method to derive his control strategy, and the opponent may not have

the same objective as the adaptive player. This potential challenge has of course been recognized

in the literature on games. Various learning-based or adaptive methods have been proposed. For

instance, Ref. [34] uses an actor/critic learning structure to obtain iteratively better solutions to

the Hamilton-Jacobi-Isaacs (HJI) PDE that governs differential games. Satak [12] uses a similar

approach to obtain basis function approximations to the HJI equation.

These generic learning-based methods achieve the objective of identifying another player’s

contribution to an agent’s performance, but they are not an appropriate solution in all domains.

Learning-based methods require data to achieve precise convergence, and may not be appropriate

in scenarios with short engagement times. In such a situation, an agent may be better served by

exploiting domain knowledge to suggest a set of probable opponent strategies subject to parametric
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uncertainty. If any of the models match the observed opponent behavior closely, then the adaptive

agent can still enjoy the benefits of estimation-based adaptation to learn the opponent’s effective

weights. In an effort to address uncertainty in the form of the opponent’s strategy and account for

the possibility of switching-based opponent deception, this chapter applies Interacting Multiple

Model (IMM) estimation to LQDGs. IMM estimation is an approach developed in the field of

target tracking for estimating the state of a target with hybrid dynamics – that is, the dynamic

equations are described by one of a set of candidate models.

The use of adaptive strategies in differential games suggests new avenues for opposing game

strategies. There is inherently a sort of leader-follower mismatch between a static player who

chooses to play a game according to a fixed strategy and an adaptive player who observes the

opponent and tries to optimize her performance with respect to the observed behavior. Adaptive

control strategies in general can be thought of as attempts to make a measured system response

look like a desired system response. If a player in a game knows her opponent is using an adap-

tive strategy, then the player can potentially exploit the adaptation. For example, a player could

initially play according to one strategy and wait for the opponent to learn that initial strategy. The

player would then execute an abrupt change to some true strategy, gaining an advantage during the

transient when the opponent is learning. There is some evidence in the literature to support the use

of these strategies; Turetsky and Shima found that an attacking missile benefited from switches in

its feedback gain during an engagement, even if its target acted optimally[28]. This concept can

be viewed as related to the concept of Stackelberg (leader-follower) equilibria in dynamic games

[2, p. 131]. This chapter only explores this idea at a very simple level. Nonetheless, the possibility

of such switching-based deceptive strategies is something for which an adaptive player wants to

account.

The remainder of this chapter is organized as follows. First, IMM estimation is applied to

LQDGs to distinguish among candidate opponent strategies and implement an appropriate control.

Then, two approaches to obtaining control solutions from the IMM estimates are discussed. In the

next section, the LQDG solution against a constant-gain opponent is introduced as an alternative
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strategy that an opponent might employ in an incomplete information game. Subsequently, the idea

of deceptive switching-based strategies is investigated by using a surrogate, reduced-order model

to approximate the learning rate of an IMM player. Finally, the proposed deceptive strategies are

evaluated against an opponent using an IMM. To begin, IMM estimation is introduced.

6.1 Interacting Multiple Model estimation background

In the area of target tracking, multiple-model (MM) estimation has proven to be a popular

approach for performing estimation of the state of a maneuvering target[66]. Broadly speaking, it

is assumed that the dynamic system obeys one of a discrete number of candidate dynamic models;

in this sense, the dynamic system is assumed to be a hybrid dynamic system. Furthermore, the

system is assumed to be linear with Gaussian error sources, or to be approximated as such[1,

p. 441]. The multiple-model approach uses a Bayesian framework to obtain estimates of the

probability that the system is in a particular mode by propagating a bank of filters and updating the

mode probabilities based on their associated measurement likelihoods. In this dissertation, each

mode is assumed to correspond to a particular opponent strategy; e.g., mode 1 might be a minimax

strategy and mode 2 an adaptive FNE strategy. Given the system state and mode probabilities,

game-theoric reasoning can be applied to evaluate and implement candidate strategies. This is the

focus of the later sections in this chapter. In the present section, the Interacting Multiple Model

(IMM) estimator, which is used for MM estimation, is introduced.

MM estimation seeks to obtain state, covariance, and mode probability estimates for a system

with hybrid dynamics. Numerous algorithms and permutations of multiple model estimation exist,

and a full review is beyond the scope of the present section. Most approaches share a common

structure; a bank of estimators is constructed, often according to Kalman filtering, and the estimate

state and covariance is some weighted sum of the estimates of each filter, with weights proportional

to some measurement likelihood function. Approaches can be classified as either static or dynamic,

in the sense that a static MM estimator assumes the target’s mode is constant, and dynamic MM

estimation allows for mode switching[1]. The most common static MM estimator is also known

as the multiple model adaptive estimator (MMAE), and has been used in many pursuit-evasion
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applications, such as in Refs. [67, 68, 27]. The assumption of a constant target mode is generally

valid for scenarios in which engagement times are very short. When the target mode is allowed

to change, it is modeled as a Markov process. Applied rigorously, this assumption requires an

exponentially increasing number of filters as more observations become available. To make the

problem tractable, suboptimal filters are implemented that combine the histories of models in pre-

vious observations. The most common approaches in the literature are the first- or second-order

generalized pseudo-Bayesian (GPB) models and the IMM. For r candidate modes, the first-order

GPB and IMM algorithms require r parallel filters, while the second-order GPB requires r2 such

filters[66, 1]. The IMM estimator has proven to achieve a good compromise between complexity

and performance in applications[66]. It was first introduced by Blom in Ref. [69] as an approxima-

tion to the performance of the minimum mean square error estimator for hybrid dynamic systems

with mode switching. The IMM has seen wide applications for tracking of maneuvering targets in

air traffic control[70], spacecraft[71], and human-robot interaction[72].

For brevity, the IMM algorithm is omitted from this section and summarized in Appendix B.

Table B.3 summarizes the complete algorithm. Essentially, the IMM algorithm approximates the

Markov process associated with mode changes by performing a likelihood-weighted mixing step

at the beginning of each iteration. Then each filter in the ensemble is propagated and updated in the

usual fashion for Kalman Filter-based estimators. Mode probabilities are updated according to the

measurement likelihood of each filter’s estimate. An additional output mixing step is performed if

the state is to be used for feedback control. The state mixing step applies only to state elements

that are estimated by all models. For example, consider a target tracking application in which two

modes respectively assume constant velocity and constant acceleration, and estimate the associated

states. The position and velocity level states are mixed, but not the acceleration level states. This

dissertation follows the example of Ref. [73] to obtain unbiased estimates by not mixing the unlike

states.

This completes the introduction of the IMM estimation algorithm. The next section addresses

the process of obtaining a control solution in a differential game from an IMM estimate.
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6.2 Game solution under mode probability framework

The IMM estimation algorithm produces three basic outputs: a state estimate, an error co-

variance estimate, and a mode probability estimate. This section considers two approaches to

generating a control solution from these outputs. The first is a standard practice in multiple model

filters and uses a weighted sum over the control that would be used for each mode. The second

approach is based on a matrix game analysis of the cost-to-go for the adaptive player. The latter

approach incurs a computational penalty, but it allows a player to explicitly compare tradeoffs be-

tween various possible outcomes weighted by their modal probability. Each approach is described

in the following subsections.

6.2.1 Modal probability-mixed control

This control approach is a common practice in MM-based systems, and in the dissertation it

is referred to as “IMM control” (IMM-C) for convenience. The IMM state output is a weighted

sum of the estimated states from each modal filter (see Eq. B.24). The state is viewed as a linear

combination of the states in the various sub-filters. Common practice in control of multiple-model

systems has been to assume a similar form for the system control[74, 75]:

uk =
r∑
j=1

αjuk
(j),

r∑
j=1

αj = 1 (6.1)

The controls uk(j) are designed for the dynamic system described by each sub-filter individ-

ually. Approaches are typically either minimum mean squared error (MMSE) or maximum a

posteriori (MAP) [27, 76]. In the MMSE case, the weights αj used are equal to the mode proba-

bilites µ(j)
k . In the MAP case, α` is chosen to be 1, where ` = argmax(µ

(j)
k ), with all other weights

equal to zero. In this dissertation the MMSE approach is used. uk(j) is obtained by computing the

game-based control for each individual subfilter.

The IMM-C approach is simple to implement, and the feedback controls associated with each

mode are generally computed already as part of the adaptive LQDG solution. The method does
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not explicitly account for tradeoffs between the various opponent strategies, which limits its ability

to identify or anticipate possible opponent switches. Additionally, the use of modal probability

weights can degrade performance in practice. Modal probabilities are likelihood-weighted and

are prone to small “jumps” or “spikes” when two modes have similar likelihoods for a particular

measurement. If the two modes have similar control values, there is no cost, but if the modes have

very different controls, then the IMM player may display step changes in his control that degrade

performance. Having introduced the IMM-C procedure, the matrix game-based control is now

discussed.

6.2.2 Matrix game-based control

As an alternative to the IMM-C approach, the problem of selecting a controller for player i can

be reformulated as a matrix game. A brief review of matrix games is now presented. In a tradi-

tional, static matrix game in two dimensions, an n×m matrix with known values is given. Player

1 selects a matrix row and Player 2 selects a matrix column1. The players receive values equal

to the entry in the matrix at the chosen row and column. In the common, zero-sum formulation,

one player is minimizing and one player is maximizing, leading to an equilibrium in either pure or

mixed strategies[2, p. 18–36]. In pure strategies, a player always picks a certain column or row;

in mixed strategies, a player chooses randomly according to certain probabilities to maximize his

expected return. For a matrix game given by matrix [C], the value of the game can compactly be

computed as uT [C]µ, where u and µ are the mixed strategy probabilities used by Players 1 and 2,

respectively. This basic knowledge of matrix games is sufficient for the current discussion.

As an example of a static matrix game, consider Table 6.1. P1 wants to minimize the game

value and P2 wants to maximize it. P1 has a “security strategy,” akin to a minimax strategy, by

picking row 2. This choice ensures a minimum value of the game for the worst-case opponent

choice. The value of the security strategy is 1. P2’s security strategy is to choose column 2. The

security strategies are not in equilibrium, however. E.g., if P1 knows P2 will play a security strat-

1Depending on whether the players choose simultaneously or sequentially, the game nature and equilibrium may
be altered significantly.
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P2

P1
3 0
-1 1

Table 6.1: Example 2-dimensional matrix game adapted from Ref. [2, p. 29]

egy, then P1 should choose row 1 to obtain the game value of 0. This game admits an equilibrium

in mixed strategies, corresponding to u = [2
5
, 3

5
]T and µ = [1

5
, 4

5
]T . The equilibrium value of the

game is 3
5
.

In the context of the uncertain differential game that is the focus of the present chapter, each

column of a matrix game can be seen as corresponding to a possible strategy of player j, with each

strategy being a mode used in an IMM estimator. Each row of the matrix then corresponds to the

possible responses of player i. The `,m entry in the matrix is then populated by computing the

predicted cost-to-go for i’s response ` if j has chosen strategy m. In this way, the control problem

can be viewed as a matrix game having continuous-valued, time-varying entries.

Player i has knowledge of j’s possible game strategies and an estimate of the probability that

j is using each strategy. She is free to design any number of possible strategies to oppose player j.

A reasonable approach for i is to choose as her candidate strategies the optimal strategy to counter

each of j’s individual strategies. This leads to an r × r matrix game for player i. The diagonal

entries of the matrix are populated by the cost-to-go if i has correctly inferred j’s strategy. The

off-diagonal entries are populated by the costs-to-go if the strategies are mismatched. For a LQDG,

these mismatched costs-to-go are straightforward to evaluate by numerically integrating a Riccati-

like equation, as is now discussed.

For the particular case of a LQDG objective function for i, the general cost-to-go can be ob-

tained as a function of a Riccati-like variable. Consider the general two-player LQDG objective

function given by Eq. 1.2 with [Rii] = [In×n]. Let the control laws of both agents be given by a

generic feedback function that can be written as the product of a gain and the state: ui = [Ki(t)]x

and uj = [Kj(t)]x. To evaluate the cost-to-go under this model, the terminal cost can be replaced

by an integral cost plus a function of the current state, leading to the cost-to-go equation given
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below:

Jc2g =
1

2
x(t)T [F (t)]x(t) +

1

2

∫ Tf

t

xT
(

[Ḟ ] + [Qi] + [Ki]
T [Ki] + [Kj][Rij][Kj]+

([A]− [Bi][Ki]− [Bj][Kj])
T [F ] + [F ]([A]− [Bi][Ki]− [Bj][Kj])

)
x dτ (6.2)

The cost-to-go is computed by requiring the integral of Eq. 6.2 go to zero, leaving only the

running cost expressed as a quadratic function of the state weighted by the current value of [F (t)].

The cost-to-go matrix is the solution to the following Riccati-like equation and boundary condition:

[Ḟ ] = −([A]−[Bi][Ki]−[Bj][Kj])
T [F ]−[F ]([A]−[Bi][Ki]−[Bj][Kj])−[Qi]−[Ki]

T [Ki]−[Kj]
T [Rij][Kj]

(6.3)

[F (Tf )] = [Sf,i]

In the case where [Ki] is a time-varying gain independent of the state given from a generalized

RDE solution and [Kj] is likewise given by the linear feedback assumed in [Ki], then the solution

for [F (t)] collapses to the Riccati gain [Si]. Otherwise, Eq. 6.3 is a more general equation that can

be used to evaluate the cost-to-go associated with player j using a different strategy than the one

used to compute [Si(t)].

For a standard matrix game, in which each entry is assumed deterministically known, the for-

mulation based on mode probabilities leads to a trivial solution. j’s mode probabilities are assumed

known. Consider the matrix game with value uT [C]µ, where u is a vector indicating i’s probabil-

ity of choosing each strategy, and µ is the vector of mode probabilities from the IMM. Note that

u is elementwise constrained to be positive-valued and the sum of its elements must be one. If i

is minimizing, as is the convention in this dissertation, then it is clear that the optimal strategy for

i to choose corresponds to argmin([C]µ). That is, i’s optimal response to the mixed strategy of j

denoted by µ is a pure strategy, with no mixing or probabilistic elements. However, i’s response

may not be the control associated with the most probable mode if one or more relatively probable

modes with large penalties are present. One shortcoming of this approach is that it fails to account
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for different amounts of uncertainty between two candidate strategies; for example, if strategy 1

has a smaller mean but very large uncertainty compared to strategy 2, it might be preferable for i

to select strategy 2. This limitation suggests an area for future research, but is not considered in

this dissertation.

The control approaches reviewed in this section have been based on the idea that i computes

control solutions that are optimal for each of j’s possible individual strategies. In the IMM-C

approach this leads to a weighted sum over the individual control options. In the matrix game

approach, the control strategy is chosen to optimize the expected cost. The effect of the matrix

game is to explicitly consider the cost incurred by using a mismatched control strategy, which is

not considered in the IMM-C approach.

The matrix game-based control approach as outlined does not consider the possibility that the

opponent may change his strategy. However, this framework can be extended to identify possible

opponent switching strategies and switch times. For example, an opponent typically benefits very

little from switching at the end of the engagement because there is little time for the new strategy to

take effect. Using this matrix game framework in an offline fashion, the IMM player can identify

opponent switching times and strategies that are expected to benefit the opponent. These strategies

can then be appended to the set of candidate opponent strategies, potentially improving robustness

to opponent switches. Such an approach is beyond the scope of the current work and is left as an

avenue for future study.

This section has introduced two approaches to implementing closed-loop control based on

IMM estimates of an opponent’s mode in a LQDG. The IMM-C approach is based on a typical

strategy for control of systems observed by a MM estimator. A matrix game-based control is

introduced as an alternative that allows explicit consideration of tradeoffs. This latter option comes

at the cost of propagating additional solutions for the assumed cost-to-go at each time, which is

related to the generalized RDEs. In the next section, the LQDG solution under a constant opponent

gain assumption is introduced for use in later examples.
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6.3 Constant gain opponent solution

To evaluate the utility of IMM estimation for the solution of LQDGs under uncertainty, it is

useful to introduce competing opponent strategies that may appear. Perhaps the simplest closed-

loop opponent strategy is a constant gain model. Under this approach, the opponent uses a constant

gain instead of the time-varying solutions of a minimax or FNE strategy. It is convenient to refer

to the control strategy used by a linear-quadratic player whose opponent uses a constant gain as

the “LQDG-gain” strategy, in the same way the adaptive OSO and FNE strategies are labelled.

Under the constant gain model, the opponent control is given as −[Kj]x at all times. By

substituting the opponent’s closed-loop dynamics into the linear quadratic performance index of

Eq. 1.2, the optimal control solution for the linear-quadratic player can readily be obtained in terms

of a generalized RDE:

[Ṡi] = −([A]− [Bj][Kj])
T [Si]− [Si]([A]− [Bj][Kj])− [Qi]− [Kj]

T [Rij][Kj] + [Si]
T [Bi][Bi]

T [Si]

(6.4)

This equation is subject to the usual boundary condition, [Si(Tf )] = [Sf,i], and is optimal if it

satisfies the second-order optimality conditions. Obtaining the solution to the LQDG against a

constant gain opponent is a simple matter of modifying the approach used to obtain the adaptive

OSO solution.

In a LQDG with uncertainty in the opponent gain, a state estimator must be implemented for

the relative state as well as the independent elements of the mj × n gain [Kj]. A straightforward

approach is to model the elements of [Kj] as zero-mean white-noise processes. This is used as

the standard approach for estimating the gain of a constant-gain opponent. This filter works well

and is relatively straightforward to tune. However, it tends to react poorly to discontinuities, as

are induced when the opponent changes strategies during the engagement. To obtain robustness to

step changes in the opponent gain, it is useful to introduce a variant of this filter.

As opposed to modeling the opponent gain as a zero-mean white-noise process, assume the op-

ponent gain has a nonzero mean. Then the gain is modeled as a time-varying process whose deriva-
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tive is constant, and the gain and its derivative are estimated. This approach doubles the number

of gain parameters that must be estimated and observability should be checked on a problem-by-

problem basis. It is only an approximation in the case of step changes in the opponent gain. In

practice, this filter works in conjunction with the constant gain filter to achieve robustness to step

changes in the opponent gain through the standard mixing process of the IMM estimator. This

estimation model is used in this dissertation to track the opponent gain through step changes.

Consequently, it is referred to as the “switching gain” model of opponent behavior in later figure

legends, as a contrast with the simple “gain” model in which gain derivatives are zero-mean.

The extension of the LQDG solution to the case of a constant-gain opponent is straightfor-

ward. Based on numerical experiments conducted later in this chapter and the next, there are two

noteworthy qualities of the LQDG-gain problem that are not intuitively obvious. First is that the

LQDG-gain and OSO strategies may be quite similar in practice. Consider a player with a linear-

quadratic objective function whose minimax gain changes relatively little over an engagement. If

the opponent uses a constant gain that is near the initial-time value of the minimax gain, then the

player’s LQDG-gain solution is likely to be qualitatively similar to the OSO solution. The adap-

tive player’s two candidate solutions are already constrained to have the same terminal gain, and

having a similar opponent gain over the simulation generally leads to feedback gain histories. The

second point is that the LQDG-gain strategy may become singular for opponent gain values that

are smaller than the steady-state RDE solution. In many problems, such as the missile intercep-

tion problem of Chapter 7, the game objectives dictate weight values that constrain the terminal

gain a player can use. This can lead to a decreasing player gain as the engagement proceeds from

t = 0 to t = Tf . When that happens against a constant-gain opponent, sufficiently large opponent

gains drive the generalized RDEs to singular values. This limitation must be kept in mind when

designing weights for a LQDG-gain player.

This section has introduced the LQDG-gain strategy. The governing equation is straightforward

to derive in the same way the adaptive OSO RDE is obtained in Chapter 1. Two estimators are

developed to account for parametric uncertainty in the opponent gain. First is a simple, constant-
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gain model. The second estimator treats the gain as time-varying with a constant rate, and is

labeled a “switching gain” model in later examples. Using these two estimators in conjunction with

an IMM achieves robustness to step changes in the opponent gain, which the numerical example

at the end of this chapter demonstrates. The next section investigates the design of switching

strategies to play against an adaptive player and suggests a simplified model for strategy synthesis

purposes.

6.4 Deceptive strategies to oppose adaptive agents

The primary utility of the IMM estimator employed in this chapter is its capacity to track targets

whose dynamic modes change. In the context of differential games, it is felt that opponents who

play in this fashion merit some attention. An agent playing adaptively typically exhibits a lag

with respect to any step change in the opponent’s behavior. This lag corresponds to a transient

interval during which the adaptive player’s strategy converges to a strategy that properly counters

the opponent. In existing literature on learning and adaptation in differential games, the past actions

of an opponent are assumed to predict her future actions, and the possibility of a “dishonest”

opponent is not considered. Any transient due to convergence of a player’s estimates occurs only

at the beginning of the game.

However, the assumption of a fixed opponent strategy fails to account for a possible weakness

of an adaptation-based game strategy. If an opponent knows a player is adapting, then potentially

an opponent can mislead the player by switching from one strategy to another. In the presence

of infinitely fast adaptation, this danger can be ignored because a player can always immediately

switch to a new strategy satisfying optimality or equilibrium properties. In practical systems with

finite convergence times, this sort of deception could have significant consequences.

This section introduces the concept of deceptive strategies in differential games. First, a math-

ematical description of the problem and a numerical example to justify the concept are presented.

Then, a more extensive example for a problem with scalar dynamics is presented.
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6.4.1 Problem description

In the current problem, agent j is assumed to engage in a differential game with an adaptive

agent i. To improve his performance in the game, agent j uses a strategy of playing initially in

some suboptimal fashion, followed by switching to some “more optimal” strategy2. When i’s rate

of adaptation is finite, j can improve her overall performance by a judicious choice of her initial

game play and switching time. This subsection proposes a simplified model of i used by j to design

such deceptive game strategies.

For simplicity, the game is assumed to have only one switch in j’s control; more switches can

be used, but such a study is beyond the scope of this chapter. Thus, the game is divided into two

stages; Stage 1 is the period before the switch, and Stage 2 the remainder of the engagement. In

Stage 1, player j plays according to a chosen objective function or control structure. Then in Stage

2, j plays according to her “true” objective function, subject to an assumed transient in player i’s

gain. This transient corresponds to the finite rate of adaptation or learning present in i’s gameplay.

The choice of j’s Stage 1 behavior should be selected to maximize the advantage j enjoys from

the induced transient in i’s gains when the switch occurs.

To design such a deceptive strategy, j makes several simplifying assumptions. First, i is as-

sumed to adapt “correctly,” in the sense that i’s initial and final control responses are optimal

with respect to whatever the gain used by j is in each stage. Second, j is assumed to implement

the switch instantaneously, gaining a substantial “first mover” advantage. Third, i is assumed to

have no advance warning or knowledge of the switch and plays according to a constant objective

function. Fourth, each player is assumed to have feedback solutions in every stage of the game.

The following mathematical framework is proposed. In Stage 1, j plays according to some

chosen feedback strategy, denoted uj(1)(x, t). In Stage 2, j plays according to his true objective

2The post-switch strategy may satisfy various properties relating to robustness, game equilibrium, or optimality.
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function. Thus j’s control may be summarized as a piecewise continuous function:

uj =


uj

(1)(x, t) t ≤ tsw

uj
(2)(x, t) t > tsw

(6.5)

uj
(2)(x, t) should satisfy some property, such as optimality, in which case it can be written as

follows:

uj
(2)(x, t) = min

uj

{
Jj

∣∣∣∣
ûi

(2)∗

}

ûi
(2)∗ denotes j’s model of i’s control in stage 2. Player j’s goal is to choose uj(1) and tsw to

optimize the overall value of Jj over the entire simulation, subject to the model of i’s control

and the governing dynamics. The model of i’s control may take any number of forms of various

complexity. For example, the adaptive LQDG strategies proposed in this dissertation are non-

deterministic, because their control values are a function of measurements with random noise. The

IMM-based control strategies are even more difficult to analyze.

To model the opponent strategy, the following simplified model is proposed. Let Ĵi denote

player j’s assumed knowledge of player i’s objective function. If i is an adaptive player, then it

is reasonable to expect his control in each stage to approach the optimal control with respect to

j’s strategy in each stage. Let ûi(1)(x, t) = minui Ĵi

∣∣∣∣
uj(1)

, and let ûi(2)(x, t) = minui Ĵi

∣∣∣∣
ûj

(2)

.

Note an important simplifying assumption: ûi(2) is evaluated with respect to ûj(2), which is not

equal to the true control uj(2). Rather, ûj(2) is chosen either to be in Nash equilibrium with ûi(2)

or to satisfy some other reasonable condition, such as having the minimax property. Effectively,

ûi
(1) and ûi(2) are the controls that i would play if he had an instantaneous, perfect information

response to j. For control synthesis, j then uses the following model for i:

ûi =


ûi

(1)(x, t) t ≤ tsw

µ(x, t)ûi
(1)(x, t) + (1− µ(x, t))ûi

(2)(x, t) t > tsw

(6.6)

131



That is, player j models i as using a convex combination of her “perfect” responses in Stage 2.

The coefficients µ(x, t) should satisfy µ
∣∣∣∣
t=tsw

= 1 and µ
∣∣∣∣
t=Tf

→ 0, but are left here as generic

terms. In this chapter and the next, µ is modeled as a first-order decay term having magnitude

µ = e−α(t−tsw).

The control models suggested are chosen to decouple the design of j’s strategy from her model

of i’s strategy. As proposed, the control design iteration for j follows a simple structure. For some

objective function Jj and some proposed ûj(1), j first derives ûi(1), ûi(2), and ûj(2) according

to optimal control or game-theoric principles. Then uj(2) is obtained as a function of ûi. If j

chooses her weights and switch time according to an optimal control perspective, then the pre-

switch control and tsw are chosen according to some optimality criteria. Such a study is beyond

the scope of the present chapter; in this chapter and the next, switching-based strategies are tuned

manually. The goal of tuning is to achieve a predicted objective function value that exceeds the

expected value if there was no switch in j’s strategy.

6.4.2 Proof of concept example

As a proof of concept, consider a simple scalar system having linear dynamics and quadratic

objective functions for both players. The players i and j implement adaptive and switching strate-

gies, respectively, according to the following objective functions:

Ji =
1

2
sf,ix

2
f +

1

2

∫ T

0

(
qix

2 + u2
i + riju

2
j

)
dτ (6.7)

Jj =
1

2
sf,jx

2
f +

1

2

∫ T

0

(
qjx

2 + u2
j + rjiu

2
i

)
dτ (6.8)

ẋ = ax+ ui + uj

For the purposes of synthesizing a strategy, j is assumed to have perfect information about i’s

objective function. In Stage 1, j uses a constant linear feedback kj(1). Thus, i’s optimal feedback
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gain is governed by the following OSO RDE:

k̇
(1)
i = −2ki

(1)(a− kj(2))− qi − rijkj(2)2 − ki(1)2
(6.9)

ki
(1)(Tf ) = sf,i

In the same way, j must compute the theoretically optimal feedback gains for Stage 2, k̂i
(2)

and

k̂j
(2)

, having terminal values sf,i and sf,j:

˙̂
k

(2)
i = −2k̂i

(2)
(a− k̂j

(2)
)− qi − rij k̂j

(2)2

− k̂i
(2)2

(6.10)

˙̂
k

(2)
j = −2k̂j

(2)
(a− k̂i

(2)
)− qj − rjik̂i

(2)2

− k̂j
(2)2

(6.11)

The true feedback gain used by i after the switch is given from ki
(2) = µ(t)ki

(1)+(1−µ(t))k̂i
(2)

.

Using this model, j computes an optimal feedback gain according to the following closed-loop

RDE, again subject to the boundary condition kj(2)(Tf ) = sf,j:

k̇
(2)
j = −2kj

(2)(a− ki(2))− qj − rjiki(2)2 − kj(2)2
(6.12)

j then implements the feedback control uj = −kj(t)x, in which the gain is a piecewise function

as follows:

kj(t) =


kj

(1)(t) t < tsw

kj
(2)(t) t ≥ tsw

(6.13)

For j to design this controller effectively, the overall cost-to-go including the effect of the

initial suboptimal control should be computed. Using Eq. 6.3, the cost-to-go is straightforward to

compute by integrating another RDE subject to the control gains kj(t) and its analog, ki(t).

A numerical example of the resulting gameplay is computed using the values tabulated in Table

6.2. The resulting feedback gains and cost-to-go are shown in Fig. 6.1. The left figure shows the

gains computed by player i, as well as the gain subject to the assumed adaptation dynamics. The
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a Tf tsw kj
(1) qi rij sf,i qj rji sf,j αsw

0.1 5.0 0.4 -1.0 3.95 -1.04 1.95 -3.92 -.952 -1.90 -5.0

Table 6.2: Values used for scalar proof-of-concept switching-based gameplay

center figure shows the gains used by j during gameplay. The right figure shows the value of

the cost-to-go variable for player j under the switching-based strategy as well as for a pure FNE

strategy. All values are computed independently of the state. The cost-to-go plot shows that, for

the assumed model of player i, the designed strategy achieves a lower theoretical cost from the

initial time than the pure FNE game strategy. The cost is summarized as the solution to the general

RDE of Eq. 6.3, such that the actual cost incurred will vary depending on the initial state. The

theoretical cost-to-go variables are −11.1 for the FNE case and −16.5 for the switching-based

strategy.

In reviewing Fig. 6.1, it is apparent that benefiting from the switching-based strategy is depen-

dent on j’s ability to rapidly implement changes in his control. On the other hand, the proposed

strategy is developed assuming i asymptotically achieves perfect knowledge of j’s control law,

while in reality i is always subject to sensing uncertainty, estimation bias, and other limiting fac-

tors. Thus it seems plausible that a strategy such as this could be used to obtain a meaningful

benefit in practical scenarios. Of course, the switching-based strategy has been developed assum-

ing player i uses an adaptive strategy. If i instead used a minimax feedback law, then i will be

nonreactive with respect to j’s switches. In fact, j will incur a penalty for using the suboptimal

initial law with no benefit. This is a risk that must be considered in the design of switching-based

strategies.

This subsection has introduced the concept of a deception-based switching strategy. A heuris-

tically tuned example has been presented to justify this choice of strategy. The following section

presents numerical examples for this chapter, including an example of the switching-based control

strategy.
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Figure 6.1: Modeled player gains and cost-to-go for the deception-based switching example

6.5 Numerical example

A detailed numerical study is conducted for the problem with scalar dynamics previously used

in Sections 4.3.2 and 6.4.2. A new set of problem weights is chosen to highlight qualities relevant to

the IMM control problem and switching-based gameplay strategy. These weights are summarized

in Table 6.3. For estimation purposes, each agent is assumed to know that qi = qj = 0, leaving

adaptive agents with only two unknown LQDG weights. Rk denotes the measurement variance

and ∆t the sample period. Pq,q and Psf ,sf denote the initial covariance used for adaptive OSO and

FNE estimation.

This section presents results from individual simulations. First, the basic IMM estimation

performance is evaluated against simple minimax and constant gain evader strategies. Second, a

detailed comparison is made of the IMM-C and matrix game-based control performance against

an evader with a static gain. Third, the proposed switching-based nonadaptive game strategy is

implemented and demonstrated against an adaptive opponent using IMM estimation.
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a Tf ∆t qi rij sf,i qj rji sf,j Rk Pq,q Psf ,sf x(0)

0.1 1.0 0.01 0.0 −1.05 7.0 0.0 −.92 −6.67 10−3 2.0× 10−3 .054
√

2

Table 6.3: Values used for numerical simulations

Figure 6.2: Simulation results comparing IMM pursuer against minimax evader

136



6.5.1 IMM estimation results

This subsection evaluates the basic performance of an adaptive pursuer using IMM estimation

against different nonadaptive evader strategies. The IMM-C control strategy is used. Fig. 6.2

summarizes a simulation in which adaptive IMM pursuer plays against a minimax evader. The

figure shows the state, control, and mode probability histories, as well as selected estimation states.

The plotted estimates of rji and sf,j are from the OSO estimator; the FNE estimator is qualitatively

similar. The control plot shows the true controls used by each player. The pursuer controls are

annotated as follows; whenever the agent switches from the minimax strategy and begins using

state estimates in the closed-loop control, an “X” is placed, and a dashed line is used to indicate

periods in which minimax control is used. The perfect-information (PI) feedback control, which

would be used if the evader strategy and weights were known exactly, is plotted for reference.

The controls computed by the individual filters (OSO, FNE, and LQDG-gain) are also plotted for

reference. The minimax strategy is used until about t = 0.2, when the estimator confidence is high

enough to begin using estimates in the control. All three modes lead to similar control profiles,

which deviate very little from the PI control. The mode probabilities clearly identify the OSO

and FNE modes as the most likely, although the IMM is unable to differentiate much between the

two options. The estimation errors in the LQDG weights are small and remain so throughout the

simulation. The gain estimate has a larger initial error that converges by about t = 0.1.

Fig. 6.3 displays simulation results when a constant gain evader plays against the adaptive

IMM pursuer. The gain used is [Kj] = [−2.8], which is much smaller than the zero-sum terminal

Riccati value of the LQDG. Consequently, the relative state achieves a much smaller value under

the constant gain evader. In the control profile, there is a noticeable difference between the controls

from the LQDG estimators and the LQDG-gain estimator. The actual control used tracks the PI

reference well and converges to a small error by about t = 0.2. The mode probabilities clearly

indicate that the LQDG-gain mode is the most likely mode for almost all of the simulation. The rji

and sf,j estimates have no truth values. The estimates converge to values far from the initial values,

indicating the large error between the LQDG model and the constant gain opponent behavior. The
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Figure 6.3: Simulation results comparing IMM pursuer against constant gain evader

gain estimate converges to a small error by about t = 0.15.

The results shown here indicate that the IMM estimator is able to correctly distinguish between

LQDG opponent strategies and fixed-gain opponent strategies when the opponent strategy is un-

changing. The IMM estimator is not able to clearly differentiate between the minimax and adaptive
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FNE evader strategies for this problem. The adaptive pursuer in this section is able to recover the

performance previously demonstrated in adaptive LQDG play. The next subsection compares the

IMM-C and matrix game-based control strategies.

6.5.2 Comparison of IMM-C and matrix game-based control

An IMM-based adaptive pursuer with linear quadratic objective function is engaged with an

evader who uses a constant gain of [Kj] = [−2.8]. The pursuer implements two estimators in

the IMM ensemble: an adaptive OSO estimator and a constant-gain estimator 3. Each mode is

considered equally likely initially, and the prior mode transition probability of transitioning from

either mode to the other is 1%. This scenario is tested with both IMM-C and matrix game-based

control to compare the performance of the two approaches.

Fig. 6.4 summarizes the control, mode probabilities, and cost-to-go incurred when the IMM-

C approach is used against the constant-gain evader. The control histories are annoted as in the

previous subsection, with “X” used to indicate a transition from minimax control to estimate-in-

the-loop control and dotted lines denoting control under the minimax strategy. Under the IMM-C

approach, the total cost incurred is 4.0. The reference cost, denoting the expected cost under PI

gameplay, is 3.8. The true control quickly approaches the LQDG-gain control, causing it to lie

close to the PI control history. The LQDG-gain mode is consistently the most probable. The cost-

to-go history shows a large initial slope that diminishes after a few time steps when the estimates

enter the closed loop. The reduction in slope of the cost-to-go indicates the cost incurred from that

point on has lessened compared to what it might have done.

Fig. 6.5 shows the same performance metrics when the matrix game-based control is used. In

addition to plotting the incurred cost-to-go, the pursuer’s expectation of the costs-to-go for each

candidate strategy are computed and plotted. The results are qualitatively similar to the results with

IMM-C control. The total cost incurred is 4.2, a slight increase compared to the IMM-C control.

It is apparent why from looking at the plot of control values. During the first several time steps

3To highlight the tradeoffs between the OSO and LQDG-gain approaches, the pursuer does not implement the
adaptive FNE estimator.
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Figure 6.4: Summary results for the scalar example using IMM-C

of the simulation, the matrix game analysis chooses to use the OSO control strategy rather than

the LQDG-gain control. This has the effect of using more control energy than is necessary under

PI, increasing the overall cost somewhat. Examining the cost-to-go history, it is apparent that the

agent believes there is a large potential cost to choosing the gain strategy during the same interval,

leading him to use the OSO strategy.

To further investigate the performance of the matrix game-based control, consider Table 6.4.

This table summarizes the matrix game computation at certain times of interest during the sim-

ulation. Each matrix represents the pursuer’s estimate of the cost under a particular pairing of

strategies. Columns 1 and 2 correspond to the evader using the minimax and constant gain strate-

gies, respectively. Rows 1 and 2 correspond to the pursuer choosing the OSO and LQDG-gain

strategies. The cost matrices are multiplied by the vector of modal probability estimates, and the

product vector is the expected value of the game for each of the pursuer’s candidate strategies. At

t = 0.01, after two measurements have been made, each pursuer filter is still using the minimax

control, and so each strategy incurs the same cost for a given evader strategy. At t = 0.02, the

LQDG-gain estimator is confident enough to begin using estimates in the closed-loop control. If
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Figure 6.5: Summary results for the scalar example with matrix game-based control

t = 0.01[
5.7 3.83
5.7 3.83

]
×
[
0.666
0.334

]
=

[
5.07
5.07

] t = 0.02[
5.24 3.84
34.2 2.97

]
×
[
0.569
0.431

]
=

[
4.64
20.7

]
t = 0.07[
3.34 2.76
5.17 2.46

]
×
[
0.142
0.858

]
=

[
2.84
2.85

] t = 0.11[
2.93 2.5
3.83 2.3

]
×
[
0.145
0.855

]
=

[
2.57
2.52

]
Table 6.4: Snapshots of matrix game computations during simulation

this control is used, the pursuer believes it will incur a large penalty if the evader actually uses a

minimax strategy. So, despite the reduced cost-to-go if the evader uses the constant gain strategy,

the large potential penalty makes the pursuer choose the OSO strategy. This trend continues for

several measurements. At t = 0.07, the modal probability associated with the constant gain evader

has grown significantly. Still, the cost of being incorrect is too large, and the OSO strategy is

used. This continues until t = 0.11, the first time at which the expected cost under the LQDG-gain

strategy is lower than under the OSO strategy.

The results shown here demonstrate a case in which the matrix game approach leads to a con-
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troller that is conservative. It is conservative because it will not switch to the more likely, less

aggressive control profile until the possible negative outcomes have become tolerably small. This

conservativeness comes at a small cost in performance. There is also a greater demand computa-

tional burden required to evaluate the cost-to-go for each combination of strategies. Despite this

additional challenge, the matrix game-based strategy seems promising if the number of opponent

modes to be evaluated can be limited.

6.5.3 Deceptive switching strategy

For the last set of results in this chapter, the evader uses a nonadaptive strategy based on switch-

ing from a constant gain controller to a FNE controller. For simplicity, the evader is allowed perfect

information about the pursuer’s weights and does not perform estimation. She switches to the per-

fect information FNE strategy after the switch. The pursuer uses an IMM strategy with adaptive

FNE and LQDG-gain modes with the IMM-C approach. For simplicity, the pursuer does not use

the cost-based loop closure approach of Section 4.2, which significantly alters the behavior of

the pursuer when measurement uncertainty is high. A switch time of tsw = 0.08 is used with a

pre-switch gain of [Kj] = [6.0]. In designing a strategy the evader assumes a first-order time of

α = 30.0 governing the pursuer’s adaptation rate. All other values are as listed in Table 6.3.

Fig. 6.6 displays simulation histories for the state, controls, and evader cost-to-go. The figures

compare the predicted performance using the simplified model to the actual performance against

a pursuer using IMM estimation. By implementing the switch, the evader is able to increase

the relative state to a value greater than its initial value, and achieves a smaller overall cost than

is predicted according to a PI FNE solution. The pursuer control and evader cost-to-go plots

show the simulated histories as well as the predicted values according to the evader’s simplified

pursuer model used for strategy design. The plotted values are the predicted closed-loop control

and cost-to-go evaluated against the recorded state history from simulation. The simplified model

qualitatively captures the characteristics of the full simulation well. There is an initial transient

effect in which the prediction error is large. This transient occurs because the pursuer begins

with no a priori knowledge of the evader’s gain and must converge to an initial response to the
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Figure 6.6: Comparison of pursuer controls using IMM estimation and cost-to-go against predicted
values

manifested gain strategy. After approximately two time steps, the pursuer “catches up” to the

evader’s strategy, and from then on the control and cost-to-go predictions and histories match well.

There is a slight mismatch in the pursuer’s “rise time,” after the switch. The initial response is

slower than the prediction, but later it converges more quickly. This fact suggests a higher-order

model may be needed to fully capture the convergence behavior of the IMM.

Note in Fig. 6.6 that the initial transient reduces the evader’s performance significantly. The
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Figure 6.7: Estimation errors during engagement between IMM pursuer and strategy switching
evader

full predicted cost-to-go is −8.1, but the actual cost incurred by the evader is −5.7. From the plot

of cost-to-go, most of that loss occurs during the first two timesteps. The total predicted cost under

the non-switching FNE strategy with perfect information for both players is−5.1, so the switching

strategy is still an improvement of about 10% over the non-switching strategy.

Fig. 6.7 shows the pursuer IMM estimation performance during the engagement with the

switching evader. The switch time is indicated by a vertical line in each plot. Before the switch,
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the estimate of rji begins to diverge, but it quickly converges to the true value in about 0.1 time

units. sf,j is essentially unobservable at the beginning of the simulation, so its estimates are not

affected by the switch. The estimates of kj converge quickly to small errors before the switch,

then suffer a step change after the switch. The errors reduce slightly as the simulation runs on,

and it may be possible to tune the filter to become robust to step changes in the gain. The mode

probabilities show that the IMM correctly identifies the constant-gain strategy used before the

switch. Within two or three measurements after the switch, the modal probabilities converge to

the new correct values. The estimation error plots demonstrate that the IMM estimation behaves

essentially as expected for the switching engagement.

When the pursuer uses the matrix game-based control, the evader receives no advantage from

switching. Fig. 6.8 shows the pursuer control history and the reference control from each individ-

ual estimator. The pursuer uses the FNE strategy the entire time, and the evader does not benefit

from the switch. This happens because the “downside” for the pursuer is extremely large if he

chooses the LQDG-gain control value and the evader is actually of the FNE type. Note that the

evader switching parameters are tuned for the IMM-C pursuer, and it may be possible to re-tune

the values to achieve better performance against the matrix game-based pursuer. Nonetheless, it

is remarkable that the pursuer is able to overcome the evader’s switching strategy by making no

change other than explicitly considering the cost of making a bad choice of control.

This section has presented numerical results for a problem with scalar dynamics. First, ba-

sic simulations are conducted to demonstrate the IMM estimation is working as intended. The

IMM pursuer is able to clearly differentiate between constant gain evaders and minimax evaders,

although the minimax and FNE evader strategies are likely not distinguishable. Next, a detailed

comparison of the IMM-C and matrix game-based pursuer control approaches is made for the same

problem. The results indicate that both control strategies approach the perfect information control.

The matrix game-based control is conservative, in that it uses more control energy than is strictly

necessary and achieves a lower performance metric than the IMM-C approach. This is a feature

of the control approach. The last set of results evaluate a nonadaptive evader strategy based on
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Figure 6.8: Pursuer control against switching evader strategy using matrix game-based control

switching from a constant gain to a FNE strategy. When the pursuer uses the IMM-C approach,

the evader performs better under the switching strategy than expected under a simple FNE strat-

egy. The pursuer control and incurred cost histories match the simplified model the evader uses for

strategy design. Notably, when the pursuer uses the matrix game-based control, she the evader’s

switch is not effective because the pursuer continues to use the most conservative controller for

the entire simulation. The matrix game-based control demonstrates an implicit robustness to

opponent switches.

This chapter has presented an approach to pursuit-evasion games in which the opponent strat-

egy is subject to both parametric uncertainty and uncertainty of form. A solution based on MM

estimation is considered, using domain knowledge to synthesize candidate opponent responses.

The IMM estimation framework leads naturally to two control strategies: the IMM-C approach

based on modal probabilities, and a matrix game-based approach. A new strategy based on de-

ception has been proposed for the opponents of adaptive players. Under this approach, a player

initially manifests a “false” strategy before switching to one that is optimal. This induces a tran-

sient response in the adaptive player, and allows the switching player to improve the value of her
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objective function. Numerical examples have demonstrated the basic qualities of each of the new

elements introduced in this chapter. The IMM estimator correctly differentiates a constant-gain

opponent from the adaptive LQDG strategies introduced earlier in this dissertation. The evader is

able to use the switching-based strategy to outperform her reference non-switching objective value

against an IMM-C pursuer. In examples, the matrix game-based approach demonstrates robustness

to opponent switching. This chapter represents the last of new developments in this dissertation.

The next chapter considers a detailed missile interception game to explore elements of the new

material introduced in Chapters 4–6.
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7. APPLICATION: MISSILE INTERCEPTION GAME

This chapter considers an application of the various new concepts introduced in previous chap-

ters to a missile interception pursuit-evasion game. This is a classic problem with multiple agents

that is commonly studied under the assumption of linear relative dynamics. A LQDG is set up

to demonstrate various techniques, including the cost-based loop closure of Chapter 4, the con-

strained estimation of Chapter 5, and the IMM estimation and switching strategies of Chapter 6.

The chapter has three main parts. First, an overview of the problem is given, emcompassing rele-

vant literature, the problem dynamics, and details of weight selection for realistic games. Second,

specific details of the implementation are discussed, such as the selection of polynomial degree

for Taylor series approximation. Finally, numerical results highlighting different features of the

adaptive gameplay approaches are presented.

7.1 Problem overview

Missile interception problems have been long studied in aerospace engineering. These prob-

lems commonly refer to scenarios in which a missile is meant to reduce its range to a target vehi-

cle, which could be another missile or a manned vehicle. The general set of interception problems

encompasses disparate scales, ranging from short-range tactical missile engagements to intercon-

tinental ballistic missile interception. In this section, a very generic scenario is considered with

scale units to deliberate divorce the results from any specific vehicles. The interception problem

is frequently considered without reference to games, and a great deal of existing literature is only

loosely related to the topic of this chapter. A small selection of relevant previous works is given,

with an emphasis on recent developments. Subsequently, this section presents the general problem

dynamics. This is followed by a short discussion of the problem scaling, and then by a discussion

of practical missile guidance laws and their translation into a differential game environment.
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7.1.1 Related research

The problem of missile interception has been studied for decades. Many of the problems in

Isaacs[5, pp. 237–244, 361–366] can be considered abstractions of interception problems under

perfect information. A series of later papers[23, 24] derives missile guidance laws under both opti-

mal control and game theory perspectives. A game with realistic control constraints is considered

and the robustness to errors in the target acceleration profile is considered. The target accelera-

tion profile is considered a priori unknown, and is not estimated from the available data. Shinar,

Guelman, and Green [77] consider a planar PE game. The pursuer is modified with a nonconstant

speed based on drag. From the solution to a game of kind, a pursuit feedback law is derived and

compared against proportional navigation. The barrier surfaces that define capture regions are also

defined. The dissertation of Ref. [6] considers a LQDG involving an intercontinential ballistic

missile interception. Planar motion is considered, and feedback linearization is employed to as-

sume a linear form of the relative closed-loop dynamics. Two related papers by Garcia, Casbeer,

and Pachter consider a three-agent game in which a cooperating team consisting of a target and a

defender missile try to avoid capture of the target by an attacker missile. In Ref. [78], a zero-sum

game based on terminal miss distance is considered where the defender is faster than the attacker.

All agents are able to turn instantaneously. An analysis based on Apollonius circles is used to

derive instantaneously optimal heading commands for the defender team and the attacker. Perfect

mutual information with regard to all players’ speeds and dynamic constraints is assumed. A se-

quel, Ref. [79], relaxes the turning rate assumption to consider finite turning rates, and derives

control strategies for particular guidance laws chosen by the attacker.

Among recent authors, Shima has been particularly prolific in the area of missile interception

problem, producing many practical results. A few are highlighted here. Ref. [80] considers

guidance strategies for a missile trying to intercept a slow-moving target that launches an defender

missile. Typical guidance laws for the missiles are considered: proportional navigation (PN), pure

pursuit (PP), and line-of-sight guidance. Matrix game-theoric analysis is used to compute mixed

strategies dictating the guidance laws used by the missile and the defender. Fonod and Shima [27]
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use multiple model adaptive estimation (MMAE) onboard an evader. The pursuer has a fixed set of

guidance strategies with uncertain weights, but executes no switches in strategy. In a related paper,

the pursuer is assumed to execute one or two switches in its gain during an engagement[28]. A

matrix game analysis is conducted to determine a max-min evader strategy that ensures a minimum

miss distance. These papers generally consider missile interception engagements without explicitly

considering games and specific objective functions. It is obvious, however, that the authors are

exploring ideas closely related to those investigated in this dissertation.

This completes a brief review of some related missile interception research. Now, the governing

problem dynamics are presented.

7.1.2 Problem dynamics

Missile guidance research is commonly executed for analysis of a planar engagement. To

obtain general results in this dissertation, the 3D interception problem is first derived, and later

specialized for planar dynamics. Each agent is treated as a point mass moving at a constant veloc-

ity. This is a customary assumption for homing missiles during the terminal phase, or endgame,

of an engagement[28]. There are two agents present. In this subsection, the conventions of mis-

sile interception research are followed, and the agents are referred to as the attacker (pursuer) and

the target (evader). A graphical representation of the problem is shown in Fig. 7.1. A reference

frame is attached to each point mass at its mass center, with a+ denoting the attacker’s reference

frame and t+ the target’s. The 1-axis of each reference frame is aligned with the associated body’s

velocity vector. These reference frames are established to allow expression of body-axis control

accelerations, which much be orthogonal to the velocity vector. An inertial reference frame, n+, is

known. The relative reference frame r+ is defined such that r+ is centered at the target’s center of

mass and r̄1 is aligned with the position vector of A relative to T. That is, the 1-axis of the r+ frame

is aligned with the line-of-sight vector from the target to the attacker. It is customary to develop

the velocity and acceleration-level kinematic equations in the r+ frame, while frames a+ and t+

are used only to relate applied forces to body-axis accelerations.

Using the defined coordinates, the relative reference frame kinematics are now developed. r+
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Figure 7.1: Missile interception problem geometry

is defined relative to the inertial reference frame by a simple 3 rotation through ΓA followed by

a 2-axis rotation through ξA. Using these angles, the r+ frame relative position vector R and its

velocity and acceleration V andA can be developed as follows:

R ≡ rA − rT (7.1)

[R]r =


RA

0

0

 (7.2)

[V ]r =


ṘA

Γ̇ARA cos ξA

−RAξ̇A

 (7.3)
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[A]r =


R̈a −RA(ξ̇2

A + Γ̇2
A cos2 ξA)

Γ̈ARA cos ξA + 2Γ̇A(ṘA cos ξA −RAξ̇A sin ξA)

−RAξ̈A − 2ṘAξ̇A − Γ̇2
ARA cos ξA sin ξA

 (7.4)

It is also useful to expand the accelerations of each agent in its own reference frame, since that

is the frame in which the aerodynamic forces are commonly known. Let each agent’s reference

frame be defined relative to the inertial reference frame by a three-axis rotation through γA (resp.

γT ) followed by a two-axis rotation through θT (resp. θT ). The velocities satisfy vA = vAā1 and

vT = vT t̄1. The accelerations in the respective reference frames have the following values:

[aA]a = vA

[
0 γ̇A cos θA −θ̇A

]T
(7.5)

[aT ]t = vT

[
0 γ̇T cos θT −θ̇T

]T
(7.6)

A reasonable model for the guidance and control of each agent is to assume the existence of an

inner-loop controller that enables each agent to achieve desired body-axis accelerations by ma-

nipulation of its actuators to generate prescribed aerodynamic forces. Control laws are typically

developed in terms of either body-axis accelerations or the flight path angles, which are related by

multiplicative factors.

An interception problem with linear relative dynamics is obtained by analyzing the motion of

the agents relative to some nominal, kinematically feasible relative position history whose terminal

state satisfiesR(Tf ) = 0 with a positive terminal closing velocity. The closing velocity is obtained

from the projection of the relative velocity onto the relative position vector as follows: Vc =

(vT − vA) · r̄1. Any number of candidate reference histories of R(t) can be used, accounting

for various factors such as inverse-square gravity, vehicle drag effects, and so on. It is common

practice in research to consider a flat-Earth (constant gravity) model with the reference trajectory

satisfying straight-line motion for each agent[81, 27, 28]. It is straightforward to show that under
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this simple collision triangle model, the kinematic coordinates take on the following histories:

R̄A(t) = RA(0)

(
1− t

Tf

)
(7.7)

Γ̄A(t) = ΓA(0), ξ̄A(t) = ξA(0)

Furthermore, the positive closing velocity condition is trivially satisfied if RA(0) > 0, which

can always be enforced by proper selection of the initial conditions. Under these reference values,

the velocity and acceleration kinematics take the following values:

V̄ = −RA(0)

Tf
r̄1 (7.8)

Ā = 0 (7.9)

Furthermore, the angular velocity of the line-of-sight reference frame becomes zero. The line-of-

sight reference frame along the reference trajectory is denoted r̄+. It is convenient to expand the

perturbed relative equations of motion in this reference frame, which is an inertial reference frame.

Let the perturbed relative position be given in terms of the reference value plus a perturbation term:

R = R̄+ δR (7.10)

Further, let the elements of the perturbed displacement be written in the r̄+ frame:

[δR]r̄ =

[
x y z

]T
(7.11)

r̄+ has zero angular velocity, so the inertial derivatives of [δR]r̄ contain only the derivatives of x, y,

and z. Each agent’s reference trajectory satisfies rectilinear motion, so the acceleration of each

agent along the reference trajectory is zero. Let [Cb/a] denote the generic direction cosine matrix

specifying the transformation from frame a+ to b+. The relative acceleration can be expanded as
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follows:

[A]r̄ = [δR̈]r̄ =

[
ẍ ÿ z̈

]T
= [Cr̄/a][aA]a − [Cr̄/t][aT ]t (7.12)

Expanding all terms in a Taylor series and truncating at first order leads to the following gov-

erning equation for the second-order position displacements:


ẍ

ÿ

z̈

 = [Cr̄/ā]


0

aγA

aθA

− [Cr̄/t̄]


0

aγT

aθT

 (7.13)

It is critical to note a common practice in missile interception. The governing linearized equa-

tions for the relative displacement represent three second-order equations with only two controls

available for each agent. The goal of the pursuer must be to minimize the perturbed displacement,

and at first glance it appears that she must regulate three uncoupled states using only two controls,

a task which can be challenging. However, as Ref. [82] notes, it is only necessary for the pursuer

to ensure that the “cross-track” displacements y and z remain small to achieve interception. So

long as the perturbed velocity along the line-of-sight ẋ is small compared to the closing velocity,

nonzero values of x do not change the range between agents at interception. Rather, displacements

in x change the time of interception by a small amount, approximately given by x/Vc. Conse-

quently, from the LQDG perspective, it is only necessary to consider y and z as states. A compact

state-space representation of the relevant linear dynamics is given as follows:



ẏ

ż

ÿ

z̈


=

[02×2] [I2×2]

[02×2] [02×2]




y

z

ẏ

ż


+

 [02×2]

[D̄][Cr̄/ā][D̄]T


aγA
aθA

+

 [02×2]

−[D̄][Cr̄/t̄][D̄]T


aγT
aθT

 (7.14)

[D̄] ≡
[
[02×1] [I2×2]

]
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This completes the derivation of the 3D perturbed equations of motion for missile intercep-

tion. The linearized dynamics are uncoupled, and it is convenient for analysis purposes to use

planar analysis in many problems. Letting the z components of motion become zero yields planar

dynamics in one second-order coordinate:

ẏ
ÿ

 =

0 1

0 0


y
ẏ

+

 0

cos(Γ̄A − γ̄A)

 aγA +

 0

− cos(Γ̄A − γ̄T )

 aγT (7.15)

This subsection has presented the governing equations for the missile interception differential

game to be considered in this chapter. Point mass vehicle models are used and the governing

kinematics and dynamics are obtained up the acceleration level. The dynamics are linearized by

assuming rectilinear reference motion. This is an appropriate assumption for a variety of tactical

missile engagements. To ensure all problem variables are of approximately the same order, the

introduced dynamics are now rescaled.

7.1.3 Problem scaling

Let a scaled time be defined as τ ≡ α−1t, and let a scaled position vector be defined as r =

c−1R. Under this model, scaled velocity and acceleration vectors are defined as r′ = v, v′ = a,

using the following definitions:

x′ ≡ dx

dτ
(7.16)

r′ = v =
α

c
V (7.17)

v′ = a =
α2

c
A (7.18)

In this chapter, c is taken to be 100 m, and α is treated as being between 1 and 4 seconds1. In

numerical examples, rescaled coordinates are chosen to be on the order of 1, as is the simulation

time. Thus, the full-scale problem has a duration on the order of seconds, and takes place at relative

ranges of about 100 m, relative speeds on the order of 100 m/s, and accelerations on the order of

1Different values may be chosen to alter the engagement duration and dynamic scale as desired.
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about 10 g’s. The remainder of this chapter uses rescaled problem units in presenting the problem

and numerical results. To complete the current section, a brief discussion of missile guidance laws

is now given.

7.1.4 Missile interception laws

The LQR framework may be used to derive a form of the common proportional navigation

(PN) guidance law. PN is a simple guidance law in which an attacker’s acceleration is proportional

to the relative line-of-sight rate to the target. Consider the planar dynamics of Eq. 7.15. Assume

the target’s acceleration is zero, and construct a LQR problem by letting the state penalty go to

zero with a nonzero state weight on the position only:

JA =
1

2
by2(Tf ) +

1

2

∫ Tf

0

a2
γA

dτ (7.19)

Letting b → ∞ yields a linear feedback control law with time-varying weights[81]. Beginning

from this LQR problem, it is clear that if a penalty on the target’s acceleration, 1
2
RATa

2
γT

, is ap-

pended to the integral cost, a robust PN guidance law is obtained by deriving the resulting minimax

control. It follows, then, that the missile interception problem can be framed as a LQDG by giving

one or both players linear-quadratic objective functions. A realistic LQDG framework considers a

near-zero sum engagement with no running state cost and a large terminal penalty only on the rel-

ative state y. The numerical examples of this chapter endeavor to use weights chosen according to

this fashion. However, this model is relaxed in some examples to obtain results that are of greater

academic interest.

This section has reviewed some related background research in missile interception problems

relating to differential games and/or acting under uncertainty. The problem dynamics have been

derived, linearized, and presented for planar and nonplanar interception. For numerical examples,

re-scaled dynamics are introduced to make all terms of order 1. Lastly, a nominal LQDG corre-

sponding to a robust PN guidance law engagement discussed for use in numerical examples. In

the next section, details of the numerical implementation of the adaptive gameplay methods of this
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dissertation are discussed.

7.2 Implementation details

Going back to Chapter 4, novel techniques for improving the adaptive gameplay of Chapter

2 and for handling additional sources of uncertainty have been developed and demonstrated on

simple problems. These techniques are now applied to the missile interception problem. It would

be excessively tedious to burden the reader with all the details of the numerical implementation.

This section summarizes the most relevant details in six subsections:

1. Nominal engagement model

2. General estimation equations for planar and nonplanar problems

3. Selection of Taylor series degree

4. Selection of Chebyshev polynomial degree for constraint approximation

5. Design of evader switching-based strategies

6. Robustness of LQDG estimation to step discontinuities in opponent dynamics

In addition to the six topics presented in this section, observability analysis of the planar LQDG

interception problem is conducted. Results in Appendix A.3 demonstrate the problem is observ-

able for the engagement weights and dynamics discussed in this section. To begin, the nominal

engagement model used in most simulations is presented.

7.2.1 Nominal engagement model

The numerical results in this chapter consider half a dozen different engagements with various

player control and estimation strategies, problem weights, initial conditions, and so on. Most of

these conditions represent modifications of a “baseline” engagement that is outlined in this subsec-

tion for convenient. First, consider the reference motion about which engagements are linearized.

All engagements in this chapter are nominally head-to-head, meaning the vehicle velocities are

aligned with the relative position vector. The pursuer has a speed of 5.2 and the evader of 4.8, with
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a usual initial range of 10.0, and a final time of 1.0. For simplicity, the n+ frame is aligned with

the r̄+ frame, and the evader’s initial position is taken as the origin of the inertial reference frame.

These conditions correspond to coordinate values of Γ̄A = 0, ξ̄A = 0, γ̄A = π, γ̄T = θ̄T = θ̄A = 0.

Now, the nominal simulation weights are presented. The problem weights are frequently varied

between numerical examples, but the following values are used if other values are not specified. In

planar engagements, the pursuer weights and state take on the following form:

[Qp] = diag(1.0, 0.0) [Rpe] = diag(−1.05) [Sf,p] = diag(10.0, 0.0) x =

[
y ẏ

]T
(7.20)

The effect of these weights is to modify the “robust PN” control of Section 7.1.4 with a small

running penalty on y(t). The evader may use several strategies based on either LQDG or constant

gain approaches. When the evader uses a LQDG strategy, the pursuer normally assumes a nominal

ZS engagement.

Numerical simulations are conducted by propagating the full nonlinear dynamics, while play-

ers use the linearized model to obtain control solutions. This linearization typically produces no

significant problems for state values of less than about 0.1 in either position or velocity2. Full state

measurements are assumed with uncorrelated covariances of magnitude 10−6. This completes the

overview of numerical simulations. Next, details of the estimation models are discussed.

7.2.2 Estimation equations

For the numerical examples in this chapter, the adaptive pursuer’s perspective is taken, and

his response to various evader strategies is considered. The evader employs strategies introduced

earlier: the minimax strategy, the adaptive FNE strategy, the constant gain approach, and two

switching strategies discussed later in this section. The pursuer is considered to have either para-

metric uncertainty, in which case the pursuer uses the appropriate estimator for the evader’s known

strategy, or, the pursuer has strategic and parametric uncertainty. In the latter case, the pursuer uses

IMM estimation. This subsection details the estimators used by the pursuer and evader.

2Recall that in physical units, this corresponds to about 10 m or m/s.
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First, consider the filter equations for an OSO or FNE player. The planar missile guidance

problem discussed in Section 7.1.4 has only two nonzero problem weights: a terminal penalty on

the relative state y, and a running cost associated with the opponent’s control use. The guidance

law model is relaxed slightly and the evader is allowed to have a nonzero, though small, running

penalty on the state y. The assumption that the running and terminal penalties on ẏ are zero is

enforced. Thus, in the planar engagement, the pursuer considers the evader to use the following

problem weights in conjunction with the linear dynamics of Eq. 7.15:

[Qe] = diag(qe, 0) [Rep] = [rep] [Sf,e] = diag(sf,e, 0) (7.21)

When the evader also plays adaptively, she considers the pursuer to use the same weight structure.

In planar LQDG engagements with only parametric uncertainty, each agent has a maximum of

five states to estimate. For estimation purposes, all time-invariant parameters are modelled as

zero-mean Gaussian processes, as in previous chapters.

In considering nonplanar engagements, it is assumed that all players place equal penalties

on the y and z components of relative motion and there are no penalties on the velocity-level

terms. Consequently, extending the engagement to nonplanar motion does not increase the number

of time-invariant parameters to estimate. In a nonplanar engagement, a player has seven states

comprised of the four relative positions and velocities and the three weights.

A number of engagements consider the evader to use a constant gain model, as discussed in

Section 6.3. When the evader does so, he is assumed to have zero velocity gain. This restriction

is made not for reasons of observability, but for reasons of filter stability. When the constant gain

evader plays against a LQDG pursuer, the pursuer’s RDE solution remains nonsingular for a large

range of position-level gains and a small range of velocity-level gains. Rather than tuning the

relative uncertainty in each gain element or setting up a constrained estimate for the LQDG-gain

problem, the velocity gain has been assumed zero for simplicity. A pursuer using the LQDG-gain

model estimates two states and one parameter in planar engagements.
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An explicit state-space representation of all possible filters is omitted for brevity. The next

section considers the Taylor series approximation to the RDE solutions.

7.2.3 Taylor series fitting and convergence

The Taylor series approximation to the generalized RDE solution introduced in Chapter 4 is

employed to reduce the simulation execution time. Selecting an appropriate polynomial degree for

the truncated approximation requires a tradeoff between memory requirements to store the Taylor

series coefficients and truncation error. The truncated series approximation error also implicitly

limits the initial covariance in the opponent parameters that can be used. This subsection selects

an appropriate error metric and evaluates the approximation error and effective initial covariance

to select an appropriate polynomial degree for the interception problem.

Consider an adaptive player i playing against player j. AD is used to obtain a truncated Taylor

series approximation to [Si] and [Sj]. The implemented control solution depends on both values;

for player i, errors in [Sj] induce estimation bias, while errors in [Si] induce errors in the imple-

mented control law. A reasonable error metric is simply the maximum of the Frobenius norm of

the error in [Si] and [Sj] due to truncation. A scalar metric is obtained by taking the maximum error

norm from either matrix across all integration times over the engagement horizon. This yields a

simple error metric that can be directly compared as the polynomial degree is changed. It is useful

to consider two-dimensional heatmaps of the error metric as a function of the opponent parameters,

allowing a visual assessment of the error sensitivity to the parameters.

A simple approach is taken to determine an initial estimation covariance over which the trun-

cated series approximation is valid. Truncation errors are computed as a function of one variable

at a time while other parameters are at their ZS values. All parameters are assumed to have uncor-

related initial errors, and the maximum change in any parameter before which the error exceeds a

specified threshold is then taken as a 3σ covariance bound. The elements of the covariance matrix

are extracted and the 3σ contours are added to the heatmaps to show the error reduction as the

polynomial degree increases.

As a representative example, consider the standard reference trajectories. The series approx-
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Figure 7.2: Base ten logarithm of truncation error for polynomial expansion in head-to-head inter-
ception problem

imation to the RDE solution for the attacker is expanded about the NZS values corresponding to

the nominal weights of Eq. 7.20. An error metric tolerance of 10−2 is selected. Fig. 7.2 shows the

error metric heatmaps and projections of the initial covariance 3σ ellipsoid for increasing polyno-

mial degree. The plotted errors are for the FNE solution approximation. For the OSO case, the

error contours and ellipsoid are qualitatively similar, and generally have smaller errors. It is clear

from inspection that the truncation errors are highly anisotropic. For a degree 8 approximation, the

error ellipse is unchanged compared to degree 7, and the truncated series error outside the ellipse

begins to increase. Consequently, a series approximation of degree 7 is chosen for this problem.

The procedure outlined in this subsection is used to determine an appropriate polynomial de-

gree whenever the truncated Taylor series is used. Most scenarios use a polynomial degree of 7, as

does the example presented. For the constrained estimation problem, selection of an appropriate

basis function order to approximate constraints presents a similar numerical challenge. The next

section suggests a sampling-based convergence analysis for the basis function constraint approxi-

mation.

7.2.4 Constrained estimation

Chapter 5 introduces inequality-constrained estimation to address numerical singularities in the

LQDG control solution that can occur in engagements that are nonsingular under perfect informa-

tion. An approximate functional form of the stability constraint is obtained by fitting a Chebyshev
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polynomial surface to a grid of points in the space of the opponent’s parameters. It is desireable to

use only as many basis functions as are necessary to achieve a small error. Using additional terms

may induce undesirable phenomena such the Runge effect. A sampling-based method is used in

this section to evaluate convergence.

The Chebyshev polynomial order can, of course, be selected using a similar analysis to that of

the previous subsection. However, in fitting the constraint approximation, the problem weights and

initial covariance must already be given. A sampling-based method is chosen because it eliminates

the need to approximate the true point of instability at the evaluation points, reducing the com-

putation required. Consider a sample of random points in the opponent’s parameter space drawn

according to the estimator’s initial covariance. If enough samples are taken, then some points fall

outside the stable region for a given degree of Chebyshev approximation. The Chebyshev poly-

nomial degree should be increased until the number of points outside the stable region no longer

changes significantly. Multiple, independent samples are drawn to ensure statistical significance

of the results. The primary drawback of this approach is that there is no explicit quantification of

the error in the Chebyshev approximation.

Consider the planar interception problem from the perspective of the pursuer. The standard

reference trajectories are assumed with the nominal values of the pursuer weights. Chebyshev

polynomials are evaluated over a box in the evader’s parameter space with edges as shown in

Table 7.1. These lengths are chosen to be 1.5 times the assumed initial 3σ estimation covariance.

This choice ensures that, in practice, the true value of the opponent parameters falls within the

interpolation region of the Chebyshev polynomials - that is, the estimator will fail to converge

before constraint surface error starts to grow. Note that values of Rji ∈ [−1.3,−0.6] are used

for the OSO problem and Rji ∈ [−1.1,−0.2] for the OSO problem. To test convergence of the

Chebyshev approximation, 10,000 points are sampled from independent uniform distributions on

the grids used to compute the Chebyshev fit. To ensure statistical significance, two independent

samples of size 10,000 are generated using Latin Hypercube sampling. The fraction of points lying

inside the stable region is compared for each case.
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Rji Qj(1, 1) Sf,j(1, 1)
Maximum -0.6/-0.2 -3.21 -0.412
Minimum -1.3/-1.1 -4.41 -3.40

Table 7.1: Evader weight extrema used to evaluate pursuer Chebyshev constraint approximation

Figure 7.3: Chebyshev convergence results for interception problem, pursuer perspective

Fig. 7.3 shows the convergence behavior for increasing polynomial degree N from the pur-

suer’s perspective in both the OSO and FNE problems. The plotted curves correspond to the two

samples used for evaluation. The results agree to two significant figures. For each strategy, the

change in the fraction of stable points between N = 3 and N = 4 is in the third significant fig-

ure, indicating the change is not statistically significant for the chosen sample size. From these

results, it appears fourth-degree Chebyshev polynomials are adequate to characterize the opponent

parameter space of interest. N = 4 is chosen for the results shown subsequently.

This analysis is repeated for specific engagements using constrained estimation, and N = 4 is

used in the results that follow. The next subsection considers the design of nonadaptive, switching-

based strategies for the evader.
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7.2.5 Deception-based switching strategy

The concept of deception-based strategy switching is introduced in Chapter 6. If a player be-

lieves her opponent in a game is playing in a fashion that is reactive to the player’s own actions,

new approaches to the game become rational. Conceptually, a deceptive player should initially

use some non-aggressive strategy long enough for the opponent to become convinced this is the

player’s true strategy. At a chosen switching time, the deceptive player begins using a more aggres-

sive strategy, taking advantage of the lag induced between the onset of the change and the time the

opponent recognizes the change. This subsection considers two such strategies for the evader. In

the first strategy, the evader switches between constant gains at two different values. In the second

strategy, the evader manifests a constant-gain strategy before switching to a true, LQDG strategy.

7.2.5.1 Gain level switching

In a gain level switching strategy, the evader uses an initially small gain before switching to

a larger one. Conceptually, the idea is to “lure” the pursuer into a false sense of security, and

take advantage of the transient that occurs while the pursuer adapts to the post-switch relative

dynamics. There is no differential game associated with the evader’s constant-gain strategy, so

the terminal value of y is used as a relevant metric of performance for the evader. For the planar

missile interception problem, the following piecewise-defined gain is used for the evader j:

Kj(t) =

[
kj(t) 0

]
, kj(t) =


k1, t < tsw

k2, t ≥ tsw

(7.22)

For simplicity, it has been assumed that the evader places no weight on the velocity state.

There are three parameters that E must choose in this strategy; k1, k2, and tsw. To design such

a strategy, E assumes a model for P in which P responds optimally to any switch with a delay

having first-order dynamics, as suggested and used in Chapter 6. For any Stage 1 and Stage 2
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controllers for E, P ’s response is modelled as follows:

ui = u∗2(t) + eα(t−tsw)(u∗1 − u∗2) (7.23)

α < 0 defines the rise time associated with P ’s response.

For the missile interception problem, E designs a strategy under perfect knowledge of P ’s true

weights, measurement capabilities, and so on. The system is modelled as linear with no measure-

ment error, enabling rapid iteration over different gain values. It is found that the switch must occur

very early in the simulation for the switching strategy to outperform a fixed gain strategy. Addi-

tionally, the change in gains must be quite large to induce a long transient in the adaptive player’s

response. In general, this necessitates the evader choosing an initial gain that is stabilizing and

works against his true long-term interests.

Consider the nominal engagement configuration and weights. Evader parameters of tsw = 0.1,

k1 = −6.0, and k2 = 5.0 are selected. Based on the observed performance of the pursuer in

simulations, a value of α = −20.0 is chosen, which leads to a 90% rise time of about 0.12 seconds

in the pursuer’s response. Fig. 7.4 shows the predicted response of the switching controller for

an initial state of y(0) = −0.1, ẏ(0) = −0.2. For comparison, the predicted performance using a

fixed gain k2 for the entire simulation is also plotted. By using an initially stabilizing controller,

the evader effectively “tricks” the pursuer into using a destabilizing control input during Stage 1.

After the gain switch, the pursuer feedback remains destabilizing initially. The evader exploits this

transient effect to increase the magnitude of the relative displacement y.

7.2.5.2 LQDG with gain switching

When E’s true objective function is of the LQDG type, then the model of Section 6.4 is applied

to the planar interception problem. This model is modified to also include P ’s transient from

using an initial minimax gain, according to the same first-order adaptation model. This is an

attempt to account for a source of error that was observed in the numerical example of Chapter
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Figure 7.4: Linear states and controls for simplified model for gain switching strategy design

6. In Stage 1, the evader uses a constant gain before switching to the LQDG minimax gain3 in

Stage 2. During Stage 2 the evader exploits knowledge of P ’s gain and the adaptation dynamics

to implement a strategy that is effectively optimal with respect to E’s objective function. The

simplified model assuming first-order adaptation dynamics is again used to select evader weights

that improve nominal performance. Figure 7.5 shows the results for the same problem and initial

conditions considered in that example. Results are shown for α = −20, tsw = 0.10, and a Stage 1

gain value of [K1] = [6.5, 0]. The pursuer’s nominal weights are used, but the evader has a NZS

objective function corresponding to the following weights:

[Qj] = diag(−.952, 0) [Rji] = [−.92] [Sf,j] = diag(−9.0, 0) (7.24)

Figure 7.5 shows the predicted state, control, and objective function histories. Again, these his-

tories are generated against the simplified model of the adaptive player, and not evaluated against

the full IMM in this section. The switching-based strategy leads to an increase in the terminal state

3The minimax strategy is used instead of the adaptive FNE strategy for simplicity in tuning the numerical examples
later in the chapter.

166



Figure 7.5: Linear states and controls for simplified model for design of the evader’s LQDG strat-
egy with gain switching

norm at the cost of greater control energy used. For reference, predicted histories with a fixed, FNE

evader strategy are also plotted. The plot of the running cost shows that the switching evader has

a larger penalty up to the terminal time, but has a more favorable terminal state, leading to better

overall performance. The total cost incurred for the switching strategy is approximately −.090.

When both players use an optimal, perfect information FNE strategies for the entire problem, the

cost incurred by E is −.087. The switching strategy represents a predicted improvement of about
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3.5% in the LQDG objective function.

This subsection has designed evader switching strategies, which are evaluated in the numerical

results of this chapter. To improve robustness to evader switching, the next section describes a new

model for the pursuer’s IMM ensemble.

7.2.6 New considerations for multiple-model estimation

In this chapter, the pursuer plays adaptively against an evader whose strategy is not known.

By using an ensemble of models with nonlinear estimators, the pursuer can respond to evader

strategies subject to parameterized uncertainty. The estimation equations for the OSO and FNE

strategies are the same as those presented in Chapter 2. Other evader strategies are possible, and

IMM estimation is used to account for these potential approaches. It is ultimately not the diversity

of possible opponent strategies that presents a major challenge for the adaptive pursuer. Rather,

it is the possible presence of step changes in the opponent dynamics, as might occur if the evader

uses a deceptive strategy. This subsection considers the estimation challenge associated with step

changes in the opponent dynamics.

For any opponent strategy that is does not vary during the full engagement, an estimator can

be implemented to account for parametric uncertainty and the appropriate optimal counter-strategy

can be developed. However, when the opponent switches strategies mid-engagement, the switch

manifests as a step change in the relative dynamics. Step changes are challenging for Kalman

filter-based estimation because they appear as highly non-Gaussian errors in the dynamics. A

deceptive strategy can cause an estimator to fail in two ways: 1) If the pre-switch dynamics exhibit

a large enough error relative to the estimated state, the estimator can diverge; 2) A large step

change in the relative dynamics can cause the filter to incorrectly adjust the estimated states in

response, potentially leading to divergence of the estimator. It is possible to detect divergence and

re-initialize the filter when this occurs. However, the structure of the IMM filter enables an elegant

solution that appears to have good practical performance.

Essentially, for each candidate LQDG-based filter in the IMM ensemble, a duplicate filter is

created and added to the ensemble. This duplicate has the same initial conditions and covariance,
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but does not perform measurement updates4. The duplicate model maintains a large state uncer-

tainty. Consequently, the duplicate has a low likelihood associated with opponent behaviors over

a broad region. If the opponent’s initial response is of an LQDG type, then the original model

converges to the associated weights with a small covariance and is classified as the most probable

mode by the IMM algorithm. If the opponent’s initial response is very different from the LQDG

response, then the original model will have a smaller likelihood than the duplicate. This will cause

the duplicate states and covariance to be mixed with the original model’s, preventing the original

model estimates from diverging. This effectively maintains the initial estimate and covariance, un-

less the opponent switches to a LQDG-type strategy. At that point, the original model’s covariance

starts to shrink and its response dominates the duplicate model’s in the state mixing process.

To demonstrate, consider the evader switching strategy demonstrated in Section 7.2.5.2. The

two agents are on a nominal, head-to-head intercept trajectory. The switch time is 0.1 and the

prior strategy is a constant gain. The post-switch strategy is a ZS FNE strategy. The pursuer

uses a simplified IMM containing three modes: a “constant-velocity” opponent gain model of the

type introduced in Section 6.3, a LQDG FNE model, and a “high-variance” LQDG FNE duplicate

model. The simulation performance for initial states of y(0) = −0.1, ẏ(0) = −0.2 is shown in

Figs. 7.6 and 7.7.

Fig. 7.6 shows the control histories and mode probabilities from the pursuer IMM. The control

history shows the pursuer responding initially to the constant gain behavior and quickly switching

to the optimal control when the evader switches to an FNE control strategy. The pursuer identifies

the FNE mode as more likely on the second measurement after the evader’s switch. The mode

probabilities show that the duplicate FNE filter, denoted “FNEd”, is never considered as the most

likely mode. Despite this, Fig. 7.7 demonstrates that the duplicate filter is having the intended

effect of allowing the adaptive FNE estimator to re-initialize after the switch occurs. This figure

plots the individual filter state estimates, which include the effect of IMM state mixing. During

the initial transient, the original LQDG state estimate diverges to a large error as it attempts to

4Alternately, the duplicate can be instantiated with an artifically large measurement variance, achieving the same
effect.
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Figure 7.6: Simulation results for a switching evader (E) playing a true LQDG strategy against an
adaptive pursuer (P).

Figure 7.7: State estimation histories for the original and duplicate pursuer LQDG filters playing
against a switching evader. Duplicate filter assumes artifically high measurement variance.
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model the constant gain opponent. The duplicate state estimate remains at its initial value, which

happens to be the truth value. After the evader’s switch, the original filter’s state estimates are

mixed back into the duplicate filter’s. Afterwards, the original filter is able to track the true states,

and the duplicate filter’s states are mixed with those, leading the duplicate state’s estimates and

covariance to converge. The results indicate the duplicate filter works as intended and achieves

smooth re-initialization of the original filter when the switch occurs. The duplicate filter concept

is employed in Section 7.3.4 for a pursuer using IMM estimation against a deceptive evader.

This section has described relevant details of the numerical implementation of the missile in-

terception differential game. The nominal engagement trajectories and weights have been summa-

rized. The necessary filter equations have been described. Analysis has been conducted to deter-

mine appropriate Taylor series polynomial degrees and Chebyshev polynomial degrees for RDE

solution approximation and constrained estimation, respectively. Deceptive nonadaptive strategies

have been designed for the evader for gain level-switching and gain switching into LQDG. To im-

prove robustness of LQDG estimators to step changes in the evader dynamics, simple “duplicate”

filters with high variance are appended to the set of IMM ensemble models. Having presented

these details, the numerical results are now reviewed.

7.3 Results

Numerical simulations are conducted to demonstrate the various advances and techniques out-

lined in previous chapters. Results include a mixture of individual simulation summaries, to high-

light particular aspects of the performance, and Monte Carlo results, intended to quantify the

overall performance in a stochastic environment. Before presenting the results, the procedures

associated with the Monte Carlo analysis and some miscellaneous details of the simulations are

reviewed.

Unless noted otherwise, Monte Carlo samples use simple random sampling in which the pur-

suer’s weights are constant and the evader’s weights are sampled according to the pursuer’s initial

covariance. Initial states are sampled on independent uniform distributions U [−.1, .1]. The method

of repeated sampling employed in Chapter 3 is used to ensure that all samples yield nonsingular
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solutions under perfect information.

The number of Monte Carlo simulations to conduct is determined by performing a limited

number of convergence studies. Essentially, for each distinct set of player weights or trajectories

considered, some set of simulations is conducted twice and compared to validate convergence

and the number of significant figures. These results are not discussed in this chapter because

they involve comparing tedious charts with very similar values. The convergence study results

are included in Appendix D. Typically, 2500 simulations are used when both weights and initial

states are sampled, and most performance metrics converge to at least one significant figure for

that sample size.

Monte Carlo results are typically quantified using the number of failed simulations, the relative

loss function ` in the overall cost introduced in Chapter 3, and the estimation errors. Estimation

errors are quantified in terms of MSE, error covariance, median absolute error, and 25% and 75%

percentile values of absolute error5. The MSE is a common metric of estimation performance, but

it is sensitive to outliers. By comparing the MSE and median absolute error, it is straightforward

to tell if outliers have a significant effect on the performance.

A few addenda should also be mentioned for completeness. In simulations where the pursuer

uses an IMM, the IMM-C approach is used to generate control values. When estimation error plots

are made, 3σ bounds are computed using the diagonal elements only of the covariance matrix. This

truncates some uncertainty and should be kept in mind. When adaptive player costs are addressed,

the achieved cost is compared against a reference value. Unless stated otherwise, the reference

value is the perfect information (PI) predicted cost-to-go with continuous dynamics, assuming each

player has exact knowledge of the opponent weights. Each player’s controls are implemented with

a zero-order hold (ZOH), which can enable the adaptive agent to outperform the reference value in

some cases. Based on the numerical results, the cost metrics should typically be considered only

to two significant figures, due to the “rounding” effect of the ZOH.

Each of the following subsections is intended to emphasize a particular method, using nu-

5Respectively, the lower and upper quartiles.
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merical weights chosen to highlight different aspects of the differential game. Five topics are

considered. The first topic considers the performance of an adaptive player who knows the strat-

egy used by her opponent. These engagements highlight the improvements introduced in Chapter

4. Second, the effectiveness of constrained estimation in reducing control failures in engagements

that approach a stability boundary is examined. Third is the ability of the IMM-based mode esti-

mation to distinguish minimax and adaptive FNE opponent strategies. Fourth is the performance

of a pursuer using an IMM against an evader who executes a strategic switch. Fifth is a general

study of the performance of a pursuer using the IMM against an evader using selected strategies.

All subsections except the last include both individual simulation and Monte Carlo results.

7.3.1 Adaptive LQDG results

The results in this subsection introduce the interception problem and highlight the cost-based

loop closure in adaptive agents who are subject only to parametric uncertainty in the opponent

strategy. The problem is of the same type studied in Chapter 3. Individual simulations of a planar

engagement are discussed first, and use fixed initial conditions and agent weights. The initial state

is y(0) = −0.1, ẏ(0) = 0. The pursuer uses the nominal weights of Section 7.2.1; the evader uses

the following weights:

[Rep] = [−.97] [Qe] = diag(−2.8, 0.0) [Sf,e] = diag(−10.25, 0.0) (7.25)

The initial parameter covariances used for the opponent r, q, and sf elements are 5 × 10−4, 1,

and 9 × 10−2, respectively, for both pursuer and evader. The initial variance in the relative

state estimates is set to ten times the measurement variance. Each adaptive agent models un-

correlated process noise on the state channels y, ẏ, rij, qi, sf,i, with process noise covariance of

diag(10−4, 10−4, 10−3, 10−2, 1.0). Later in this subsection, the estimation and objective function

performance are quantified in terms of Monte Carlo results.

First, an engagement in which both players use minimax strategies is considered. Fig. 7.8

shows a summary of the resulting simulation states. The inertial trajectories, perturbed relative
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Figure 7.8: Summary simulation states for a planar missile interception engagement with non-
adaptive, NZS players

states, and control histories are shown. The initial positions in the inertial space are delineated

with open circles. Based on the results shown, the evader appears to use slightly more control

energy than the pursuer, and is able to increase the relative displacement slightly over the course

of the simulation. However, the increase is relatively mild, and likely within the linear range of the

relative dynamics. For this scenario and these initial conditions, the pursuer achieves an objective

function value of 0.040, and the evader achieves a value of -0.064. These values are of interest in
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Figure 7.9: Summary simulation states for a planar missile interception engagement with OSO
adaptive pursuer

comparing the performance with adaptive strategies.

Fig. 7.9 shows the y state and control histories for the same initial conditions when the pursuer

plays according to the adaptive OSO strategy against the minimax evader. (The trajectory and ẏ

plots show minimal change.) The most noticeable change is a small jump in the pursuer control

history occurring around t = 0.06. This jump occurs when the pursuer’s confidence in his estimate

of the cost-to-go exceeds the threshold value and the pursuer begins using his estimates to compute

feedback controls. The result is a slight decrease in the pursuer’s control energy, which manifests

as a small increase in the terminal relative state compared to the non-adaptive engagement. Essen-

tially, the pursuer determines that the evader is using less control energy than initially expected,

which allows the pursuer to increase his performance metric by reducing his control use, as well.

The discussion of the adaptive OSO pursuer performance is continued with Fig. 7.10, which

summarizes the pursuer’s estimation and cost performance. The overall cost incurred matches

the cost of the minimax engagement to two significant figures, and indicates that effectively no net

change in performance is experienced due to adaptation. The plots show the errors in the estimation

of the evader parameters, the cost-to-go history, and the estimate of the closed-loop cost-to-go
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Figure 7.10: Estimation performance for a planar missile interception engagement with OSO adap-
tive pursuer

change. The relative state estimation errors are qualitatively bounded by the 3σ values and are not

plotted for brevity. The parameter estimation errors converge to small values and fall within the

3σ covariances. It appears the estimator is slightly underconfident in this engagement, meaning

the process noise could be tuned to smaller values. The cost-to-go lies essentially on top of the

reference cost-to-go value. Recall that the reference cost-to-go is computed under the assumption

of perfect information. This finding indicates that the initial errors in the opponent parameters has
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Figure 7.11: Pursuer estimation performance for a planar missile interception engagement with
FNE players

a minimal effect on the overall performance for these initial conditions. The bottom right figure

displays the pursuer’s estimate of the change in cost-to-go achieved by switching from a minimax

control to an adaptive OSO control strategy. The 3σ covariance in the cost-to-go is computed

according to the unscented transformation and plotted for reference. The “X” indicates the first

time at which the estimates are used to generate the control. This time is roughly coincident with

the 3σ covariance falling below the y-axis. This time clearly coincides with the small step change
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Figure 7.12: Evader estimation performance for a planar missile interception engagement with
FNE players

in the opponent control noted in Fig. 7.9.

Figs. 7.11–7.12 compare the pursuer and evader estimation histories when both players use

the adaptive FNE strategy. The state and control histories are similar to those shown for previous

engagements, and are omitted. Both agents’ estimation performance shows reasonable error re-

duction. As in the OSO case, the estimators are underconfident. Both players show a terminal bias

particularly in the estimation of the opponent control penalty term; however, it must be recalled
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that this is an expected characteristic of the adaptive FNE solution. The pursuer achieves an over-

all cost of 0.039, and the evader achieves an overall cost of -.065. That is, under adaptive FNE

gameplay, the pursuer is able to reduce his cost by the same amount the evader’s cost increases.

This reflects the near zero-sum nature of the engagement. Additionally, it should be noted that

each agent’s performance is worse than his PI reference value. The pursuer and evader cost-to-go

curves converge to the reference curve by the time each agent begins using the parameter estimates

for control, which indicates that the adaptive game strategies are effectively achieving the refer-

ence performance with an adaptation delay. This adaptation delay can be reduced by decreasing

the relative state measurement covariance, which leads to a corresponding improvement in each

player’s performance.

The individual simulation results presented in this subsection highlight the performance of

adaptive agents using the new developments of Chapter 4. It has been shown that the strategy of

adaptively switching from minimax to LQDG strategies based on estimation error eliminates the

large initial transients that previously appeared in the PE games of Chapter 3. Now, the perfor-

mance of adaptive agents in Monte Carlo simulations is considered.

Monte Carlo simulations are conducted to evaluate the pursuer’s performance when the evader

uses each of the minimax, adaptive FNE, and constant gain control strategies. The pursuer knows

the evader’s strategy with parametric uncertainty. Table 7.2 summarizes the estimation error met-

rics for each simulation case. In each set of simulations, there are no failed simulations due to

premature termination or excessively large control inputs. The error metrics indicate the error be-

tween the estimated value of the opponent gain and the true value. In simulations, gain values

are usually on the order of one; results indicate the typical absolute error metrics, quantified by

the lower and upper absolute error quartiles, are between 10−3 and 10−1. For engagements with

minimax or adaptive FNE evaders, the typical MSE is on the order of 10−2. This magnitude is

consistent with the absolute error metrics, and suggests that outlier effects are not significantly

affecting the error metrics. The pursuer error metrics between the OSO and FNE cases match to

one significant figure and indicate there is a minimal change in estimation errors between the two

179



MSE Median Abs Err Lower Quartile Upper Quartile
OSO Pursuer 0.0346 0.0242 0.00592 0.0803
FNE Pursuer 0.0342 0.0258 0.00641 0.0808
FNE Evader 0.0263 0.0263 0.00643 0.0845

LQDG-gain Pursuer 0.736 0.0302 0.0119 0.0928

Table 7.2: Summary of gain estimation error metrics for adaptive agents in Monte Carlo simula-
tions (2500 simulations for each evader strategy)

cases. The FNE evader achieves a smaller MSE metric but slightly larger absolute error metrics

compared to the pursuer estimation error. The change in MSE is in the first significant figure, but

the change in median and quartile values is only in the second significant figure. It is unclear how

to interpret this MSE result. Since the other error metrics show little change, it may be that the

change in the MSE is due to outlier effects and not due to significant changes in the underlying

distribution. In the engagement with constant-gain evader, the pursuer’s error metrics are slightly

larger than against LQDG evaders. Noticeably, the MSE is an order of magnitude larger. The

lower quartile values increase by almost a factor of two compared to OSO and FNE engagements,

while the median and upper quartile errors increase by only about 15%. This larger error metric,

particularly the MSE, can be partially attributed to the initialization of the LQDG-gain filter. In

these engagements the pursuer has a large initial covariance and a large initial error, since the gain

estimate is initialized to zero. There is a significant transient effect that must be overcome at the

start of the simulation. This contributes to the larger MSE error metric.

Table 7.3 summarizes the relative loss metrics in each set of simulations. It must be recalled

that these are relative loss metrics that can be interpreted as percentages; due to the truncation

error from using a ZOH for control, they are only accurate to about 1%. In this light, it is clear

that when the evader uses the minimax or adaptive FNE strategies, the performance of the adaptive

pursuer is not significantly different than the reference performance. When the evader uses the

constant gain strategy, there does appear to be a significant loss incurred by the pursuer, relative to

the reference value. Typical loss function values are between about -4% and -38% for the pursuer

in these scenarios. At first consideration, this appears to a large degradation compared to the OSO
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Median Loss Lower Quartile Upper Quartile
OSO Pursuer 0.0038 0.000155 0.00914
FNE Pursuer -0.000638 -0.0029 0.00146
FNE Evader 4.07×10−5 -0.00283 0.00277

LQDG-gain Pursuer -0.11 -0.376 -0.0396

Table 7.3: Summary of relative loss function metrics for adaptive agents in Monte Carlo simula-
tions (2500 simulations for each evader strategy)

and FNE results. However, it is reasonable to believe this is primarily a transient effect, due to

the larger initial uncertainty. Consider the adaptive FNE cost-to-go history of Fig. 7.11. In this

scenario, the pursuer achieves a relative loss metric of about -26%; however, it is qualitatively clear

that the pursuer’s cost-to-go history converges to the reference value within several measurements,

as it is meant to. Overall, in the OSO and FNE engagements, adaptive players effectively recover

their reference values because the initial errors are zero mean. In the engagement with constant

evader gain, the adaptive pursuer overcomes a nonzero mean initial error and achieves typical loss

metrics of between -4.0% and -38%.

Overall, the adaptive LQDG results demonstrate that the new improvements of Chapter 4 are

having the intended effect in eliminating harmful initial transients. The typical estimation errors in

Monte Carlo show a reduction in the outlier effects. The relative loss achieves very small values

in adaptive LQDG solutions and slightly more negative loss values against a constant gain evader,

due to the larger initial estimation error. In the next subsection, the use of constrained estimation

to reduce simulation failures in near-unstable engagements is considered.

7.3.2 Constrained estimation performance

This subsection presents results using constrained estimation to avoid numerical singularities

in the generalized RDEs. First, new problem parameters are chosen to exacerbate the occurrence

of singularities. Second, individual simulations are presented for both constrained and uncon-

strained estimation. Third and finally, Monte Carlo results are presented comparing constrained

and unconstrained estimation for sampled values of the evader’s weights.
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Figure 7.13: Initial covariance 3σ ellipse and Chebyshev stability boundary for constrained esti-
mation engagement with qe = −5.71

To study constrained engagement, a nonplanar scenario with equal problem weights on y and z

direction states is used. The effects of constrained estimation are only noticeable if the constraints

are active; otherwise the constrained and unconstrained estimators are identical. For Kalman filter-

based constrained estimation, the engagement stability boundary must be close enough to the

nominal opponent weights that the filter does not diverge if the true weights are near the stabil-

ity boundary. To study the effects of constrained estimation, the problem parameters are modified

to allow for the existence of singular engagements that are within the filter’s effective radius of

convergence. The time horizon and running state costs are both increased. The player speeds are

not changed from the nominal values, and the initial range is increased to match the time horizon.

The large running cost increases the sensitivity of the engagement stability to the unknown evader

weight [Rep] and allows the engagement to become unstable for relatively small changes in [Sf,e].

The simulation is nominally zero-sum. The modified time parameters and pursuer weights are

displayed in Table 7.4.

For the chosen problem settings, the pursuer has an initial uncertainty in the opponent weights
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Tf ∆t qp rpe sf,p
2.0 0.01 6.0 -1.05 2.0

Table 7.4: Summary of problem weights for constrained estimation numerical examples

Figure 7.14: Nominal simulation performance in constrained estimation scenario with minimax
pursuer and evader

described by the covariance [Pp,θθ] = diag(1.0× 10−4, 0.018, 0.11). The covariance applies to the

uncertainty in rep, qe, and sf,e respectively. Given the problem settings, a fourth-order Chebyshev

polynomial is fit as a function of rep, qe, sf,e to approximate the engagement stability boundary for

a minimax evader. The projection of the stability boundary and the initial 3σ covariance ellipse at

qe = −5.71 are plotted for reference in Fig. 7.13. The shaded region in the plot corresponds to

values of the parameters for which the problem is unstable. The engagement is stable for values

near the zero-sum point, which is denoted by an “X,” but becomes unstable as rep and sf,e increase.

The chosen conditions are such that the majority of sampled initial evader weights yield stable

engagements, but unstable engagements are reasonably likely.
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y(0) ẏ(0) z(0) ż(0) qe rep sf,e
0.1 −0.05 −0.1 −0.05 −5.71 −.977 −2.0

Table 7.5: Summary of problem settings for individual simulations using constrained estimation

Figure 7.15: Estimation error history with constrained estimator. Weights used are rep =
−.977, qe = −5.71, sf,e = −2.0.

To introduce the nonplanar engagement, first consider a simulation in which a ZS game is

played, and each player uses a minimax strategy. The initial states are the same as those of Table

7.5. Fig. 7.14 shows the resulting inertial trajectories and control inputs for each agent. The

unperturbed reference trajectories are plotted for comparison. The greatest part of the control

energy is expended in the X–Z plane by about an order of magnitude. Both agents experience

large perturbations from the reference trajectory, but a small terminal range is maintained.

To demonstrate the utility of constrained estimation, two simulations are conducted: one us-

ing constrained estimation, and one using a standard UKF. These engagements use NZS evader

weights chosen from the stability interface. Table 7.5 summarizes the set of initial conditions and

evader weights used in these engagements. Fig. 7.15 shows the estimation error history when
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Figure 7.16: Comparison of failed constrained estimator errors with constrained estimator perfor-
mance. Weights used are rep = −.977, qe = −5.71, sf,e = −2.0.

the pursuer uses constrained estimation. The relative states are qualitatively similar to those of

the nominal simulation and are not plotted. The estimation errors show that a large initial error

in rep is overcome and relatively small terminal errors in each parameter are achieved. There is a

noticeable bias in the terminal estimates. Recall that estimation bias is a known feature of the PDF

truncation, so it is not surprising the see this result.

Fig. 7.16 shows the estimation error performance when a standard UKF is employed. The

simulation terminates after about a dozen time steps because the RDE solution using the estimated

parameters is singular. For comparison, the time history of the constrained estimates are also

shown. The “pre-constrained” estimate values denote the value of the estimates before PDF trun-

cation is used, and these values match the unconstrained estimate error histories until the first time

the PDF is truncated. PDF truncation has two effects: relatively small corrections in each of the

state components, and noticeable reductions in the covariance of rep and sf,e. By using constrained

estimation, a numerical singularity is avoided and the engagement runs to completion.

Table 7.6 shows the error metrics for Monte Carlo simulations with sampled initial condi-

185



Unconstrained estimation Constrained estimation
rep qe sf,e rep qe sf,e

Mean Square Error 6.88×10−5 0.376 0.0465 8.58×10−6 0.0194 0.0199
Error Covariance 0.00829 0.613 0.215 0.00291 0.139 0.14

Median Abs. Error 0.00131 0.0754 0.0597 0.00131 0.0745 0.0596
Lower Quartile Abs. Error 0.000603 0.0362 0.0266 0.000609 0.0354 0.0258
Upper Quartile Abs. Error 0.00242 0.130 0.119 0.00244 0.130 0.118

Table 7.6: Monte Carlo error summary for 2500 normally distributed evader weights in constrained
estimation engagements

Unconstrained estimation Constrained estimation
rep qe sf,e rep qe sf,e

Mean Square Error 0.00118 24.8 3.24 0.000114 0.723 0.106
Error Covariance 0.0323 4.72 1.77 0.0093 0.819 0.289

Median Abs. Error 0.00361 0.138 0.193 0.00393 0.124 0.171
Lower Quartile Abs. Error 0.00152 0.0607 0.0824 0.00181 0.0563 0.0832
Upper Quartile Abs. Error 0.0113 0.387 0.462 0.00803 0.24 0.301

Table 7.7: Monte Carlo error summary for 2500 boundary sampled evader weights in constrained
estimation engagements

tions and evader weights. Evader weights are nominally Gaussian and are re-sampled such that a

nonsingular perfect information game solution exists. 2500 simulations are conducted each with

constrained and unconstrained estimation. Out of these, twenty-five of the simulations with uncon-

strained estimation failed to complete, as did two of the simulations with constrained estimation.

Because so few simulations fail, the difference between the constrained and unconstrained estima-

tion errors is minimal. There appear to be some outlier effects causing the unconstrained estimates

of qe and sf,e to have larger MSE and error covariance than the constrained values. However, the

median and quartile values match to one or two significant figures between constrained and uncon-

strained cases, so overall there is a minimal change in the error metrics of a typical engagement.

To more concretely quantify the benefits of constrained estimation in near-singular engage-

ments, an additional Monte Carlo study is conducted. In Table 7.7, the evader weights qe and

sf,e are sampled from a normal distribution and rep is selected as the corresponding value on the
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approximate stability interface. All engagements are nearly unstable. Conferring Fig. 7.13, it is

obvious that sampling in this fashion selects some values of rep that lie outside the 3σ bounds of

the initial covariance. Inevitably, the filter will diverge or perform poorly in many engagements,

regardless of the use of constrained estimation. Out of 2500 simulations conducted for both con-

strained and unconstrained pursuer estimation, the simulation fails in 1123 cases without the use

of constraints and 190 cases with the use of constraints. It is clear that the use of PDF truncation

has a significant effect. In terms of the error metrics, the mean-based metrics (MSE and error co-

variance) are poor for both estimators, most likely due to the presence of outliers. The constrained

estimation performs better than unconstrained estimation, but the MSE and error covariance are

typically one to two orders of magnitude higher compared to Table 7.6. The median-based met-

rics are of greater interest, since they are less sensitive to outliers. First, consider the magnitude

of the median-based error metrics for boundary sampling versus the previous sampling scheme.

Using constrained estimation, errors in rep increase by about a factor of three. Median errors in

qe increase by about a factor of two, and errors in sf,e by about a factor of three or four. The

unconstrained estimation median error metrics follow the same trend.

Continuing the analysis of Table 7.7, there are some apparent trends in the estimation error

performance between the unconstrained and constrained cases. Unconstrained estimation achieves

a smaller error in the median and lower quartile errors in rep, as well as the lower quartile error

in sf,e. For all other median-based metrics, constrained estimation achieves smaller errors. The

constrained estimates obtain smaller upper quartile values consistently, suggesting a reduction in

outliers and other sources of large errors. In essence, the “worst-case” outcomes are not as bad

using the constrained estimates. The results for the median and lower quartile values are more

mixed. Note that rep is treated as the dependent variable in the approximation of the stability

manifold. The results indicate that the constrained estimate achieves larger errors in estimating

rep but lower errors in the other variables at the 25% and 50% quartile values. It appears that the

action of constraining the estimates increases the estimation accuracy of the independent variables

qe and sf,e, presumably by confining the state estimates to the stable regions of the parameter space
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in which the true values lie. It is interesting that this effect does not apply to estimates of rep. It

is plausible that the choice of approximating rep as a function of the other two along the boundary

induces some implicit bias, or the PDF truncation may simply affect rep more or less than the other

variables for this particular problem. It is difficult to ascribe error performance to one or the other.

This subsection has used constrained estimation to greatly reduce the simulation failure rate in

near-singular engagements. When the true engagement weights are nearly singular, the number of

failed simulations is reduced significantly using constrained estimation. On the other hand, when

the weights are sampled from a near-Gaussian distribution, only about 1% of simulations with

unconstrained estimation fail. The utility of the constrained estimation approach is related to how

likely the engagement is to be singular; if the opponent weights are known with high confidence

to be far from the stability manifold, then there is little to be gained by using the constrained

estimation approach. The next subsection considers a case where the evader strategy is subject to

uncertainty of form, and the ability of an IMM pursuer to differentiate minimax and FNE evaders

is examined.

7.3.3 Identification of OSO and FNE strategies

In Chapter 6, IMM estimation is introduced to simultaneously address parametric uncertainty

and uncertainty of form. In the examples of that chapter, IMM estimation does not clearly dis-

tinguish minimax and adaptive FNE opponent strategies. This is because the nominal simulation

weights are zero-sum, and it can be shown that, at the ZS weight values, the solutions of the gener-

alized RDEs have the same values and first derivatives with respect to the opponent weights. The

differences in the two cases are only present in the higher-order derivatives. However, for NZS

engagements, the minimax and FNE strategies are distinct and can be differentiated by the IMM

estimator, as this subsection demonstrates.

This subsection begins with a discussion of weight selection for engagements. Next, individual

simulations with the NZS weights are conducted for both minimax and adaptive FNE evader strate-

gies. In these simulations, the pursuer weights are at the nominal values, and the initial conditions

and evader weights are given in Table 7.8. Later in this subsection, Monte Carlo simulations are
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y(0) ẏ(0) Rep Qe(1, 1) Qe(2, 2) Sf,e(1, 1) Sf,e(2, 2)
-0.1 -0.2 -0.444 -0.0921 -0.0683 -8.77 -0.363

Table 7.8: Initial conditions and evader weights for individual simulations showing IMM detection
of minimax and adaptive FNE evader strategies

conducted to demonstrate the IMM modal probability accuracy in both scenarios.

A series of planar engagements are conducted to evaluate the ability of an IMM estimator

to correctly identify minimax and adaptive FNE opponent strategies. Fourth-order Taylor series

approximations to the generalized RDE solutions are used by the adaptive pursuer. Two scenarios

are considered: a NZS engagement, and a ZS engagement6. In all simulations, the pursuer has the

LQDG weights outlined in Section 7.2.1. In the NZS engagement, the evader weights are of the

following form:

[Qe] = diag(0.0,−0.2) [Rep] = [−0.4] [Sf,e] = diag(−9.0,−0.4) (7.26)

All five evader weight elements are estimated by the pursuer. In the ZS engagement, the evader

weights are simply derived from the pursuer weights, but the pursuer still treats all five parameters

as unknowns to be estimated. The pursuer’s initial covariance on the elements of [Rep], [Qe],

[Sf,e] is diag(5 × 10−4, 1 × 10−1, 4 × 10−2, 2.7 × 10−1, 1 × 10−3). For both adaptive OSO and

FNE strategies, the pursuer assumes uncorrelated white noise on the two state and five parameter

process models. A continuous-time process noise variance of 10−10 is placed on Qe(2, 2) and

Sf,e(2, 2), and a variance of 10−4 is placed on all other channels. In FNE engagements, the evader

knows only three pursuer weights are nonzero and constrains her estimation accordingly. For the

evader’s estimation, the initial error variances on rpe, qp, and sf,p are 2 × 10−4, 1, 4.5 × 10−2, and

the associated process noise variances are 10−4, 10−2, 10−2.

Figure 7.17 shows the simulation states, controls, costs-to-go, and IMM performance values

for an engagement between a minimax evader and an IMM pursuer. The plotted IMM states are

6In Monte Carlo simulations, weights are sampled, and “NZS” and “ZS” refer to the mean values of the weights.
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Figure 7.17: Single simulation summary for NZS engagement between minimax evader and IMM
pursuer
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Evader mode Correct Incorrect Total
Minimax 2496 4 2500

FNE 2015 485 2500

Table 7.9: Summary of detection performance in 2500 Monte Carlo simulations with NZS nominal
weights

the modal probabilities and estimation errors in the weights associated with the OSO filter. After a

transient period of about 0.3 time units, the IMM pursuer correctly identifies the OSO estimation

mode as more probable than the FNE mode. For the control and cost-to-go histories, the perfect

information OSO solutions are computed and used to evaluate the OSO feedback control and cost-

to-go along the true state history. These values are labeled as “ref” in the figure legends. The

actual IMM histories show good agreement with the reference values. The estimation errors do not

exceed the 3σ bounds, but it is clear that the parameters Qe(1, 1), Qe(2, 2), and Sf,e(2, 2) are not

very observable, as the covariance bounds change little over the simulation7.

Fig. 7.18 shows the same simulation summary metrics for an engagement with an adaptive

FNE evader. The control and cost-to-go histories are qualitatively similar; however, the modal

probabilities clearly show the FNE mode is correctly identified as more probable for most of the

simulation. The estimation error histories are similar to the OSO engagement of Fig. 7.17. The

clearest difference is in the terminal values of Qe(1, 1) and Sf,e(1, 1). Where in Fig. 7.17 these

values are trending toward zero error, they manifest small trends toward nonzero errors in Fig.

7.18, which is consistent with the bias seen in two-sided adaptive FNE simulations throughout this

dissertation. Despite the minimal qualitative difference in the two cases, there is a clear difference

in the modal probability plots of Figs. 7.17 and 7.18, demonstrating that the IMM is able to detect

differences in the two cases. To further study the ability of the IMM to do this, Monte Carlo

simulations are conducted.

In Monte Carlo simulations, initial states and evader weights are sampled according to Latin

7Similar performance is observed in simulations conducted with the same initial conditions and reduced model
process noise.
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Figure 7.18: Single simulation summary for NZS engagement between adaptive FNE evader and
IMM pursuer
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Evader mode Correct Incorrect Total
Minimax 1445 1055 2500

FNE 1031 1469 2500

Table 7.10: Summary of detection performance in 2500 Monte Carlo simulations with ZS nominal
weights

Hypercube sampling8. The pursuer uses an IMM with only OSO and FNE modes. The objective is

to evaluate how consistently the IMM correctly identifies the opponent’s strategy. The IMM does

not generate a binary classification of the opponent’s mode, and instead estimates a probability

associated with each mode as a function of time. To evaluate the IMM’s performance, whichever

mode is considered most probable over a majority of the simulation times is taken to the be mode

“identified” by the IMM. The NZS engagement is considered first, using sampled initial states

and evader weights. Table 7.9 summarizes simulation performance with NZS nominal weights

according to this metric. When the evader uses a minimax strategy, it is identified as such in all

simulations except four out of 2500. The detection accuracy is not as good when the evader uses the

FNE strategy; about 20% of engagements are identified incorrectly. While the IMM demonstrates

a bias towards selecting the minimax opponent as most probable, it is clear that the IMM-based

identification correctly distinguishes between OSO and FNE strategies in a majority of cases.

Next, a nominally ZS engagement with sampled weights and initial conditions is considered.

Table 7.10 displays the error rate in these simulations. In this case, it is apparent that the pursuer

is unable to meaningfully differentiate between the minimax and adaptive FNE evader strategies.

Regardless of the evader strategy, the IMM pursuer believes the modal evader strategy is minimax

in a about 60% of simulations. Any difference between the classification in minimax and FNE

simulations is small enough to be statistically insignificant. As expected, in the ZS engagement,

the pursuer sees effectively no difference between minimax and FNE evader strategies.

This subsection has considered a simplified engagement in which the evader uses either mini-

max or adaptive FNE strategies and the pursuer uses an IMM to respond to parametric uncertainty

8Latin Hypercube sampling is used because the NZS engagement is more stable with respect to the weights than
the nominal engagement used elsewhere in this chapter.
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and uncertainty of form. The results indicate that the IMM correctly differentiates between OSO

and FNE modes, which was not shown in the NZS engagement of Chapter 6. For ZS engagements,

there is no statistically significant difference in the classification performance, regardless of the

evader strategy. The next subsection again considers the IMM pursuer, but now in engagements

with a deceptive switching evader.

7.3.4 Performance against a deceptive opponent

This subsection considers the performance of a pursuer using IMM estimation against an evader

who employs a deceptive strategy involving a switch from a “false” strategy to a true one. First, the

goals for each player are reviewed and relevant metrics identified. Second, individual simulation

results are presented. Third, Monte Carlo evaluation of performance is conducted.

The goal of these results is to investigate the performance of each agent from an appropriate

perspective. The pursuer has the primary objective of responding to each evader strategy as it is

displayed in a fashion that approaches perfect information. A secondary objective is to correctly

identify each evader mode using the IMM estimator. The evader has the primary objective of

improving her performance by employing deception-based strategies, and a secondary objective of

evaluating how well the simplified design model of the adaptive pursuer matches the IMM pursuer.

Results are presented for both individual and Monte Carlo simulations. The relevant metrics for

each are now discussed.

In individual simulations, the pursuer’s performance is evaluated qualitatively by comparing

the estimation accuracy before and after the evader’s switch. Additionally, the mode probability

histories are plotted to compare against the true evader modes, which are unknown to the pursuer.

The evader’s performance is evaluated by comparison of the true closed-loop states and controls

of each agent to the reference models used to synthesize switching-based evader strategies. That

is, the objective of studying the evader performance is to validate whether the assumed sim-

plified pursuer model is reflective of the true underlying dynamics.

Monte Carlo results are summarized primarily by using tabulated metrics of performance. Pur-

suers are evaluated by their error metrics in estimating opponent parameters. The estimation error

194



metrics are computed separately for the times before and after the switch based on the error be-

tween the true parameters and the IMM subfilter that estimates their values. The MSE, error

covariance, and absolute error quartiles are used as error metrics. The loss function ` is used to

evaluate the cost-to-go performance relative to a reference value. The reference value is computed

assuming that the pursuer has no a priori knowledge of the switch, but recognizes it instantaneously

and knows the true post-switch weights exactly. Because the reference value is defined as such,

it is possible for the actual pursuer to achieve a lower cost than the reference. Consequently the

quality of the pursuer response is evaluated in terms of having a small magnitude of `. The evader

performance is evaluating using `, as well, but in this case the reference cost-to-go is computed

using the design model of the pursuer response. The evader loss metric `e is a metric of how well

the design model matches the true pursuer response. The loss metrics are tabulated in terms of

their mean, covariance, and quartiles.

In addition to tabulated performance metrics, distribution plots of the mode probability esti-

mates as functions of time are also used to summarize Monte Carlo results. Recall that Chapter 3

introduced an extension of box-whisker plots for distributions that vary with respect to an indepen-

dent variable. The same plots are used in these results. The goal of plotting the mode probability

distributions is to understand which, if any, of the “incorrect” modes are consistently identified as

likely by the pursuer. This completes the description of the results and metrics used. Individual

simulation results are now discussed.

In the first engagement, the evader uses the gain level switching strategy designed in Section

7.2.5.1. Figures 7.19–7.20 summarize the evader and pursuer performance metrics, respectively.

Figures 7.19 shows the predicted and actual state and control histories. The predicted performance

under the simplified model used for strategy design is labeled as “switch,” and the predicted per-

fect information outcome using a fixed gain are labeled “fixed.” The position histories match the

prediction quite well. Recall that the evader’s goal in using this strategy is to increase the terminal

range, which is achieved as desired. There is a more noticeable mismatch in the ẏ and control

histories. The convergence of the true IMM pursuer’s control to the simplified model’s control
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Figure 7.19: Simulation summary results for a gain level-switching evader

has more initial lag and some overshoot, suggesting a second-order convergence model is more

appropriate than a first-order one. However, the true closed-loop system and the simplified model

appear similar enough to be appropriate for preliminary design.

Continuing with the study of the gain level switching evader engagement, Fig. 7.20 shows the

pursuer’s estimation history of the evader gain and the modal probabilities. The pursuer’s estimate

converges to the pre-switch gain within about 5 measurements, but takes almost three times as
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Figure 7.20: Pursuer estimation performance against a gain level-switching evader

long to converge to the post-switch gain. This is an effect of the use of multiple models mixed in

the IMM to track the evader gain, and causes the error history to deviate from a first-order model.

The modal probabilities show the IMM favoring the “switching gain” mode immediately after the

switch and using those estimates. Those state estimates are mixed with the simple “gain” mode,

and by the time the estimation error becomes low, the IMM identifies the constant gain mode as

more probable. This figure shows the pursuer’s estimator works essentially as intended to response

to a step change in evader gain. The “rise time” of the post-switch estimate is slower than might

be preferred.

Next, a simulation is conducted in which the evader uses the gain-to-LQDG strategy designed

in Section 7.2.5.2. Fig. 7.21 shows summary simulation states, controls, and costs-to-go histo-

ries. The “design” values of the states and controls under the simplified model are shown for the

“switch” and “fixed” cases, as in Fig. 7.19. Consider first the plot of the control histories. The

pursuer’s true control response initially lags the modeled response, which is denoted as “switch

(p) [P]”. After the initial lag, the IMM pursuer rises to the correct response more quickly than

expected in the evader model. At t = 0.1, the evader executes a step change in strategy. After ap-
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Figure 7.21: Predicted and actual performance for gain-to-LQDG evader engagement with IMM
pursuer

proximately two time steps, the pursuer control transitions to the correct LQDG counter-response.

Compared to the design model, the transition is delayed by two time steps, but occurs essentially

instantaneously after the delay. The effect of this small mismatch between the pursuer control and

the modeled pursuer control is seen clearly in the ẏ state histories. The curvature of the simulated

history (denoted “IMM”) and the predicted history under the switching strategy are approximately

the same. However, the initial lag in the pursuer response leads to a larger change in ẏ than pre-
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dicted. When the pursuer corrects his response to match the evader’s control, the ẏ state is driven

to larger amplitudes. Then, the evader switches to his minimax strategy, effectively increasing his

feedback gain. This causes a brief transient before the pursuer identifies the new strategy, and the

relative ẏ magnitude grows again during the transient. After the pursuer switches to the OSO strat-

egy, both the true and predicted ẏ state histories have qualitatively similar derivatives. Because of

the transient mismatches in ẏ states, the overall position histories differ significantly between the

simulation with IMM pursuer and the prediction from the simplified model.

The discussion of Fig. 7.21 is continued to note that the actual performance of the evader

exceeds the predicted value. Under the design model, the evader’s relative loss, compared to his

outcome with no switch, is about 3.5%. Under the IMM simulation, the loss is close to 21%, an

order of magnitude difference. While it is good for the simulated evader that his expectation was

exceeded, the large error in predicted cost is troubling. The fact that the predicted state, control,

and cost-to-go histories all had large errors suggests the proposed design model is inadequate to

capture the behavior of the IMM pursuer’s estimates.

Now, the gain-to-LQDG engagement is considered from the pursuer’s perspective. Fig. 7.22

shows the pursuer’s estimation states during the simulation. The histories show that the pursuer

essentially did everything “correctly,” within the limitations of her strategy. The initial evader

strategy is correctly identified as being a constant-gain strategy and the estimated gain quickly

converges to the true value. Once the evader’s switch occurs, the OSO mode is quickly identified

as the active mode. The LQDG weight estimates drift some during the constant-gain transient.

However, the amount of drift does not destabilize the filter, which converges to near-true values

with small biases by the end of the simulation. The pursuer’s performance is limited by her

strategy and not by her estimation performance. The pursuer’s strategy is purely reactive to the

evader, and does not attempt to anticipate the possibility of a deceptive opponent. The outcome of

this simulation suggests a natural avenue for future study. Having discussed individual simulations

in detail, Monte Carlo results are now presented.

Monte Carlo simulations are conducted to evaluate the overall play of agents in the presence of
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Figure 7.22: Estimation performance of IMM pursuer in engagement with constant-gain-to-LQDG
evader

switching-based evader strategies. In these scenarios, each agent uses fixed weights, and uniformly

distributed initial states are chosen according to the usual magnitudes using Latin Hypercube sam-

pling. The number of simulations is reduced to 1000, since the weights are deterministic.

Table 7.11 summarizes the Monte Carlo estimation error metrics for an IMM pursuer playing

against the gain level switching evader. k1 and k2 denote the pre-switch and post-switch gains,

respectively. Errors are evaluated for times before and after the switch only. Results indicate the
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Metric k1 k2

MSE 9.99 21.6
Error Covariance 2.29 3.96
Median Abs Error 1.19 0.114

Lower Quartile 0.26 0.0287
Upper Quartile 4.33 4.38

Table 7.11: Summary of estimation error metrics for IMM pursuer playing against gain level
switching evader

Metric `p `e
Median 0.608 -0.317

Lower Quartile 0.0801 -0.472
Upper Quartile 0.804 -0.0973

Table 7.12: Summary of loss function metrics for IMM pursuer playing against gain level switching
evader

upper quartile for estimation of the pre-switch and post-switch gains are almost identical. However,

the lower quartile and median absolute errors are an order of magnitude lower for the post-switch

gain. Consider also the much larger MSE in k2. These facts together suggest that most of the

estimation errors in k2 are lower than for k1, but there are a noticeable number of outliers and high-

error estimate histories for the post-switch gain. None of the simulations failed due to singular

control commands. It seems likely that in some rare cases, the gain never correctly converged after

the switch. This could be due to any number of factors, such as limited observability stemming

from the relative state histories.

The analysis of the gain level switching engagement is continued in Table 7.12, which summa-

rizes the relative loss metrics for pursuer and evader. The results indicate that the typical pursuer

performance is noticeably better than predicted under a “perfect adaptation” model. Half of the

pursuer loss values are in the range of 8%-80%, indicating improvement over the reference. Para-

doxically, this relatively large improvement may be a symptom of the IMM pursuer deviating from

expectations. The pursuer can achieve a large cost improvement if she fails to estimate the evader
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Metric k1 rep qe sf,e
MSE 11.7 0.00151 0.655 0.0924

Error Covariance 2.47 0.0336 0.808 0.302
Median Abs Error 1.33 0.0274 0.439 0.168

Lower Quartile 0.276 0.0157 0.211 0.0755
Upper Quartile 4.68 0.0441 0.768 0.312

Table 7.13: Summary of estimation error metrics for IMM pursuer playing against gain-to-LQDG
switching evader

Metric `p `e
Median 0.0082 0.129

Lower Quartile -0.634 -0.0227
Upper Quartile 0.183 1.24

Table 7.14: Summary of loss function metrics for IMM pursuer playing against gain-to-LQDG
switching evader

gains at all and uses the default minimax strategy, which completely avoids any of the negative

effects of the evader’s switch. The evader relative loss metrics indicate worse performance than

the baseline, although the difference is smaller than for the pursuer. The interquartile range is

[−47%,−9.7%]. The Monte Carlo results for the pursuer and evader show the opposite trend of

the individual simulation results, in which the evader outperformed her reference and the pursuer

underperformed. This indicates that the performance of the agents under this strategy is both very

sensitive to random phenomena and to the initial state, as well.

Next, consider the Monte Carlo simulations conducted in which the evader uses the gain-to-

LQDG strategy. Table 7.13 shows the pursuer’s estimation performance on the pre-switch and

post-switch states. The pre-switch error metrics are all comparable to those of Table 7.11, which is

to be expected. The estimates of rep and sf,e show good consistency between the MSE and median

error metrics, suggesting minimal outliers in the estimation. This indicates that the LQDG filters

handle the switch robustly and with relatively low errors.

To finish the consideration of the gain-to-LQDG engagements, consider Table 7.14, which
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Figure 7.23: Box-whisker time series plot of mode probability distributions across gain-to-LQDG
Monte Carlo simulations

displays the relative loss metrics for each player during Monte Carlo. The pursuer’s median loss

is approximately zero, indicating the pursuer has about a fifty percent chance of doing better or

worse than his reference performance. The quartiles are highly asymmetric about the median,

indicating that when the pursuer does worse than the reference, he tends to do quite badly. This

is consistent with the hypothesis that there might be a relatively small fraction of simulations in

which estimates fail to converge post-switch. If that happens, the pursuer might never switch to the

LQDG strategies and performance could suffer greatly. The evader’s loss metrics are consistent

with that hypothesis, as well. The evader has a median of 13%, a lower quartile value of 2.3%, and

an upper quartile value of 120%. That is, the evader usually improves his objective function value

over the reference, and in many simulations the value improves a great deal. According to this

Monte Carlo result, the gain-to-LQDG strategy is quite beneficial for the evader, and the pursuer

has a relatively high change of performing poorly against this strategy.

For further consideration of the gain-to-LQDG strategy Monte Carlo results, consider the mode

probabilities plotted in Fig. 7.23. This is a box-whisker time-series plot, of the same type intro-
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duced in Chapter 3. The solid lines indicate the median probability of each mode across simu-

lations, the dashed lines indicate the quartiles, and the dotted lines indicate the whiskers. What

this plot shows is that the gain mode is correctly identified before the switch in most simulations.

After the switch, there is a transient of about 0.2 time units during which the OSO, FNE, gain,

and switching gain modes frequently achieve relative high probabilities. This result indicates the

pursuer’s transition to the OSO or FNE modes may be delayed compared to the simulation of Fig.

7.22. This delay could be the source of the poor performance that is observed in Table 7.14.

The current subsection has analyzed the performance of both agents when the evader uses the

nonadaptive switching strategies of Section 7.2.5. Individual simulations have shown the pursuer’s

estimation working as expected. The evader’s design model of the pursuer’s adaptation predicts

the IMM pursuer performance well in the gain level switching engagement, but has large errors

in the gain-to-LQDG engagement. In Monte Carlo engagements with gain level switching evader,

the IMM pursuer typically outperforms his reference cost and evader performs worse than the

reference. When the evader uses the gain-to-LQDG strategy, this trend reverses, and the evader

typically outperforms his reference. The two main findings of this subsection are as follow. One,

that the IMM estimation typically handles opponent switches smoothly, but transitions between

modes slowly in a significant minority of cases. Two, the proposed design model for synthesiz-

ing evader strategies does not adequately characterize the full range of IMM pursuer responses,

especially in the gain-to-LQDG engagements.

The last subsection of results considers the general performance of an IMM pursuer against

evaders using fixed strategies.

7.3.5 General IMM pursuer performance

The last subsection of results considers the general performance of an IMM pursuer against a

nonswitching evader. Only individual simulations are considered, with no Monte Carlo results. In

performing the analysis, a new possible failure mode associated with the IMM is identified and

discussed. In the following results, planar engagements are considered and adaptive agents treat

the opponent as having three nonzero LQDG weights. The initial conditions and pursuer weights
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Figure 7.24: Estimation and performance results for a pursuer using IMM against an FNE evader

are the nominal values of Section 7.2.1. The initial covariance on weights rji, qj, sf,j is diag(5 ×

10−4, 1, 9 × 10−2). The pursuer’s process noise model on estimated states y, ẏ, rep, qe, sf,e, ke is

diag(10−4, 10−4, 10−3, 10−2, 1, 10).

Fig. 7.24 summarizes the IMM pursuer performance against an adaptive FNE evader. The
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results are indistinguishable from the non-IMM results. The cost-to-go matches the reference value

closely. It should be noted that the most probable IMM mode overall is OSO, not FNE, which has

a negligible effect on overall performance. The results do not merit much further discussion.

In numerical simulations, the IMM pursuer is often able to achieve similar estimation and

cost-to-go performance as is achieved when the opponent’s strategy is known. However, there is

a new failure mode that can reduce the objective function performance of the adaptive player in

this engagement. The pursuer control solution is significantly different between the minimax/FNE

and constant evader models. Under the minimax or FNE strategies, the evader gain inevitably

approaches a zero terminal value, due to the specification of zero terminal weight on the relative

velocity. This is necessarily different from the constant gain model, unless the gain is near zero.

Consequently, if the opponent gain is large, the LQDG strategies and LQDG-gain strategy have

large control differences. When the IMM-C mixes control values, temporary increases in the

modal probability of the LQDG-gain model can cause large changes in the IMM pursuer’s control.

In practice, this manifests as a step increase in the cost-to-go. An example is now presented to

demonstrate.

Fig. 7.25 shows simulation results for an adaptive FNE engagement that demonstrate this new

failure mode. The estimation error performance is normal and acceptable. The modal probabilities

consistently show the OSO and FNE modes as most probable, which is also correct. However,

there are two spikes in the likelihood of either the gain or “switching gain,” modes. Each spike

corresponds to a step increase in the cost-to-go history. The small increase in the modal probability

of the gain modes leads to their associated control being mixed with the OSO/FNE controls, leading

to a discontinuity in the commanded control. In this case, the incurred penalty is relatively small;

the actual cost is about 2.5% larger than the reference cost.

This new type of failure represents an interesting research challenge. The sudden changes in

mode probabilities are, ultimately, a feature of a likelihood-based MM filter working as intended.

They become a problem because the control prescriptions are significantly different between the

underlying modes. That is, the same quality that makes the IMM-adaptive player well-suited
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Figure 7.25: Estimation and performance results demonstrating the new failure mode associated
with IMM adaptive agents

to abrupt changes in the opponent strategy is degrading its performance against a fixed evader

strategy. It is an open research question how a player might retain his advantages against switching

opponents while reducing the effects of this new failure mode. It may be useful to conduct an a

priori analysis of possible opponent switching times and modulating the prior mode transition
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probabilities accordingly. For example, opponent switches in this scenario typically offer minimal

benefit for times greater than t = 0.25. If the prior transition probabilities used in the IMM are

scheduled such that they become near-zero after that time, then the occurrence of mode probability

spikes might be reduced significantly. This is only a suggested approach, and is not explored in

this dissertation.

This subsection has considered individual simulation results for an adaptive FNE evader play-

ing against an IMM pursuer. In most simulations, the IMM pursuer appears to recover the perfor-

mance of the pure adaptive FNE strategies used in Section 7.3.1. However, in some simulations,

small “spikes” in the modal probabilities lead to large changes in the control, which degrade the

overall performance. This is partly a result of using the IMM-C approach; the matrix game-based

control proposed in Chapter 6 might alleviate this problem. Addressing this new behavior is iden-

tified as an area for future study.

This section presents numerical results evaluating the performance of various techniques in-

troduced in Chapters 4–6. These results include engagements between simple adaptive agents

subject only to parametric uncertainty, as well as engagements with agents subject to uncertainty

in the form of the opponent’s strategy. Various nonadaptive strategies are considered including

switching-based strategies. Individual simulation results and Monte Carlo studies are conducted to

quantify performance. From all of these results, three primary conclusions are identified. First, the

estimation part of the adaptive gameplay generally works as intended. This applies to the simple

adaptive gameplay under cost-based loop closure, constrained estimation, and IMM estimation.

Second, the design models suggested for synthesizing switching strategies are not fully capturing

the adaptation of IMM agent models. Third, the use of IMM estimation can lead to undesired

behaviors that reduce the benefits of adaptation, and these behaviors should be mitigated.

This chapter has considered a missile interception engagement as an example of a realistic

problem that can be conceptualized as a differential game. Linearized relative equations of motion

are derived to study LQDGs between various adaptive and nonadaptive agents. Numerical simula-

tions including both single simulation runs and Monte Carlo simulations are conducted to describe
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and quantify the performance of the different advances proposed in previous chapters of the dis-

sertation. The overall findings, while suggesting some avenues for future research, demonstrate

that the new adaptive gameplay techniques generally perform as expected. The numerical results

display substantially more robust performance than the previous numerical examples of Chapter 3.

The following chapter presents the conclusions of the dissertation.
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8. CONCLUSIONS

This chapter summarizes the content of the dissertation, outlines the main conclusions, and

suggests avenues for future research. This dissertation studies agents in differential games subject

to incomplete information about their opponent’s objective function. Linear quadratic differential

games (LQDGs) are chosen as the focus of study. These games offer sufficient realism to model

some real-world problems of interest and, under modest assumptions, lead to linear feedback so-

lutions that satisfy properties of robustness, optimality, or Nash equilibrium. Chapter 1 introduces

LQDGs and the primary solutions that are used in later chapters to study uncertainty. These are

the minimax, one-sided optimal (OSO), and Feedback Nash Equilibrium (FNE) strategies. The

generalized Riccati Differential Equations (RDEs) that govern each case are introduced. Chapter

2 begins by introducing the one-sided adaptive gameplay concept originally presented in Ref. [6].

This approach is extended to games in which both agents play adaptively. An adaptive FNE strat-

egy assuming a perfect information opponent is proposed as an analog of the minimax strategy

for such two-sided games. These adaptive strategies are applied to an orbital pursuit-evasion game

in Chapter 3. The Hill-Clohessy-Wiltshire equations of relative motion are used to obtain linear

relative dynamics between agents in the vicinity of a circular orbit. The numerical results of this

application demonstrate some of the merits of the proposed adaptive gameplay, but also highlight

several significant challenges that are addressed by subsequent chapters.

Chapter 4 mainly addresses incremental improvements to the existing adaptive gameplay struc-

ture. A statistically rigorous procedure is outlined for determining when an adaptive agent can

safely compute closed-loop controls using her estimates of the opponent weight(s). Automatic

differentiation is introduced to compute truncated Taylor series approximations to the general-

ized RDEs, simplifying the computation of neighboring solutions for estimation purposes at a cost

of greater memory demands. In Chapter 5, constrained estimation is employed to prevent the

computation of singular solutions to the generalized RDEs. A novel procedure for numerically

approximating the limits on the opponent parameters corresponding to nonsingular engagements
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is demonstrated. Chebyshev polynomial basis functions are used to approximate the stability in-

terface. A probability density function truncation procedure is implemented for constrained es-

timation. A two-filter structure for detecting opponent parameters for which the RDEs become

singular is proposed and evaluated in Monte Carlo tests. In Chapter 6, the differential game un-

certainty is expanded to encompass uncertainty of the form of the opponent’s strategy, in addition

to the parametric uncertainty studied earlier. Multiple-model (MM) estimation is identified as an

alternative to pure learning-based adaptive methods for this type of problem. MM estimates ex-

ploit domain knowledge to estimate the state of a target with hybrid dynamics, and are suitable

for time-sensitive engagements of relatively short duration. This chapter also identifies opponent

deception as a vulnerability of purely adaptive game strategies. Interacting Multiple Model (IMM)

estimation is suggested as an estimator that is appropriate if the opponent may change her strategy

during the engagement. Some initial numerical results are presented for a problem with scalar

relative dynamics.

A detailed missile interception problem is used in Chapter 7 to study different features of the

innovations outlined in Chapters 4–6. A large number of scenarios with different initial condi-

tions, opponent weights, and adaptive game strategies are tested in both individual simulations

and Monte Carlo analyses. The results demonstrate that the adaptive gameplay techniques, which

include cost-based loop closure, constrained estimation, and IMM estimation, generally perform

as expected. The control performance in general is substantially more robust than the previous

numerical examples of Chapter 3.

The primary conclusions of the dissertation can be summarized as follows:

1. The suggested extension of adaptive gameplay to “two-sided” engagements, and the pro-

posed estimation techniques of later chapters, generally achieve the objective of initially

responding cautiously while uncertainty is high, and approaching the limits of perfect infor-

mation as measurements converge.

2. To first order, the suggested adaptive OSO and FNE strategies are identical in simulations

that are nominally zero-sum. If the expected values of an adaptive opponent’s weights are
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the zero-sum values, then the adaptive OSO structure can be used even when the opponent

is also playing adaptively. This can achieve a small computational savings, although if the

opponent weights are far from the zero-sum values, a bias is incurred.

3. Observability of opponent weights and uniqueness of estimation solutions is a significant

challenge in adaptive gameplay with parametric uncertainty. These related issues arise in

many of the examples studied in Chapters 3 and 7.

4. The use of AD to obtain the truncated Taylor series solution approximations is promising

for differential games subject to parametric uncertainty. In particular, the marriage of this

technique with Kalman Filter-based estimation is appealing. The Taylor series degree can

be chosen to achieve small errors within the radius of convergence of the nonlinear Kalman

Filter.

5. Purely adaptive agents have new vulnerabilities, such as the class of deceptive, switching-

based strategies identified in Chapter 6. These strategies have a natural connection to Stack-

elberg (leader–follower) games that might be exploited in the future.

These conclusions and the results in this dissertation suggest a number of research challenges

and other directions future study may take. Some relevant activities are enumerated below:

1. Application of the estimation-based adaptive gameplay to non-LQDG engagements should

be considered. In particular, it is of interest to study numerical solutions of the Hamilton-

Jacobi-Isaacs partial differential equation subject to parametric uncertainty. These solutions

yield feedback controls and are widely used in the differential games literature.

2. For adaptive players, game-theoric analysis of switching opponents should be conducted to

derive appropriate mitigating strategies to play against deceptive players. The matrix game-

based control introduced in Chapter 6 may be useful here both to add robustness and to

identify switching times that are beneficial to the opponent.

212



3. Singular engagement detection, introduced in Chapter 5, can be extended to dynamically

handle the tradeoff between performance and robustness in control problems. This can be

done by changing the set of weights a player uses to ensure the estimated opponent weights

remain in the stable region of the parameter space, but lie relatively near the stability man-

ifold. This could have the effect of ensuring that a robust control design adjusts itself to

become more and less robust as disturbance magnitudes become larger and smaller, respec-

tively. The connection between LQDGs and H∞ control is quite significant here.

4. The truncated Taylor series can be exploited additionally in uncertain differential games

where nonlinear Kalman Filters are used. The series approximation can quantify the ob-

servability and uniqueness of various parameters, and can be used to choose an appropriate

initial covariance in the absence of prior knowledge of the opponent weights. This concept

is suggested by Figure 7.2, but not pursued in the dissertation.

5. The concept of deceptive strategies to oppose adaptive agents is intriguing and merits fur-

ther consideration. To enable this research, the use of adaptive agents that use nonlinear

observers in place of nonlinear Kalman Filters is suggested. Under this model, the adap-

tive agent’s estimation dynamics take on a more tractable analytical form. In particular, the

model reference adaptive control literature seems an appealing place from which to begin

further study of this topic.
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APPENDIX A

OBSERVABILITY ANALYSIS

The problem of estimating opponent weights in a LQDG is significantly nonlinear. Observ-

ability analysis should be conducted to confirm that any proposed estimation state is theoretically

observable. This appendix evaluates the observability of the estimation problems of Chapters 3

and 7.

The most common approach for evaluating nonlinear observability in the dynamics and con-

trols literature is algebraic analysis using Lie derivatives. However, nonlinear observability anal-

ysis with Lie derivatives depends on an observability matrix of Lie derivatives having full rank.

For systems of relatively small state-space, analysis can be conducted by hand, but if the system

dimension is larger than three or four, manual analysis becomes extremely tedious. While robust

computer symbolic algebra software is relatively common, the computational time or memory re-

quirements required for symbolic nonlinear observability analysis are still unacceptably large in

many systems of practical interest[83]. The Lie derivatives also require explicit Jacobians of the

governing first-order ODE exist. This is incompatible with the use of the terminal values of the

opponent Riccati matrix as estimated states. Hence, a numerical observability test is required.

A recent series of papers[84, 85, 83] offers a solution that is reasonably simple to evaluate and

complements the computation of Taylor series in the approximate solution of the RDEs presented

in Chapter 4. This method is suitable for numerically analyzing the observability of state spaces

with hundreds of dimensions. In this approach, a small number 1 of random initial conditions

and parameter values are chosen. The system states and first-order sensitivity derivatives of the

states with respect to time-invariant parameters and initial states are then numerically evaluated as

functions of time. A stacked time history of the sensitivity derivatives of the outputs is then formed.

The rank of the output sensitivity matrix, determined by its singular value decomposition (SVD),

1Ten is suggested in [84].
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characterizes whether a unique basis for the sensitivity of the outputs to the parameters and initial

states exists. If the output sensitivity matrix is full rank, the system as parameterized is theoretically

locally structurally observable. If the matrix is not of full rank, then the nonzero elements of the

associated right singular vectors indicate which parameters are correlated. Then, the standard Lie

derivative analysis can be computed only on the correlated parameters. By limiting the analysis

to these parameters, the symbolic computation is simplified, and a basis for the nullspace of the

nonlinear observability matrix can be computed in reduced time. The nullspace basis, in turn,

enables a minimal parameterization of the system to be readily identified.

The remainder of this appendix is divided into three sections. The first summarizes the nonlin-

ear observability analysis procedure. The second and third present results evaluating the observ-

ability of the orbital PE and missile interception examples considered in Chapters 3 and 7.

A.1 Analysis procedure

The method of Stigter and Molenaar [84] is used in this dissertation for observability analysis

in the LQDG game. The method is thought to be of interest in dynamics systems and estimation

for uncommon models with high dimensional state spaces. The rest of this section describes the

approach in detail.

An ODE system ẋ = f(x,p) is assumed to consist of n states x and np unknown but constant

parameters p. The method of Stigter and Molenaar treats both the system constants, such as mass

properties, and initial conditions as parameters to be estimated. The system is assumed to have

an output y ∈ Rm, which in this dissertation is assumed to be a linear function of the states. The

first-order sensitivity derivative of x with respect to a parameter pi is simply x,pi , and in general

has no closed-form solution. However, its governing form is simply a known ODE:

d

dt
(x,pi) = [f,x]x,pi + f,pi (A.1)

In Stigter and Molenaar, the time histories of the sensitivity derivatives are computed by nu-

merical integration. Sensitivity derivatives with respect to system parameters satisfy x,pi(0) = 0,
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and derivatives with respect to initial conditions satisfy xj,pi(0) = δij; otherwise they are prop-

agated identically. However, in this dissertation, automatic differentiation is used to recover the

first-order sensitivities. The procedure for one simulation is now described:

1. Take the given set of randomly chosen parameters and initial conditions and simulate the

time history of x(t) and its n× np sensitivity derivatives matrix [x,p]

2. Rescale the sensitivity derivative history to obtain a relative sensitivity matrix, which im-

proves the accuracy of the rank calculation. Commonly, xj,pi(t) is multiplied by either pi
xj(t)

or pi
x̄j

if xj(t) is zero. x̄j is some representative value of xj .

3. Compute the full output sensitivity derivative history by taking [y
k,p] = [Hk][xk,p], k =

1, . . . , K

4. Extract a small set of sensitivity derivative values for the SVD computation. The authors of

Ref. [85] suggest choosingN evenly spaced times across the simulation horizon, withN the

smallest integer that satisfies Nm > np.

5. Form an Nm×np relative output sensitivity matrix (ROSM) by stacking the selected values

of [y
k,p] along their first dimension.

6. Compute the SVD of the ROSM. Record the singular values and the right singular vectors.

The procedure is repeated for several simulations with randomly chosen initial conditions to

avoid cases where the system might be unobservable along a particular trajectory. The SVD out-

puts across all simulations are then assessed. This is typically done by a human user, although it

could be automated. The analysis is straightforward, and it is most easily understood by review-

ing sample results. A simple numerical example is now introduced, and is used to complete the

discussion of the numerical observability analysis.

The numerical example considers the LQDG with scalar dynamics used throughout the dis-

sertation. Here, the modeled opponent weights include a redundant term. That is, the estimating
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player i assumes his opponent uses the following cost function:

Jj =
1

2
sf,jx(Tf )

2 +
1

2

∫ Tf

0

(
qjx

2 + rjju
2
j + rjiu

2
i

)
dt (A.2)

The estimated state consists of x, rji, qj, sf,j, and rjj . Player i assumes the following closed-

loop dynamics:

ẋ = (a− r−1
jj sj(qj, rjj, rji, sf,j))x+ ui (A.3)

sj(t) is computed according to the scalar RDE and subject to the boundary condition sj(Tf ) =

sf,j:

ṡj = −2asj − qj + s2
j(r
−1
jj + r−1

ji ) (A.4)

To evaluate the observability, it is most convenient to propagate both x and sj and their sensi-

tivity derivatives in time. Hence the state vector is of size 2, and there are five effective parameters:

θ ≡ (rji, qj, rjj, x0, sf,j). sf (t) is propagated first in reverse time, and then x(t) is propagated

in forward time. For simplicity, agent i is assumed to use zero control over the integration. Au-

tomatic differentiation is employed to automatically extract the first-order sensitivity derivatives.

The parameters are sampled from a normal distribution with the following mean and covariance:

E[θ] =



−.916

−3

1

0

−3


cov[θ] = diag

[
5.76× 10−4 .444 1.11× 10−3 44.4 .444

]
(A.5)

Ten sets of the parameters are chosen randomly. For each set, the six-step procedure is followed

to generate the singular values and associated singular vectors of the ROSM. Once the singular

values and singular vectors are recorded, the so-called “observability signature” is generated. The

signature consists of two types of plots. The observability signature for this problem is shown in
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Figure A.1: Observability signature for ten simulations of the example problem with scalar dy-
namics

Fig. A.1. The left plot is simply a plot of the components of the ordered singular values for each

simulation. The right plot is a plot of the right singular vector associated with the least significant

singular value(s)2. Note that random Gaussian noise is added to the x coordinates in each plot

to make the results from the ten simulations more distinct. From observation of the left plot, it

should be clear that the ROSM has one singular value that is numerically zero. This indicates the

system has one unobservable state. The associated right singular vector components are plotted in

the right hand plot. This plot shows that the unobservable “mode” of the system is correlated with

the parameters rji, qj, rjj, and sf,j . This finding reflects what is already known: the LQDG game

weights are unique only up to a scale factor.

For the scalar LQDG example problem, a minimal, observable system representation can be

obtained trivially by normalizing the cost function by any one weight to eliminate its degree of

freedom. If a minimal representation is not readily identified, it can be obtained procedurally as

follows. An alternate solution exists based on the nonlinear observability matrix. The observability

2If more than one singular value is numerically zero, then the singular vector plot should be generated for each
such singular value.
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matrix is computed symbolically using Lie derivatives for the full set of parameters. Then, the

nullspace of a reduced observability matrix is computed from the columns of the observability

matrix corresponding only to the correlated parameters. Symbolic algebra is not avoided, but the

computational complexity of the nullspace operation is greatly reduced. The nullspace, in general,

forms a vector of values ci, i = 1, . . . , Nc for the Nc correlated parameters. A nonunique minimal

parameterization of the system satisfies the following PDE:

0 =
Nc∑
i=1

ci
∂φ

∂pi
(A.6)

The solutions to φ in Eq. A.6 are new parameters that collect terms to simplify the governing

equations. However, the solution to the PDE is not unique, and any number of possible parameter-

izations can be used to reduce the system.

This completes the discussion of the Stigter method for numerical observability analysis. The

remainder of this appendix applies the nonlinear observability analysis to the orbital PE game of

Chapter 3 and the missile interception game of Chapter 7.

A.2 Orbital pursuit-evasion game

The orbital PE game is described in detail in Chapter 3. The problem is considered from the

perspective of an adaptive pursuer. There are five unknown evader parameters in addition to the

four relative states to estimate:

θ ≡
[
re q1,e q2,e s1,e s2,e

]T
(A.7)

The problem dynamics are defined by Eq. 3.10. To evaluate the sensitivity derivatives, auto-

matic differentiation is used to first propagate the generalized RDE solutions backward from Tf to

t = 0.0. Then the relative state is propagated forward from t = 0 to Tf . Euler integration is used

for propagation with a time step of ∆t = 0.005. The pursuer weights and mean evader weights

are the same as in Table 3.3. The evader weights are sampled with the given mean and 10% of the

covariance reported in Table 3.2. It is found that a larger covariance produces too many singular
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Figure A.2: Observability signature for the orbital pursuit-evasion game of Chapter 3

engagements. Initial conditions are drawn from independent uniform distributions with the posi-

tions bounded by [−5, 5] and velocity components by [−0.5, 0.5]. Simple random sampling is used

and eighteen nonsingular engagement weights are chosen.

The system is simulated and the relative output sensitivity matrix is computed for the chosen

initial values. The resulting observability signature is plotted in Figure A.2. The signature clearly

indicates that all the singular values exceed machine precision by several orders of magnitude and

satisfy the requirements for local structural observability. This figure is generated for an adaptive

OSO engagement. The observability signature is similar when adaptive FNE engagement is used.

This demonstrates the orbital PE game satisfies the theoretical requirements for observability. The

observability of the missile interception problem is now considered.

A.3 Missile interception problem

Chapter 7 considers a missile interception game. Both planar and nonplanar engagements are

considered, but weights are assumed to be symmetric in the sense that the Y and Z components

of weights are always equal. Thus, observability can be demonstrated by considering only the
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Figure A.3: Observability signature for the planar missile interception game of Chapter 7

planar engagement. The estimation problem of Section 7.3.3 is considered because this is the most

general problem, in which the pursuer does not assume any of the evader’s weights are zero. The

adaptive pursuer estimates five evader parameters θ in addition to the two relative states:

θ ≡
[
Rep(1, 1) Qe(1, 1) Qe(2, 2) Sf,e(1, 1) Sf,e(2, 2)

]T
(A.8)

The standard problem weights of Section 7.2.1 are used for the observability analysis. Uniform

initial states, all bounded by ±0.1, are assumed. The evader weights are sampled as unconstrained

Gaussian random variables. The mean is given from the zero-sum weights, and the covariance

from the pursuer’s initial covariance of Section 7.3.3. Simple random samples are generated for

fifteen simulations. As for the orbital PE game, Euler integration is used, and the sample time is

reduced to 0.001.

The resulting observability signature for an adaptive FNE problem is shown in Fig. A.3. Re-

sults are qualitatively similar when an adaptive OSO problem is considered. All singular values

are clearly much greater than machine precision, demonstrating the missile interception game is
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locally structurally identifiable.

This appendix has presented the algorithm for nonlinear observability analysis based on the

SVD of a relative output sensitivity matrix. Using this method, it has been shown that particular

values of the orbital PE game and missile interception game satisfy local structural identifiability. It

is assumed, based on this analysis, that all variants of those problems considered in the dissertation

satisfy the same identifiability property.
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APPENDIX B

ESTIMATION ALGORITHMS

This appendix summarizes estimation algorithms used throughout the dissertation. For con-

venience, the governing equations have been collected here. The following sections present the

algorithms associated with the following filters: nonlinear estimation with the Extended Kalman

Filter and Unscented Kalman Filter; Constrained estimation via probability density function (PDF)

truncation; and the Multiple-Model Adaptive Estimator (MMAE) and Interacting Multiple Model

(IMM) estimation.

B.1 Nonlinear Kalman Filtering

The Kalman Filter algorithm is straightforward to implement and it obtains state estimates us-

ing a recursive operation with no iteration. This makes the Kalman Filter attractive for systems that

operate in real time. However, the Kalman Filter algorithm is exact only for the linear systems with

Gaussian forcing terms. Numerous extensions of the Kalman Filter to nonlinear systems with non-

Gaussian noise exist. The Extended Kalman Filter (EKF) and the Unscented Kalman Filter (UKF)

are well-known extensions for systems with nonlinear dynamics and measurements. The reader

is assumed familiar with estimation, and is directly to references such as Ref. [3] if additional

background is needed. This sections reviews the two estimation approaches qualitatively.

The EKF uses the estimated state process and measurement Jacobians to replace the linear co-

efficients of the standard Kalman Filter algorithm. The state estimate and measurement expectation

are evaluated using the nonlinear equations, and the covariance is propagated and updated using

the Jacobians. This leads to an algorithm that is first-order accurate with respect to the statistical

moments of the propagated system. The EKF is a direct extension of the linear Kalman Filter,

and is commonly used throughout engineering domains. Because it truncates the higher-order

statistical moments, it may perform poorly when the uncertainty is high, or if the time between

measurements is quite large[3]. Furthermore, the need to compute analytical system Jacobians can
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Model ẋ = f(x,u,w, t), w(t) ∼ N (0, [Q(t)])

ỹk = hk(x, t) + vk, vk ∼ N (0, [Rk])

Initialization x̂(t0) = x̂0

[P0] = cov(x̂0)

Propagation

˙̂x = f(x̂,u,0, t)

[Ṗ ] = [F (t)][P ] + [P ][F (t)]T + [G(t)][Q(t)][G(t)]T

[F (t)] ≡ ∂f
∂x

∣∣∣∣
x̂(t)

, [G(t)] ≡ ∂f
∂w

∣∣∣∣
x̂(t)

Update

[Kk] = [P−k ][Hk]
T ([Hk][P

−
k ][Hk]

T + [Rk])
−1

x̂+
k = x̂−k + [Kk](ỹk − h(x̂−k , t))

[P+
k ] = ([In×n]− [Kk][Hk])[P

−
k ]

[Hk] ≡ ∂h
∂x

∣∣∣∣
x̂−
k

Table B.1: Summary of continuous-discrete Extended Kalman Filter algorithm adapted from Ref.
[3]

be tedious, and is not possible for all systems.

The UKF is an equivalent algorithm to the EKF, in that it extends the linear Kalman Filter

to systems with nonlinear process and measurement models. It obtains theoretically better con-

vergence properties than the EKF, at a slightly increased typical computational cost. For every

iteration of the UKF, the state and covariance estimate are replaced by a particle approximation.

The particle approximation and associated weights are deterministically chosen and the particles

are referred to as sigma points. Each particle is propagated through the nonlinear dynamics. The

weighted statistical mean and covariances of the propagated particles and their measurement resid-

uals are used to directly implement the Kalman update without the need to compute explicit system

Jacobians.

The properties of the EKF and UKF have been widely studied, and interested readers are di-

rected to sources such as Refs. [3, 4], which include more details. The algorithms for each estima-

tor are collected in this section, for reference. Table B.1 summarizes the EKF. The algorithm re-
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Model xk+1 = fk(xk,uk,wk), wk ∼ N (0, [Qk])

ỹk = hk(x) + vk, vk ∼ N (0, [Rk])

Initialization x̂(t0) = x̂0

[P0] = cov(x̂0)

Reset x̂ak =
[
x̂Tk 0Tnw 0Tnv

]T
[P a
k ] = blockdiag([Pk], [Qk], [Rk])

Sigma point calculation χk =
[
xak xak + chol((L+ λ)[P a

k ]) xak − chol((L+ λ)[P a
k ])

]

Propagation
χx,−i,k+1 = fk(χ

x
i,k,uk,χ

w
i,k), i = 0, . . . , 2L

x̂−k+1 ≡
∑2L

i=0W
(m)
i χx,−i,k+1

[P−k+1] ≡
∑2L

i=0W
(c)
i (χx,−i,k+1 − x̂

−
k+1)(χx,−i,k+1 − x̂

−
k+1)T

Update

Υ−i,k = hk(χ
x,−
i,k ) + χvi,k+1, i = 0, . . . , 2L

ŷ−k ≡
∑2L

i=0 W
(m)
i Υ−i,k

[Pyyk] =
∑2L

i=0W
(c)
i (Υ−i,k − ŷ

−
k )(Υ−i,k − ŷ

−
k )T

[Pxyk] =
∑2L

i=0 W
(c)
i (χx,−i,k − x̂

−
k )(Υ−i,k − ŷ

−
k )T

[Kk] ≡ [Pxyk][Pyyk]
−1

x+
k = x−k + [Kk](ỹk − ŷ−k )

[P+
k ] = [P−k ]− [Kk][Pyyk][Kk]

T

Table B.2: Summary of discrete Unscented Kalman Filter algorithm adapted from Ref. [4]

quires knowledge of the process and measurement model Jacobians. Assuming these are available,

it is straightforward to implement the EKF, and the algorithm requires little further explanation.

The UKF is summarized in Table B.2. The operations are somewhat more complicated than

the EKF’s and some explanation is merited. The governing model and initialization are identical

between the EKF and UKF, save for the discrete process model in the UKF. At every iteration

of the UKF, an augmented state and covariance x̂ak and [P a
k ] are computed using the current es-

timates and noise covariances. The augmented state is of dimension L = n + nw + nv, where

n, nw, and nv denote the length of the state, process noise, and measurement noise vectors. The
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Cholesky decomposition of the augmented covariance is used to generate 2L + 1 “sigma points”

whose weighted mean and covariance match the prior mean and covariance exactly. χxi,k denotes

the elements of the ith sigma point corresponding to the state elements, and the superscripts w

and v denote the elements corresponding to process and measurement noise elements. Each sigma

point is individually propagated through the nonlinear dynamics, and the propagated mean and co-

variance are computed as weighted sums using the mean weightsW (m)
i and the covariance weights

W
(c)
i . In a similar fashion, predicted measurement values Υ−i,k are generated for each sigma point,

and the associated values of the measurement expectation, measurement covariance [Pyyk], and

state-measurement cross-correlation matrix [Pxyk] are computed as weighted sums. The Kalman

gain and updated state and covariance are directly evaluated without recourse to any Jacobians.

UKF weights are presented for completeness. The weights used in the mean and covariance

approximations are obtained as follows:

W
(c)
0 =

λ

L+ λ
+ (1− α2 + β)

W
(m)
0 =

λ

L+ λ

W
(c)
i = W

(m)
i =

λ

2(L+ λ)

λ ≡ α2(L+ κ)− L

α determines the spread of the sigma points about the mean and is commonly set to a small value

such as 10−3. κ is a “secondary” scaling parameter and is commonly set to zero. β is a factor that

incorporates prior knowledge of the distribution, and β = 2 is optimal for Gaussian distributions.

This completes the presentation of the basic EKF and UKF algorithms. The PDF truncation

algorithm is presented next.

B.2 Constrained estimation

Constrained estimation is discussed in Chapter 5 as a method to reduce control singularities due

to estimation errors and to identify singular engagements. This section reviews a PDF truncation
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algorithm for constraining state estimates. There are three subsections. First, the algorithm for PDF

truncation is presented. Second, a brief description of recursive and nonrecursive implementations

of this algorithm is given. Finally, the application of this approach to nonlinearly constrained

problems is considered.

B.2.1 Density function truncation for constrained estimation

This subsection outlines a method for PDF truncation based on an algorithm described in Simon

and Simon [64] and refined in Ref. [65]. For a system with linear inequality constraints, Ref.

[64] presents an exact PDF truncation algorithm. The approach can be approximately extended

to nonlinear dynamics or measurements by the usual EKF approximation with Jacobians. The

procedure uses matrix decomposition of the covariance to perform the PDF truncation in a one-

dimensional fashion by operating on a transformation of the unconstrained state. The primary focus

of this subsection is a description of the algorithm. The procedure begins with the posterior state

estimate and covariance, x̂+
k and [P+

k ], produced by the standard, unconstrained Kalman update

step. The state is subject to s linear constraints with upper and lower bounds as follows:

a ≤ [Φ]x ≤ b (B.1)

In Eq. B.1, [Φ] ∈ Rs×n. The algorithm truncates the PDF given by N (x̂+
k , [P

+
k ]) by applying

constraints one at a time. The linear constraints may be time-varying, in which case the subscript

k can be appended to all terms, but this is omitted to simplify the notation. The constrained state

mean and covariance are denoted x̃+
k and [P̃+

k ], and are initialized to x̃+
k = x̂+

k and [P̃+
k ] = [P+

k ].

The algorithm then iterates over the s constraints according to the following procedure. For each

i = 1, 2, . . . , s, compute the Jordan canonical decomposition of [P+
k ] such that [T ][W ][T ]T = [P+

k ],

in which [T ] is orthogonal and [W ] diagonal. Let φi indicate the ith row of [Φ]. An orthogonal

matrix [ρ] is then computed by Gram-Schmidt orthogonalization such that it satisfies the following

relationship:

[ρ][W ]1/2[T ]Tφi =

[(
φTi [P̃+

k ]φi

)1/2

0 . . . 0

]T
(B.2)
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An appropriate Gram-Schmidt algorithm is given in Ref. [64]. The matrices are used to effect

a coordinate change from the original problem states xk to new coordinates z(i)
k :

z
(i)
k ≡ [ρ][W ]−1/2[T ]T (xk − x̃+

k ) (B.3)

Note the transformation of Eq. B.3 need not be evaluated, but is included here for clarity.

The effect of the coordinate transformation is to ensure that the elements of xk associated with

constraint i become the first dimension of the coordinates z(i)
k ; the PDF can then be truncated

by performing operations only on a scalar density associated with the first element of z(i)
k . The

upper and lower bounds ai and bi must also be transformed. When the transformation of Eq. B.3

is applied to the ith equation of Eq. B.1, constraints take the following form, in which z(i)
k (1)

indicates the first element of z(i)
k :

ai − φTi x̃+
k√

φTi [P̃+
k ]φi

≤ z(i)
k (1) ≤ bi − φTi x̃+

k√
φTi [P̃+

k ]φi

(B.4)

From the coordinate transformation of Eq. B.3, it can be verified that the variable z(i)
k has

identity covariance. Since the elements of z(i)
k are uncorrelated, the truncated PDF can be evaluated

using simple one-dimensional analysis. Defining the lower and upper bounds of z(i)
k (1) to be ci and

di, respectively, the Gaussian PDF of z(i)
k (1) is truncated to have zero value below ci and above di.

The resulting truncated function is then re-normalized, so that it is a valid PDF, and its expectation

and covariance become the values of the constrained z(i)
k , which is denoted z̃(i)

k . Under this model,

the mean and covariance of the random variable associated with z̃(i)
k (1) are given as follow:

µ ≡ α(e−
c2i
2 − e−

d2i
2 ) (B.5)

σ2 ≡ α(e−
1
2
c2i (ci − 2µ)− e−

1
2
d2i (di − 2µ)) + µ2 + 1 (B.6)

α ≡
√

2
√
π(erf(di/

√
2)− erf(ci/

√
2))

(B.7)
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The truncated variable z̃(i)
k is initialized to its expectation, which is given below with its co-

variance:

z̃
(i)
k =

[
µ 0 0 . . . 0

]T
(B.8)

[Z̃] = cov(z̃
(i)
k ) = diag(σ2, 1, 1, . . . , 1) (B.9)

By inverting the original transformation of Eq. B.3, the truncated state and covariance in the

original state space are updated to the following values:

x̃+
k ← [T ][W ]1/2[ρ]T z̃

(i)
k + x̃+

k (B.10)

[P̃+
k ]← [T ][W ]1/2[ρ]T [Z̃][ρ][W ]1/2[T ]T (B.11)

The value of i is then incremented by one, and the process repeats until i > s. This completes

the description of the PDF truncation procedure outlined in Ref. [64].

B.2.2 Recursive and nonrecursive constrained estimates

In Chapter 5, a simple example problem described by Simon [60] is used to show that blindly

applying the PDF truncation algorithm after each measurement leads to degenerate behavior of the

estimator. Simon identifies two possible remedies and labels them as “recursive” and “nonrecur-

sive” implementations. The recursive filter can be obtained by only applying the truncation process

to constraints in Eq. B.1 that the posterior unconstrained mean violates. If a posterior state mean

satisfies all constraints, no truncation is performed. This is qualitatively similar to other methods

of constrained estimation, and is a potential computational savings as well. With the nonrecursive

filter, the state estimate used by the UKF is never altered, but the state estimate used for external

calculation and logging is computed by performing the truncation operation on the unconstrained

mean and covariance. The method ensures that the filter continues to operate using the approximate

maximum likelihood estimate. On the other hand, performing operations with the unconstrained

estimate may not be possible, as in the exact LQDG adaptive game, where there is no finite-valued

control solution if the constraints are violated. When the Taylor series approximation to the Riccati
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solution is used, the nonrecursive algorithm can be applied with no numerical problems.

B.2.3 Application to nonlinear inequality constraints

The algorithm outlined thus far can be applied to the nonlinearly constrained problem simply

by expanding the constraint about the unconstrained posterior and using the Jacobian to obtain

a first-order accurate solution. A modified algorithm used by Ref. [65] operates in “constraint

space” rather than in state-space. Since, for the LQDG problem, the number of constraints is

always less than the number of states, this approach reduces the computational costs of some linear

algebra operations and may be appealing. The approach is now summarized. Let the nonlinearly

constrained system be given as follows:

a ≤ p(x) ≤ b (B.12)

As before, the vectors a, b are both of dimension s. To first order, the unconstrained value

of the constraint function has mean µp ≡ p(x̂+
k ) and covariance [O][P+

k ][O]T , where [O] is the

Jacobian of p evaluated at x̂+
k . The PDF truncation algorithm can then be applied directly to

the random variable having distribution N (µp, [O][P+
k ][O]T ), resulting in a truncation which is

accurate to first order, and operates on a lower-dimensional space than the original algorithm by

Simon. However, the resulting truncated variable in constraint space must be converted back into

state space, a process which in general is not unique. The solution used in Ref. [65] is to treat

the constraint space truncated variable as a pseudo-measurement acting on the state space. The

pseudo-measurement noise is chosen to satisfy the following expression:

[R] = ([P+
k ]−1 − [P+

k ]−1[P̃+
k ][P+

k ]−1)−1 − [P+
k ] (B.13)

The Kalman gain associated with the pseudo-measurement is given from the standard EKF

equation as follows:

[Kk] = [P+
k ][O]T (R + [O][P+

k ][O])−1 (B.14)
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The covariance update from the pseudo-measurement follows the standard equation of the EKF,

using [O] as the pseudo-measurement Jacobian. The mean update of the EKF is modified to pro-

duce a truncated mean that is consistent with the truncation in constraint space:

x̃+
k = x̂+

k + [Kk]([O][Kk])
−1(z̃k − ẑk) (B.15)

This completes the description of the Tully algorithm for PDF truncation of nonlinearly con-

strained state estimates, and finishes the discussion of the PDF truncation algorithm. In the next

section, multiple-model estimation algorithms are discussed.

B.3 Multiple-model estimation

This section presents the multiple-model adaptive estimator (MMAE) and Interacting Multiple

Model (IMM) estimator developed in the radar tracking field. The IMM is used in this dissertation

to identify opponent strategies from a set of candidate approaches if the opponent may be using a

strategy based on switching his strategy during a differential game. If the opponent is expected not

to make a switch, then the MMAE should properly be used. The MMAE is exact for linear hybrid

systems that do not switch modes. This section begins by introducing the MMAE, which has a

simple algorithm and helps motivate the IMM. Afterwards the full IMM algorithm is presented

and summarized.

B.3.1 Multiple Model Adaptive Estimation algorithm

If an observed system is known to remain in one mode for all time, then the MMAE of Ref.

[1, p. 442–443] is an efficient solution. While this estimator is not used in the dissertation, it

is simple to understand and useful in introducing multiple model estimation. The operation of a

two-mode estimator is shown in Fig. B.1. A filter is implemented for each of r candidate modes.

The filters operate totally independently and exchange no information. When a measurement is

made, each filter computes the likelihood of the measurement given the propagated state, which is

the function Γ
(`)
k = p(ỹk; ŷ

−
k , [Hk][P

−
k ][Hk]

T + [Rk]). Based on the likelihood of each filter, the
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Figure B.1: Diagrammatic representation of a two-mode static multiple model estimator, adapted
from Ref. [1, p. 442].

mode probability for each filter is computed according to Bayes’ rule:

µ
(`)
k =

Γ
(`)
k µ

(`)
k−1∑n

j Γ
(j)
k µ

(j)
k−1

(B.16)

In the final stage, the mode-conditioned state and covariance are computed by a particle average

weighted by the mode probabilities; this produces a merged state and covariance, which is used

by whatever process requires state estimates. This procedure is simple, but is analytically exact

if the mode describing the target dynamics is in the set of modes and has been active during all

measurements[1].

The MMAE is an appropriate choice of estimator for a game environment if an opponent can be

reasonably assumed to use a fixed mode for the duration of the game. This is the case, for example,

in the missile endgame scenario considered in Ref. [27]. In that work, an aircraft targeted by a

missile uses an MMAE to identify the missile’s guidance law and improve the chance of evasion.

This assumption is appropriate for the missile endgame scenario, which typically has a duration on

the order of seconds. However, it is felt that for general games, the possibility that the opponent

might switch his strategy is an important one to consider. Consequently, this dissertation uses the
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IMM, rather than the MMAE, for gameplay against an opponent with an a priori unknown strategy.

It should be noted that the computational complexity of the two approaches is similar, as the largest

computational cost is associated with propagating and updating r estimators.

B.3.2 Interacting Multiple Model estimation

The IMM algorithm is now presented. The IMM estimator can be thought of as an ensem-

ble of “standard” sequential estimators with a few additional steps wrapping each estimator. This

approach is flexible, and allows estimators of different types to be mixed freely. In this disser-

tation, only EKFs and UKFs are used. First, the basic IMM steps are discussed, followed by a

detailed discussion of IMM modes with non-overlapping states, and then a radar tracking example

is presented.

The basic algorithm and notation presented here are taken from Refs. [1, pp. 454–457][86].

The algorithm can be summarized in five steps:

1. Calculation of the mixing probabilities

2. State and covariance mixing

3. Standard filter propagation and update

4. Mode probability update

5. Estimate and covariance combination

The governing equations for each step are now detailed.

B.3.2.1 Calculation of the mixing probabilities

The mixing probabilities conditioned on the system measurements to index k − 1 are given as

µ
(i|j)
k−1

+
below:

µ
(i|j)
k−1

+
=
pijµ

(i)
k−1

c̄j
(B.17)

In Eq. B.17, µ(i|j)
k−1

+
is the probability that mode i was in effect at k − 1 given that mode j is in

effect at k, conditioned on measurements up to and including time k − 1. pij is an element of an a
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priori matrix that defines the probability of switching from model i to model j. µ(i)
k−1 is the mode

probability that mode i is active at k − 1. c̄j is a normalizing factor computed as follows:

c̄j =
r∑
i=1

pijµ
(i)
k−1 j = 1, . . . , r (B.18)

B.3.2.2 Mixing

In this step, the individual filter estimates are averaged with weights according to the mixing

probabilities. For each mode j in the ensemble, the prior estimate at the beginning of iteration k is

computed as follows:

x̂
(j)
k−1

+
=

r∑
i=1

x̂
(i)
k−1µ

(i|j)
k−1

+
(B.19)

The covariance for each mode is computed in a similar fashion:

[P
(j)
k−1]

+
=

r∑
i=1

µ
(i|j)
k−1

+
(

[P
(i)
k−1] + (x̂

(i)
k−1 − x̂

(j)
k−1

+
)(x̂

(i)
k−1 − x̂

(j)
k−1

+
)T
)

(B.20)

B.3.2.3 Standard filter propagation and update

For each mode j, the mixed state and covariance x̂(j)
k−1

+
, [P

(j)
k−1]

+
are taken as the prior infor-

mation and the standard estimation steps of propagation and update are performed. The linear

Kalman filter or its nonlinear approximations can be used here. Additionally, likelihoods associ-

ated with each mode are computed. Assuming approximately Gaussian statistics, likelihoods Γ
(j)
k

are computed using the innovations and innovation covariance:

Γ
(j)
k = p(ỹk − ŷ(j)

k , [Hk][P
(j)
k ]−[Hk]

T + [Rk]) (B.21)

243



B.3.2.4 Mode probability update

The probability that the target is in mode j at index k is denoted as µ(j)
k . The mode probabilities

are updated according to the following equations:

µ
(j)
k =

1

c
Γ

(j)
k c̄j (B.22)

c ≡
r∑
j=1

Γ
(j)
k c̄j (B.23)

B.3.2.5 Estimation and covariance combination

This step is not necessary for the sequential IMM algorithm, but is required to compute a state

estimate for feedback control. According to the standard algorithm, the model-conditioned state

and covariance estimates are combined according to the following equations:

x̂k =
r∑
j=1

x̂
(j)
k

+
µ

(j)
k (B.24)

[Pk] =
r∑
j=1

µ
(j)
k

(
[P

(j)
k ]

+
+ (x̂

(j)
k

+
− x̂k)(x̂(j)

k

+
− x̂k)T

)
(B.25)

The complete algorithm is summarized in Table B.3. As the next subsection discusses, this

estimate combination is not appropriate when the state vectors contain unlike elements, and should

be modified in that case. As presented thus far, the IMM algorithm is appropriate for mixing

estimates from filters that estimate the same state variables. However, one of the great strengths of

multiple model estimation is the flexibility to use ensemble models having unlike state components.

This is critical in the application to differential games, since the parameterized uncertainties in

different opponent modes do not have a one-to-one correspondence between different modes. An

additional state vector augmentation before mixing is required to avoid biased estimates, and this

is the topic of the next subsection.
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Model ẋ = f (m)(x,u,w, t), m ∈ {m1, . . . ,mr}, w ∼ N (0, [Q])

ỹk = hk(x,vk, t), vk ∼ N (0, [Rk])

Initialization

x̂(`)(t0) = x̂
(`)
0

cov(x̂
(`)
0 ) = [P

(`)
0 ]

Pr(m`)

∣∣∣∣
t=0

= µ`0

Pr(m(k) = mh|m(k − 1) = m`) = ph`

Calculate mixing
µ

(i|j)
k−1

+
=

pijµ
(i)
k−1∑r

`=1 p`jµ
(`)
k−1

, j = 1, . . . , r
probabilities

State mixing x̂
(j)
k−1

+
=
∑r

i=1 x̂
(i)
k−1µ

(i|j)
k−1

+

[P
(j)
k−1]

+
=
∑r

i=1 µ
(i|j)
k−1

+
(

[P
(i)
k−1] + (x̂

(i)
k−1 − x̂

(j)
k−1

+
)(x̂

(i)
k−1 − x̂

(j)
k−1

+
)T
)

Filter propagation (x̂
(`)
k−1

+
, [P

(`)
k−1]

+
, ỹk)→ (x̂

(`)
k

+
, [P

(`)
k ]

+
)

and update Γ
(`)
k = p(ỹk − ŷ(`)

k , [Hk][P
(`)
k ]−[Hk]

T + [Rk])

Mode probability µ
(j)
k = 1

c
Γ

(j)
k c̄j

update c ≡
∑r

j=1 Γ
(j)
k c̄j

Mixed state output x̂k =
∑r

j=1 x̂
(j)
k

+
µ

(j)
k

[Pk] =
∑r

j=1 µ
(j)
k

(
[P

(j)
k ]

+
+ (x̂

(j)
k

+
− x̂k)(x̂(j)

k

+
− x̂k)T

)
Table B.3: Algorithm summary for Interacting Multiple Model estimation

B.3.3 Ensemble models of different state dimensions

The IMM algorithm can in principle support filters having different state vectors, and various

examples in the literature can be found (e.g, Refs [86, 72]). As pointed out by Granström et al[73],

the different state vectors are often handled in an ad hoc fashion by padding the lower-dimensional

states with zeros, which leads to biased estimates when the mixed state output is computed. A

theoretically unbiased estimate is obtained instead by augmenting the lower-dimensional states

with the mean and covariance extracted from the larger state estimate(s). Such an approach is

outlined in Ref. [87]. Ref. [73] goes on to present a method for augmenting states with an

arbitrary distribution, which may improve filter performance in some arenas; for the purposes of
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this dissertation, consideration is restricted to approximately Gaussian distributions, for which it is

sufficient to augment states with the mean and covariance from other estimators.

As a concrete example, consider an opponent in a LQDG that is assumed to play either a

minimax or FNE game solution. For simplicity, let the state vector have dimension 1. Filter

1 becomes the filter for the OSO game, in which the estimated states are x̂(1) ≡ [x̂, θ̂(1)T ]T .

Similarly, Filter 2 is the filter for the FNE game with x̂(2) ≡ [x̂, φ̂(2)T ]T . θ̂ is of length 3 and

contains weight elements qj, rji, sf,j corresponding to j’s minimax strategy, while φ̂ contains the

three weight elements corresponding to j’s FNE strategy. Each filter operates as normal with an

estimate vector length of dimension four. For the purposes of state and covariance mixing, an

augmented state of dimension seven is defined:

x̂(a) ≡


x̂

θ̂

φ̂

 (B.26)

To obtain unbiased mixed state estimates, the augmented mean and covariance defined below

are used for each filter:

x̂(1,a) ≡


x̂(1)

θ̂(1)

φ̂(2)

 , cov(x̂(1,a)) =



p
(1)
xx p

(1)
xr p

(1)
xq p

(1)
xs 0 0 0

p
(1)
rx p

(1)
rr p

(1)
rq p

(1)
rs 0 0 0

p
(1)
qx p

(1)
qr p

(1)
qq p

(1)
qs 0 0 0

p
(1)
sx p

(1)
sr p

(1)
sq p

(1)
ss 0 0 0

0 0 0 0 p
(2)
rr p

(2)
rq p

(2)
rs

0 0 0 0 p
(2)
qr p

(2)
qq p

(2)
qs

0 0 0 0 p
(2)
sr p

(2)
sq p

(2)
ss



(B.27)
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x̂(2,a) ≡


x̂(2)

θ̂(1)

φ̂(2)

 , cov(x̂(2,a)) =



p
(2)
xx 0 0 0 p

(2)
xr p

(2)
xq p

(2)
xs

0 p
(1)
rr p

(1)
rq p

(1)
rs 0 0 0

0 p
(1)
qr p

(1)
qq p

(1)
qs 0 0 0

0 p
(1)
sr p

(1)
sq p

(1)
ss 0 0 0

p
(2)
rx 0 0 0 p

(2)
rr p

(2)
rq p

(2)
rs

p
(2)
qx 0 0 0 p

(2)
qr p

(2)
qq p

(2)
qs

p
(2)
sx 0 0 0 p

(2)
sr p

(2)
sq p

(2)
ss



(B.28)

The augmented state and covariance, which contain the parameter estimates from all r filters,

are used in the mixing processes of Eqs. B.19, B.20, B.24, and B.25. Note that the particle-like

covariance terms in Eq. B.25 for the terms not common across filters will produce zero contribution

to the mixed covariance, so some redundant calculations in the covariance mixing process can be

eliminated.

This completes the presentation of the background of MM estimation and the IMM algorithm.

The next subsection presents a concrete example of the IMM estimator.

B.3.4 IMM example

As a numerical example of IMM estimation, consider the one-dimensional motion of a target

having a maximum speed constraint. The nominal target model is a constant-acceleration model,

with disturbing zero mean white noise at the acceleration level. This model can track the position,

velocity, and acceleration-level states reasonably well given position measurements of sufficient

quality. However, by using a bank of filters that also incorporates a constant-velocity model, lower

tracking error can be achieved.

The target dynamics are given simply by a double-integrator model. The following open-loop

velocity profile is followed:

x2(t) = min(Vm,max(−Vm, 3 sin

(
t

3

)
)) (B.29)

Two filters are used in the IMM filter bank. Filter 1 is a constant-acceleration model with the
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following process model:


ẋ1

(1)

ẋ2
(1)

ẋ3
(1)

 =


x2

(1)

x3
(1)

w1
(1)

 , w1
(1) ∼ N (0, q1) (B.30)

Similarly, Filter 2 is a constant-velocity model with a disturbing white-noise term acting on the

velocity derivative. Note that Filter 2 has one fewer state than Filter 1:

ẋ1
(2)

ẋ2
(2)

 =

x2
(2)

w1
(2)

 , w1
(2) ∼ N (0, q2) (B.31)

Both filters have position-level measurements with the same discrete-time measurement model:

ỹk = ỹ(tk) = x1(tk) + vk, vk ∼ N (0, r) (B.32)

In practice, the performance of the IMM estimate is highly dependent on the tuning of the

filters. Filter 1 is tuned to produce acceptably fast tracking of the acceleration-level state, and

Filter 2 is tuned to provide low-variance estimates when the target velocity is saturated. This

induces a lag in the response of Filter 2. The effect of this lag is that the estimated states of Filter

1 are initially used when the target velocity saturates. Once Filter 2’s states converge to the true

velocity the IMM algorithm favors those estimates, which tend to have lower errors because they

more accurately reflect the saturated dynamics.

Both filters are initialized with identity covariance of appropriate dimension. Each mode is

assumed equally probable initially. The prior mode transition probability matrix is populated as

pij = .94δij + 0.03. The other numerical values used are collected in Table B.4.

Estimation performance for one execution of this scenario is shown in Fig. B.2. The mode

probability estimate histories are shown in Figs. B.3. This figure shows the true and estimated

states, as well as the estimation error performance. Recall that x3, corresponding to the accelera-
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x1(0) x2(0) x3(0) ∆t Tf q1 q2 r
0 0 0 0.1 6π 1.0 0.1 0.01

Table B.4: Numerical values used in IMM numerical example

tion, is not estimated by Filter 2, so the plotted values for the IMM estimate of x3 are simply Filter

2’s estimates. The results show good tracking of the position and velocity terms, and acceptable

tracking of the acceleration under the circumstances. During this simulation, the mean squared

errors for each state are (0.00508, 0.0518, 0.238). For comparison, Filter 1’s mean squared errors

are (0.00568, 0.0593, 0.238) and Filter 2’s are (0.00586, 0.0581). Thus, for the common states, the

IMM estimate accuracy outperforms either of the two component filters for this simulation.

It is instructive to review the estimation error and covariance plots of Fig. B.2. The error

plots show the IMM covariance as well as the component filter covariances. When the velocity is

constant, Filter 2 is used more, and the IMM covariance approaches the Filter 2 covariance. When

the velocity is changing, then Filter 1 is used more, and the Filter 2 covariance, due to the state

mixing, approaches the Filter 1 covariance.

In reviewing the mode probability histories of Fig. B.3, it is clear that the likelihood-based

probability estimates are quite noisy. This is typical of modal probability histories estimated by

an IMM for a single simulation, as other literature examples show[88, 71]. This high noise has

the effect of introducing fluctuations in the IMM covariance estimates, which exhibit a “jitter”

compared to either Filter 1 or Filter 2 alone. This symptom can be remedied by altering the prior

transition probabilities to increase pii and reduce pij, j 6= i, which has the effect of reducing the

state mixing. However, for this particular example, this alteration has the effect of increasing the

mean squared estimation error.

This completes the discussion of the multiple-model estimation algorithms, and finishes the

appendix of estimation algorithms.
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Figure B.2: IMM estimation performance for example tracking problem. Top: true state (red) and
estimated state (blue). Bottom: estimation errors with 3σ bounds. For reference, the individual
filter 3σ bounds are also plotted.

Figure B.3: Mode probability estimates from IMM example tracking problem
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APPENDIX C

CHEBYSHEV POLYNOMIAL FUNCTION APPROXIMATION

Chapter 5 proposes a procedure for evaluating LQDG engagement stability. A core component

of this procedure is a numerical approximation to the engagement stability boundary. Chebyshev

polynomial basis functions are used to approximate this stability boundary because they are rel-

atively simple to use and scale reasonably well to function approximation in high dimensions.

The dissertation of Ref. [58] demonstrates the suitability for least-squares-based function approx-

imation with Chebyshev polynomials in high dimensions. The approach works by evaluating the

function at grid points corresponding to the Chebyshev-Gauss-Lobato (CGL) points and choosing

a least-squares weight matrix derived from the Chebyshev orthogonality property. By exploit-

ing sparsity in the resulting high-order tensor coefficients, the linear least-squares solution for the

Chebyshev basis function coefficients can be obtained from a 2D matrix product of dense matrices.

This appendix outlines the vectorized method of Chebyshev basis function approximation via

weighted least-squares. The problem of Chebyshev function approximation is to find a linear

combination of basis functions that approximately satisfies the following relationship:

f(x) ≈
K∑
i=1

aiαi(x) (C.1)

In Eq. C.1, the basis functions αi(x) are chosen to be products of univariate Chebyshev func-

tions. The weighted least-squares problem is obtained by requiring the coefficients minimize the

following cost function, in which Einstein summation notation is employed:

J = min
a
Wkg

(
f(xk)−

K∑
i=1

aiαi(xk)

)(
f(xg)−

K∑
i=1

aiαi(xg)

)
(C.2)

The independent variables x are taken to be of dimension n.

To present the method of Ref. [58], some preliminary terms must be defined. A set of lower
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and upper bounds on each independent variable must be provided, and the bounds are denoted by

li, ui for each dimension i = 1, 2, . . . , n. For a given approximation problem, the maximum degree

of polynomial to be used,N , and the number of CGL nodes to use, denoted byM+1, are specified

by the user.1 The approach outlined here must satisfy M ≤ N . While in general, the values of N

and M need not be the same for every dimension of the problem, the presented solution assumes

uniformity across all dimensions for simplicity. Let φ-space denote the n-dimensional space in

which the Chebyshev basis functions are defined, with φi ∈ [−1, 1] being satisfied. The mapping

from φ-space to parameter space is evaluated as follows for each dimension i:

xi = li +
1

2
(φi + 1)(ui − li) (C.3)

The unique M + 1 unique CGL nodes for each axis are computed according to the discrete cosine

sampling scheme given below:

φi(k) = cos

(
πk

M

)
, k = 0, . . . ,M ; i = 1, . . . , n (C.4)

Weight matrices [Wk] ∈ R(M+1)×(M+1) associated with the least-squares estimation problem are

defined as follows:

[Wk] ≡ diag(0.5, 1, 1, . . . , 1, 0.5), k = 1, . . . , n (C.5)

Similarly, n matrices of dimension (N+1)× (M+1) associated with the values of the Chebyshev

polynomials at the CGL nodes are computed as follows. Note that Tj(φ) is the jth Chebyshev

polynomial evaluated in φ-space, and [B]1/2 is used to denote the Cholesky decomposition of the

1This slightly cumbersome notation is chosen so that M and N become interchangeable if M = N is specified, as
is commonly done in Ref [58].
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matrix [B].

[Cx]k ≡
1

M



1
2
T0(φk(0)) T0(φk(1)) . . . T0(φk(M − 1)) 1

2
T0(φk(M))

T1(φk(0)) 2T1(φk(1)) . . . 2T1(φk(M − 1)) T(φk(M))

...

TN(φk(0)) 2TN(φk(1)) . . . 2TN(φk(M − 1)) TN(φk(M))


[Wk]

−1/2 (C.6)

Finally, let 1j represent a vector of ones of length j, and let the operator stack(v, g) yield a gm-

length vector formed by vertically concatenating the m−length vector v g times. Let the vector

xi be the (M + 1)-length vector of unique values of the ith dimension CGL nodes, expressed in

parameter space according to Eq. C.3. A 2D array [X] of unique combinations of the CGL nodes

in parameter space is formed with columns given from the following expression:

Xi = stack(xi ⊗ 1(M+1)N+1−i , (M + 1)i−1), i = 1, . . . , n (C.7)

The defined terms are then processed into 2D arrays for final computation. The Kronecker

product plays a large role. The vector f ∈ R(M+1)(N+1) is then populated by evaluating the un-

derlying function at the point in parameter space given by each row in [X]. This vector represents

the true function values in the least-squares fitting problem after factorization by the Chebyshev

orthogonality properties. The matrices [Cx]k are the values of the Chebyshev basis functions at the

CGL nodes associated with dimension k. These matrices are the result of Kronecker-factorizing

the dense least-squares matrix [C], which is computed as follows:

[C] ≡ [Cx]1 ⊗ [Cx]2 ⊗ . . .⊗ [Cx]n (C.8)

Similarly, the term [Wf ], which arises after factoring and vectorizing the weight matrices in the

least-squares operation, is computed as follows:

[Wf ] ≡ [W1]⊗ [W2]⊗ . . .⊗ [Wn] (C.9)
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The equation for the vector solution of the Chebyshev coefficients is given as follows:

a = [C][Wf ]
1/2f (C.10)

The vector of coefficients, a, denote the coefficients of terms in the Chebyshev polynomial

function approximation to the underlying function. a can be re-arranged into an n-d array, each

dimension of size N + 1, according to the following procedure: first, a is reshaped to an n-d array,

each dimension of size N , using column-major operations; then the dimensions of the resulting

array are permuted such that dimension 1 becomes dimension n, dimension 2 becomes dimension

n− 1, etc. The latter operation is analogous to a transpose in two dimensions. The resulting array

[A] has (N + 1)n elements, and each entry is associated with a particular product of Chebyshev

basis functions. For example, for n = 3, Ai,j,k is the coefficient associated with the product

of Chebyshev polynomials evaluated at point (φ1, φ2, φ3) in φ-space: Ti−1(φ1)Tj−1(φ2)Tk−1(φ3).

The full function approximation is evaluated by summation over all the independent elements of

[A], and can also be conveniently evaluated by vectorization[58]. This completes the description

of the algorithm for Chebyshev basis function approximation.
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APPENDIX D

MONTE CARLO CONVERGENCE STUDIES FOR MISSILE INTERCEPTION GAMES

It is good practice to confirm the statistical significance of results by repeating Monte Carlo

trials with two samples of the same distribution and observing the change in performance metrics.

In this dissertation, repetition studies are not conducted for all Monte Carlo tests. Rather, one

repetition trial is conducted for the major classes of problems in Chapter 7. The primary goal is to

ensure that subsequent Monte Carlo trials use enough samples to obtain statistical significance.

This appendix summarizes Monte Carlo repetition studies conducted to validate convergence

in Chapter 7. Four types of engagements are considered. First is the simple planar engagement

in which both players use adaptive FNE strategies, reported in Section 7.3.1. Second is the non-

planar engagement used in the constrained estimation tests of Section 7.3.2. Third is the planar

engagement of Section 7.3.3 used to evaluate the ability of the IMM estimator to differentiate OSO

and FNE opponent strategies. Finally, the Monte Carlo evaluation of play against switching-based

evader strategies of Section 7.3.4 is evaluated.

D.1 Simple adaptive LQDG engagements

The results of Chapter 7 begin by re-considering engagements in which adaptive agents play

subject only to parametric uncertainty in opponent strategies. To validate the numerical conver-

gence of these results, two sets of 2500 Monte Carlo simulations are conducted in which both

agents use the adaptive FNE strategy. These settings use the default (10−6) state measurement

variance. The tabulated results are error metrics and median relative loss metrics for each agent.

Table D.1 compares the error metrics for the two Monte Carlo simulations. Metrics based

on the quartiles of absolute error all match to two significant figures, except for the evader upper

quartile metric. The Mean Square Error (MSE) metrics agree only to the first significant figure.

From this analysis, the pursuer and evader error distributions are extremely similar. The evader

absolute errors are slightly larger at all quartile levels. However, only the upper quartile increase
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MSE Median Abs Err Lower Quartile Upper Quartile
2500 simulations

Pursuer 0.0342 0.0258 0.00641 0.0808
Evader 0.0263 0.0263 0.00643 0.0845

Replication case
Pursuer 0.0359 0.0257 0.00636 0.0808
Evader 0.0273 0.0263 0.0064 0.0829

Table D.1: Comparison of error metrics for two sets of 2500 simulations with adaptive FNE agents

Median Loss Lower Quartile Upper Quartile
2500 simulations

Pursuer -0.000638 -0.0029 0.00146
Evader 4.07×10−5 -0.00283 0.00277

Replication case
Pursuer -0.000579 -0.00304 0.00146
Evader -0.00012 -0.00291 0.00274

Table D.2: Comparison of loss metrics for two sets of 2500 simulations with adaptive FNE agents

is statistically significant for the number of simulations completed. The MSE metric is larger for

pursuer than for evader. This suggests that pursuer errors above the 75th percentile grow more

quickly than evader errors, increasing the MSE.

Table D.2 compares the loss metrics for the two scenarios. The metrics show two significant

figure agreement on the upper quartile, one significant figure agreement on the lower quartile, and

limited agreement on the median value. The pursuer median values agree to one significant figure,

but the evader median values do not even agree in sign. It can be confidentally concluded that

the loss metrics are clustered between small values of loss that are slightly biased toward negative

values. 50% of pursuer loss values lie on the interval [−.0030, .0014] and 50% of evader loss

values lie on [−.003, .0027]. The median pursuer value is −.0006, and the median evader value is

near zero.
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Unconstrained estimation Constrained estimation
rep qe sf,e rep qe sf,e

2500 simulations
Mean Square Error 6.88×10−5 0.376 0.0465 8.58×10−6 0.0194 0.0199

Standard Error 0.00829 0.613 0.215 0.00291 0.139 0.14
Median Abs. Error 0.00131 0.0754 0.0597 0.00131 0.0745 0.0596

Lower Quartile Abs. Error 0.000603 0.0362 0.0266 0.000609 0.0354 0.0258
Upper Quartile Abs. Error 0.00242 0.130 0.119 0.00244 0.130 0.118

Replication case
Mean Square Error 1.22×10−5 0.0657 0.027 9.2×10−6 0.0166 0.0201

Standard Error 0.00347 0.256 0.164 0.00301 0.129 0.141
Median Abs. Error 0.00133 0.0781 0.0635 0.00134 0.0775 0.0631

Lower Quartile Abs. Error 0.000612 0.0385 0.0286 0.00063 0.0364 0.028
Upper Quartile Abs. Error 0.00248 0.132 0.122 0.00249 0.132 0.122

Table D.3: Monte Carlo estimation error metrics in validation study for evader weights sampled
from a stable set in 2500 constrained estimation engagements

D.2 Constrained estimation engagements

The constrained estimation engagements compare the estimation error and failure rate of sim-

ulations when the pursuer uses constrained and unconstrained estimation. The results reported in

the text in Table 7.6 display error metrics for 2500 Monte Carlo simulations, and are reproduced

in the top part of Table D.3. Using unconstrained estimation, the mean-based error metrics, MSE

and standard error, do not achieve convergence to one significant figure-agreement for the uncon-

strained estimation. The median-based error metrics typically agree to one significant figure, and

some agree to two. These two facts suggest that enough large outliers are recorded to prevent con-

vergence of the mean-based metrics, which could indicate either a failure of the filter to converge.

When constrained estimation is used, both mean- and median-based metrics converge to either one

or two significant figures. This suggests constrained estimation reduces the number of high-error

outliers during execution of the filter.

Table D.4 compares the number of failed simulations for the case of normally distributed evader

weights. Simulation failures are extremely uncommon and are not expected to exhibit strong sta-

tistical convergence. These results indicate that the rates of failures converge in their order-of-
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2500 simulations Replication case
Unconstrained estimation 25 17
Constrained estimation 2 1

Table D.4: Replication study of simulation failures

2500 simulations Replication case
Evader mode Correct Incorrect Total Correct Incorrect Total

Minimax 2496 4 2500 2491 9 2500
FNE 2015 485 2500 2028 472 2500

Table D.5: Summary of detection performance in 2500 Monte Carlo simulations with NZS nominal
weights

magnitude to 10−2 for unconstrained estimaton and to 10−4 for constrained estimation. This is

suggestive of a statistically significant difference in the two populations, although it would be

prudent to conduct a larger study with more unstable cases to confirm this trend.

D.3 OSO/FNE differentiation

This series of engagements evaluates the ability of a pursuer using an IMM estimation algo-

rithm to distinguish evaders using the minimax and adaptive FNE strategies. Table D.5 displays

Monte Carlo results for a nominally NZS engagement and a validation experiment. The upper set

of values is reported in the main text as Table 7.9. The original set of results indicate that incor-

rect identifications are made quite rarely when the evader uses a minimax strategy. Based on the

repeated results, these outcomes occur extremely rarely, in less than 1% of simulations. When the

evader uses the adaptive FNE strategy, the IMM pursuer is more likely to make errors in identi-

fication. Based on the repeated experiment, the error rate is 19% with two significant figures of

confidence.

D.4 Switching-based evader strategies

The effectiveness of deceptive evader strategies is evaluated in Monte Carlo simulations. These

simulations tabulate the estimation error metrics for the pursuer as well as loss function metrics
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2500 simulations Replication case
P Metric Li li Li li

Mean 0.0201 1.35 0.0207 1.05
Standard Error 0.0248 13.2 0.0251 5.6

Median 0.0106 0.608 0.0119 0.598
Lower Quartile 0.000725 0.0801 0.000897 0.127
Upper Quartile 0.0329 0.804 0.0344 0.805

E Metric Li li Li li
Mean -0.0278 2.39 -0.029 0.537

Standard Error 0.0274 54 0.0274 12.2
Median -0.0257 -0.317 -0.0254 -0.328

Lower Quartile -0.0455 -0.472 -0.0486 -0.481
Upper Quartile -0.00717 -0.0973 -0.00832 -0.119

Table D.6: Convergence study of loss function metrics with evader using gain level switching
strategy

for pursuer and evader. Additionally, plots of the loss function and mode probability distributions

across simulations are generated. This section presents a validation study of 1000 simulations

conducted to confirm convergence of evader gain level switching results. 1000 simulations are

used instead of 2500 because the evader and pursuer weight values are fixed, and only initial

conditions are sampled.

Table D.6 shows the convergence study results for the loss functions values obtained by each

agent when the evader uses the gain level switching strategy. The non-normalized loss function

metrics show agreement to two significant figures in mean, standard error, and median. The quartile

values demonstrate less convergence, but typically one or two significant figures. The normalized

loss metrics display typically one significant figure of agreement, except in the mean and standard

error metrics. Each of these metrics is derived from the mean and is sensitive to outliers. The

median losses agree to two significant figures for both pursuer and evader. The quartile values

agree to either one or two significant figures for each player. Based on these findings, 50% of

the pursuer performance metrics lie between 10% and 80% with a median value of 60%. 50% of

evader metrics lie between −50% and −10% with a median of −30%.

Table D.7 shows the estimation error results of the same convergence study. Errors are com-
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2500 simulations Replication case
Metric k1 k2 k1 k2

Mean 10.0 21.5 9.99 21.6
Standard Error 2.30 3.93 2.29 3.96

Median Absolute Error 1.20 0.117 1.19 0.114
Lower Quartile 0.265 0.0274 0.26 0.0287
Upper Quartile 4.32 4.5 4.33 4.38

Table D.7: Convergence study of estimation error with gain level switching evader strategy

puted separately for the pre-switch and post-switch periods of the engagement. Most error metrics

agree to two significant figures between the original and replication cases. Some upper and lower

quartile values agree to only one figure. The mean and standard error metrics are particularly

consistent, suggesting that outlier effects in these engagements are relatively small. Of course,

the estimation errors shown here do not have any useful diagnostic information about the mode

a pursuer believes the evader is using; all that can be said is that the estimator itself performs

consistently between the two Monte Carlo samples.

This appendix has summarized convergence studies conducted for a representative subset of

Monte Carlo results. 2500 simulations are found to be adequate to obtain one to two significant

figures of agreement between convergence trials. Certain metrics demonstrate less consistent con-

vergence when mean-based metrics are evaluated. The significant figures in these results should

be kept in mind in reviewing the missile interception results of Chapter 7.
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