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Abstract

The linear quadratic framework is widely studied in the literature on stochas-
tic control and game theory due to its simple structure, the existence of
tractable solutions, and its applicability to various real-world problems. In
this thesis we provide results on the theoretical convergence of policy gradi-
ent methods, which are the basis of many reinforcement learning algorithms,

in both single-agent and multi-agent linear quadratic problems.

In the single-agent setting, we show the global convergence of such methods
to the optimal solution in the case of known and unknown parameters.
In the case of known parameters, the policy gradients can be calculated
explicitly; while when the model parameters are unknown, we estimate the
gradients from samples using a derivative-free method. We illustrate the
performance of policy gradient methods in an optimal liquidation problem
and show results for the case where we assume a model for the underlying

dynamics and where we apply the method to the data directly.

In the multi-agent linear quadratic game, we show that the policy gradient
method enjoys global convergence to the Nash equilibrium provided that
there is a certain amount of noise in the system. We give a condition,
essentially a lower bound on the covariance of the noise in terms of the
model parameters, in order to guarantee convergence. The noise can either
come from the underlying dynamics, or carefully designed explorations from
the agents. We illustrate our results with numerical experiments to show
that even in situations where the policy gradient method may not converge

in the deterministic setting, the addition of noise leads to convergence.

The work in the thesis is motivated by bargaining and we conclude the
thesis by constructing LQG models for bargaining. We consider the case
where model parameters are known to the players while they do not have
access to the true state, and where parameters are unknown and players
learn the optimal strategy through repeated negotiations. We illustrate

performance with numerical experiments.
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Chapter 1

Introduction

This thesis focuses on the theoretical convergence of policy gradient methods, one of
the most popular reinforcement learning methods, for linear quadratic problems which
are fundamental problems in control theory. In this chapter, we will start with the
motivation of the thesis and briefly introduce the general form of linear quadratic
problems. We will also discuss reinforcement learning techniques and especially policy
gradient methods. The outline of this thesis and the notation used throughout the

thesis are provided at the end.

1.1 Motivation

This thesis is motivated by a bargaining problem of interest to our industrial partner,
bp ple. An oil company such as bp needs to negotiate with a counterparty, usually a
foreign government or another oil company, to gain the rights for oil exploration and
extraction. We will consider a stylised setting where a single buyer and a single seller
must agree on the value of a project. Here a project may consist of a series of activities,
such as oil exploration and extraction. Each party has a reservation price or a target
price they want to achieve. For the buyer the reservation price is the maximum they
are willing to pay for the project and for the seller, it is the minimum they are willing
to accept. The target price of a player is an agreed-upon price they want to achieve at
the deadline, which depends on their view of the project’s true value. Neither party
knows the reservation price or the target price of the other party. A key question
is to determine a party’s optimal bidding strategy to secure the project along with

the best price that can be achieved. This is particularly challenging when each party



has incomplete or partial information about their counterparty, under both external
(e.g. market fluctuations) and internal (e.g. change of strategy inside the company)
uncertainties.

This thesis will explore the classical linear quadratic framework and discuss how
to find the optimal solution in linear quadratic problems using reinforcement learning
techniques. In the final chapter we will show how to formulate the bargaining problem
as linear quadratic problems and apply policy gradient methods to learn the optimal

negotiation strategy.

1.2 Linear Quadratic Problems

Linear quadratic (L.Q) problems, including the single-agent problem known as the linear
quadratic requlator (LQR), and the multi-agent problem known as the linear quadratic
game (LQG), are one of the most fundamental in optimal control theory. In an optimal
control problem the aim is to find the optimal control or action in a dynamical system
such that an objective function is optimised. In LQ problems, the state dynamics are
described by a linear function of the current state and control, and the cost functions
are quadratic in the current state and control. In this thesis, we focus on discrete-time
LQ problems with stochastic dynamics over a finite horizon 7' (T' > 0). More precisely,

the state equation is given by
N
T = A+ Y Buj+w, xzo~D, t=01,---,T—1, (1.2.1)
i=1

where N (N > 1) is the number of players, x; € R? is the state variable of the system
with the initial state xy drawn from a distribution D, u! € R* is the control of player
i (i=1,...,N) at time t and {w;}/_ are zero-mean independent and identically dis-
tributed (i.i.d.) random variables which are independent of xy. Throughout the thesis
we consider the class of (adaptive) Markovian strategies as the admissible controls.
The system parameters A; € R¥*? B! € R™* for ¢t = 0,1,---,T — 1 are referred to
as system transition matrices. The objective of player i (i = 1,..., N) is to minimise

their finite time horizon value function:

inf E

inT—1
{uthi oo

Zci(mt,ui)] , (1.2.2)

t=0



where the cost function ¢! is given by
ci(@we,up) = vy Qg + (uy) ' Ryug,  t=0,1,--- T —1, (1.2.3)

with ¢ (27) = 27.Q4xp, where QF € R4 and R! € R¥>*k (j =1,... | N) are the state
and control cost (or weight) matrices, respectively.

When N = 1, the problem given by (1.2.1)-(1.2.3)) is a single-agent LQR problem,
and when N > 2 this formulation leads to an N-player general-sum (or non-zero-
sum when N = 2) LQG. In a general-sum LQG, each player can have a different cost
function which depends on their own parameters Q% and R:; a different but also well-
studied setting is the zero-sum LQG, where N = 2 and instead of (1.2.3)), players have
the same objective function, that is, ¢ (zy, ul, u]) = ¢l (xy, ul, ul) = 2] Qiay+ (ul) T Riui—
(u)TRIu! (i # j). Player i wants to minimise the objective function while player j
wants to maximise it.

LQ problems are important for a number of reasons:

1. there exists a closed-form analytical representation of the optimal feedback con-
trol (for each player) [15, [13] ;

2. they can be used to approximate other systems which are hard to analyze [82, [86];

3. they have been used in a wide variety of applications, including for example port-
folio optimization [3] and optimal liquidation [7] in finance, resource allocation

in energy markets [67, 89], and biological movement systems [52].

In this thesis, we will use the fact that the LQ framework is a relatively simple
setting and analyze the behavior of reinforcement learning algorithms rigorously within

this framework.

1.3 Reinforcement Learning and Policy Gradient Meth-

ods

The mathematical approach to many decision making problems in uncertain environ-
ments has traditionally been through modelling with stochastic processes and using
techniques arising from stochastic control. The choice of models is often dictated by

the need to balance tractability with applicability. Simple models lead to tractable



and implementable strategies in closed-form or that can be found through traditional
numerical methods. However, these models sometimes oversimplify the mechanisms,
which may result in strategies that are sub-optimal in practice. On the other hand,
models that try to capture realistic features of the environments are much more com-
plex and are often mathematically and computationally intractable using the classical
tools of stochastic optimal control.

In recent years the availability of large amounts of data has revolutionized data pro-
cessing and statistical modeling techniques in a wide range of industries and brought
new theoretical and computational challenges. In contrast to the classical stochastic
control approach, new ideas coming from reinforcement learning (RL) are being devel-
oped to make use of all this information. Reinforcement learning describes methods by
which agents acting within some system might learn to make optimal decisions through
repeated experience gained by interacting with the system. In practice there have been
a number of recent successes in applying RL algorithms to improve decision-making in
areas such as finance [61], [42], 78], [33], robotics and autonomous control [49, 37, and
natural language processing [88] 54]. We refer to the survey [59] for a more detailed

introduction to applications of RL in different fields.

1.3.1 Set-up

Markov decision processes (MDPs) provide a general framework for many reinforcement
learning ideas. Since this thesis is concerned with finite horizon problems, we introduce
MDPs with finite time horizon. Among many real-world decision-making problems
with a finite horizon, two examples of particular interest in this thesis are negotiation
rounds in bargaining, and optimal execution of the purchase or liquidation of a quantity
of asset over a short time horizon. In these examples there may be a penalty at the
terminal time, for instance if players do not close the deal in a negotiation, or the
targeted amount is not completely executed by the deadline. We also mention the
infinite time horizon setting, as there is a rich and vast RL literature dealing with
MDPs with an infinite time horizon [7T], 30].

Finite Horizon. We have a Markov process taking values in a state space S, where
we can influence its evolution by taking an action from a set A. The aim is to optimise
the expected total reward from ¢ = 0 to time T" by choosing a policy, that is a sequence

of actions through time. We formulate this mathematically by defining the value



function V;* at time t =0,1,...,7 to be

T-1

V*(s) = sup th(s) = sup E" [Z Tu(Sus @) + rr(st)
I i —

Sp = 51, Vse S, (1.3.1)

subject to
Sus1 ~ Pu(Su,@y), @y ~mu(sy), t<u<T—1.

Here E™ denotes the expectation under the policy II, where the probability measure
[P describes both the dynamics and the rewards in the MDP. We will write P(X) for
the probability measures over a space X'. The state space (S, ds) and the action space
(A, dy) are both complete separable metric spaces; s; € S and a; € A are the state and
the action at time ¢; P, : S x A — P(S) denotes the transition function and r,(s,a) a
real-valued random variable for each pair (s,a) € S x A for t < u < T — 1. Similarly
r7(s), the terminal reward, is a real-valued random variable for all s € S. The notation
Si11 ~ Pi(s4,a;) denotes that s;;1 is sampled from the distribution P;(s, a;) € P(S).
It can be shown that when rewards and transition probabilities are Markovian, the
optimal policy II = {m}:°, is also Markovian [70], in that it just depends on the
current state, and can be either deterministic or randomized. Therefore hereafter we
focus on the class of Markovian policies. For a deterministic policy, m; : S — A maps
the current state s; to a deterministic action. On the other hand, a randomized policy
7 S — P(A) maps the current state s; to a distribution over the action space. For a
randomized policy 7, we will use m,(s) € P(A) and m,(s,a) to represent, respectively,
the distribution over the action space given state s and the probability of taking action
a at state s. We also note that the set up is essentially the same if we consider the
problem of minimizing costs rather than maximizing a reward.

The well-known Dynamic Programming Principle (DPP), that the optimal policy
can be obtained by maximizing the reward from one step and then proceeding optimally
from the new state, can be used to derive the following Bellman equation for the value
function ((1.3.1])

V' (s) = sup { Elri(s, )] + Eomn o[V ()]},
acA



with the terminal condition V}(s) = E[ry(s)]. We write the value function as

Vi (s) = sup Qj (s, a),
acA

where the function @} (usually called the Q-function) is defined to be

Qi (s,a) = E[ry(s, )] + Evup,s.0) [V ()],

the expected reward from taking action a at state s and then following the optimal

policy thereafter. There is also a Bellman equation for the Q-function given by
Qi (s,a) = E[ry(s,a)] + Eyp(s,a) {SUE Qi (s, a')} ’
a'e

with the terminal condition Q%.(s,a) = Elry(s)] for all @ € A. If we can find the
Q-function, we can then retrieve the optimal policy 7/ (s, a) (if it exists) from Q; (s, a),

in that 77 (s,a) = 1 if a = arg max,e4 Qf (s, a) and 0 otherwise.

Infinite Horizon and Discounted Reward. MDPs with infinite horizon (7" = o)
are widely studied in the literature. In this setting, we aim to optimise the expected

discounted reward and define the corresponding value function as

SOZS:|,

V*(s) = sup V(s) := sup E" {Z (s, ap)
I il

t=0

subject to
St41 ™ P(St, at)7 Qg ~ 7Tt(3t),

where v € (0,1) is a discounting factor. Where this differs from the finite horizon
case is that we no longer have a terminal reward, and the reward r and the transition
dynamics P are often assumed to be time homogeneous in the literature [71].

The corresponding Bellman equation for the value function (1.3.2) is defined as

Vi(s) = sup { Elr(s,0)] + 7 EgmpalV ()]}



We write the value function as

V*(s) = sup Q*(s, a),
acA

where the (Q-function is defined to be
Q*(s,a) = E[r(s,a)] + 7 Egnp(sa [V (s)].
There is also a Bellman equation for the Q-function given by

Q*(s,a) =E[r(s,a)] + v Eyp(s,a) sup Q*(s',a’).
a’'eA
Although in the literature some of the analysis for finite horizon MDPs was motivated
by infinite horizon MDPs, our focus in this thesis is on the finite time horizon setting

and we will not discuss the infinite horizon setting further.

1.3.2 Classification of RL Algorithms

We will explore RL methods to solve MDPs, which are implemented through RL algo-

rithms. An RL algorithm includes one or more of the following components:

e a representation of a value function that provides a prediction of how good each

state or each state/action pair is,
e a direct representation of the policy m(s) or m(s,a) (t=0,1,...,7 — 1),

e a model of the environment (the estimated transition function and the estimated
reward function) in conjunction with a planning algorithm (any computational

process that uses a model to create or improve a policy).

The first two components are related to what is called model-free RL. When the latter
component is used, the algorithm is referred to as model-based RL.

In the MDP setting, model-based algorithms maintain an approximate MDP model
by estimating the transition probabilities and the reward function, and derive a value
function from the approximate MDP. The policy is then derived from the value function.
Examples include [17, 48] and [81].

Unlike the model-based method, model-free algorithms directly learn a value (or

state-value) function or the optimal policy without inferring the model. Model-free

7



algorithms can be further divided into two categories, value-based methods and policy-
based methods. Policy-based methods explicitly build a representation of a policy
and keep it in memory during learning. Examples of policy-based methods include
REINFORCE [90], Trust Region Policy Optimization (TRPO) [74], Proximal Policy
Optimization (PPO) [76] among others. As an alternative, value-based methods store
only a value function without an explicit policy during the learning process. Examples
include Q-learning [26] and SARSA [96]. In this case, the policy is implicit and can be

derived directly from the value function (by picking the action with the best value).

Policy Gradient Methods. In this thesis our focus is on policy gradient meth-
ods. We first parametrize the policy 7; at each time t by a vector 6;, thus we define
m(s,-;0:) € P(A), the probability distribution parameterized by 6; over the action
space given the state s at time ¢t. Here we write © = (6y,6,,...,07r_1) for the policy
parameterisation over the whole time set, and use II(s,a;0) = {m(s,a;0,)}1 " and
[Tg interchangeably to represent the policy parameterized by ©. We write p for the
initial distribution of the state. Then the policy objective function (to be maximised)
is defined to be

J(©) = / Ve () u(ds)

for RL with finite time horizon. In order to maximize this function, the policy param-

eter © is updated using the gradient ascent rule: for t =0,1,..., 7 — 1

—

0, = 0, + B V4, J(O), (1.3.2)

where [ is the learning rate, and Vm) is an estimate of the gradient of J(©) with
respect to 0;. There are various ways to obtain the estimate VZJ(\@) such as Monte
Carlo methods (e.g. REINFORCE [90]) and deep neural networks (e.g. DDPG [53]).

There have been some convergence results for policy gradient methods and their
variants for MDPs (see for example [80), [66, 22]), LQ problems with an infinite time
horizon (see for example [29,93]), and (two-player) zero-sum LQGs with a finite horizon
[94]. In Chapter|2/and [3|we will provide convergence results for policy gradient methods
for the LQR and the N-player general-sum LQG with a finite horizon.



1.4 Outline

In this thesis, we provide the theoretical guarantees for global convergence of policy
gradient methods for both the single-agent and the multi-agent L.() problems. We also
model a classical bargaining problem as an LQG and solve the model using policy
gradient methods.

In Chapter [2], we focus on single-agent LQR with stochastic dynamics over a finite
horizon. We start with the policy gradient method with known model parameters and
prove the global linear convergence of such an algorithm. In the setting of unknown
model parameters, the policy gradient is estimated from samples using a derivative-free
method, and the global linear convergence of this sample-based policy gradient method
is also proved. In addition, the sublinear convergence of a projected policy gradient
method is established in order to handle problems with constraints.

We illustrate the performance of the algorithm with two examples. The first ex-
ample is the optimal liquidation of a holding in an asset. We show results for the case
where we assume a model for the underlying dynamics and where we apply the method
to the data directly. The empirical evidence suggests that the policy gradient method
can learn the global optimal solution for a larger class of stochastic systems including
the linear quadratic framework, and that it is more robust with respect to model mis-
specification when compared to a model-based approach. The second example is an
LQR system in a higher dimensional setting with synthetic data.

In Chapter [3| we focus on a class of N-player general-sum LQGs and explore the
convergence of the natural policy gradient method in this setting. This method can
be viewed as a normalized version of the vanilla policy gradient descent method. We
provide a global linear convergence guarantee for this approach in the setting of a
finite time horizon and stochastic dynamics provided there is a certain level of noise
in the system. In the presence of noise the agents can escape from traps such as those
observed in [57] when the dynamics are deterministic. To the best of our knowledge,
this is the first result of its kind in the multi-agent RL literature showing a provable
convergence result for N-player general-sum LQGs.

To illustrate the performance of our algorithm, we first perform the natural policy
gradient algorithm under the experimental set-up in [57] over a time finite horizon. The
algorithm converges to the (unique) Nash equilibrium for appropriate initial policies
and step sizes. The second example is a toy LQG example with synthetic data. We
show that even in situations where the policy gradient algorithm may not converge in

the deterministic setting, the addition of noise helps the algorithm to converge.



In Chapter 4, we model a two-player bargaining problem using LQGs, in which a
buyer and a seller negotiate over the price of a project. At each round they exchange
their offers (prices they propose) in order to agree on the value of the project. We
propose simple cost functions capturing their risk appetites and reservation or tar-
get prices. We first consider an LQG model with partial information where players
know the model parameters but they do not have access to the real state. They use
the Kalman filter to generate state estimates. We derive the Dynamic Programming
Principle and the Nash equilibrium in this case, where each player also estimates their
opponent’s state estimates based on their own information. We then study a different
setting when model parameters are unknown to the players. We construct another
LQG model using the framework discussed in Chapter [3| and apply the natural policy

gradient method with known and unknown parameters to learn the optimal strategies.

1.5 Notation

For any matrix Z = (Zy,--+,Z;) € R™? with Z; € R™ (j = 1,2,--- ,d), we denote
by ZT € R¥™ the transpose of Z; omin(Z) and opax(Z) denote the minimal and
maximal singular value of a matrix Z; ||Z]| denotes the spectral norm of a matrix Z,
which is defined as || Z]| := omax(Z); Tr(Z) denotes the trace of a square matrix Z;
| Z|| denotes the Frobenius norm of a matrix Z, defined as || Z||r := /Tr(Z7 Z); and
vee(Z) = (Z],---,Z])" denote the vectorized version of a matrix Z. For a sequence
of matrices D = (Dy,--- , Dr), we define a new norm ||D|| as ||D|| = 31—, | D:l,
where D; € R™*¢ and || - || represents the spectral norm. Further we use N (u,Y) to

denote the Gaussian distribution with mean p € R? and covariance matrix ¥ € R4,

10



Chapter 2

Policy Gradient Methods for the

Linear Quadratic Regulator

2.1 Introduction

In this chapter we consider the single-agent LQR problem. Until recently much of the
work on the LQR problem has focused on solving for the optimal controls under the
assumption that the model parameters are fully known. See the book of Anderson and
Moore [9] for an introduction to the LQR problem with known parameters. However,
assuming that the controller has access to all the model parameters is not realistic
for many applications, and this has lead to the exploration of RL approaches to the
problem.

Model-based and model-free RL approaches have both been applied to handle the
LQR with unknown parameters. In the paradigm of the model-based approach, the
controller estimates the unknown model parameters and then constructs a control
policy based on the estimated parameters. The classical approach is the certainty
equivalence principle [10]: the unknown parameters are estimated using observations
(or samples), and a control policy is then designed by treating the estimated parameters
as the truth. In the first step, the unknown model parameters can be estimated by
standard statistical methods such as least-square minimization [25]. The second step is
to show that when the estimated parameters are accurate enough, the policy using the
“plug-in” estimates enjoys good theoretical guarantees of being close to optimal. See
[25] and [31] for the optimal gap and sample complexities along this line and see [28|

for the sample complexity with distributed robust learning. Another line of work in
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the model-based regime focuses on uncertainty quantification. The controller updates
their posterior belief or the confidence bounds on the unknown model parameters and
then makes decisions in an online manner, see [I], 2], 27, [44 [64].

In model-free approaches, the controller learns the optimal policy directly via inter-
acting with the system. As the optimal policy in the LQR problem is a linear function
of the state, the aim is to determine this linear function. This is equivalent to learning
a set of parameters in matrix form, called the policy matrix. Policy gradient method
is a natural way to achieve this goal by applying the gradient descent method in the
parameter space of the policy matrix. The paper [29] was the first to show that pol-
icy gradients converge to the global optimal solution with polynomial (in the relevant
quantities) sample complexity. However, [29] focuses on the case where the only noise
in the system is in the initial state, and the rest of the state transitions are determin-
istic. Other model-free methods for LQR include the Actor-Critic method [91] and
least-squares temporal difference learning [83].

If the true system is indeed LQ, the model-based approaches (may) outperform the
model-free approaches by fully utilizing the LQ structure. For example in the setting
that the system transition matrices are unknown and the parameters in the cost func-
tion are known, [72] and [84] showed that model-based methods are (asymptotically)
more sample-efficient than some popular model-free methods. However, we are often
uncertain about whether the actual system is LQ in the learning setting; for instance
there might be some small nonlinear terms in the system dynamics. Therefore, com-
pared to the model-based approach, which strongly relies on the assumption that the
stochastic system lies within the LQR framework and may, in practice, suffer from
model mis-specification, the execution of the model-free algorithm does not rely on the
assumptions of the model. It has been shown that the policy gradient method can
learn the global optimal solution, not only for the LQR framework, but also for a more
general class of deterministic systems in the setting of an infinite time horizon [16].
Thus the advantage of the model-free approach is that it is more robust against model

mis-specification compared to the model-based approach.

Our Contributions. We now summarize our contributions. Motivated by many
real-word decision-making problems with a fixed deadline and uncertainty in the un-
derlying dynamics, such as the optimal liquidation problem that we discuss in Sec-
tion 2, we extend the framework of [29] by incorporating a finite time horizon and
sub-Gaussian noise (which includes Gaussian noise as a special case). In particular,

we provide a global linear convergence guarantee and a polynomial sample complexity
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guarantee for the policy gradient method in this setting with both known parameters
(Theorem and unknown parameters (Theorem [2.4.4)). The analysis with known
parameters paves the way for learning LQR with unknown parameters. In addition,
numerically solving the Riccati equation with known parameters in high dimensions
may suffer from computational inaccuracy. The policy gradient method provides a
direct way of searching for the optimal solution with known parameters in this case,
which may be of separate interest. Note that the optimal policy is time-invariant for
the LQR with infinite time horizon, whereas the optimal policy is time-dependent with
finite time horizon and hence harder to learn in general. With noise in the dynamics,
we need more careful choices of the hyper-parameters to retrieve compatible sample
complexities with noisy observations. In addition, when optimal polices need to sat-
isfy certain constraints, we provide a global convergence result for the projected policy
gradient method in Theorem [2.4.5] This is required in the context of our application
to the optimal liquidation problem.

We will formulate the optimal liquidation problem over a fixed horizon as a noisy
LQR problem which is essentially the classical Almgren-Chriss formulation [7]. The
performance of the algorithm on NASDAQ ITCH data is assessed. As well as using
the method within this modelling approach, we also consider the performance of the
policy gradient method when applied directly to the data with an appropriate cost
function. This improves the performance of the LQR/Almgren-Chriss solution and
shows promising results for the use of the policy gradient method for problems that

are ‘close’ to the LQR framework.

2.1.1 Related Work

Policy Gradient Methods for LQR Problems. Since the policy gradient method
is our main focus, here we provide a review of the previous theoretical work on this
method in various LQR settings and extensions. The first global convergence result for
the policy gradient method to learn the optimal policy for LQR problems was developed
in [29] in the setting of infinite horizon and deterministic dynamics. The work of [29]
was extended in [16] to give global optimality guarantees of policy gradient methods for
a larger class of control problem that includes the L(Q case. In particular, this class of
control problem satisfies a closure condition under policy improvement and convexity
of policy improvement steps. The paper [I8| considers policy gradient methods for
LQR problems in terms of optimizing a real valued matrix function over the set of

feedback gains. The extension of the policy gradient method to continuous-time can
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be found in [I9]. All of these methods are in the infinite horizon setting and without
the addition of noise in the dynamics.

There has been some work on the case of noisy dynamics, but all in the setting
of infinite horizon. In [35] the problem with a multiplicative noise was discussed, us-
ing a relatively straightforward extension of the deterministic dynamics considered in
the original framework. In the case of additive noise [46] studies the global conver-
gence of policy gradient and other learning algorithms for the LQR over an infinite
time-horizon and with Gaussian noise. In particular, the policy considered in [40]
is a randomized policy with Gaussian distribution. There is also [55] which studies
derivative-free (zeroth-order) policy optimization methods for the LQR with bounded
additive noise. Finally some other contributions can be found in |20, O3] for zero-sum
LQR games and [21], 38] for mean-field LQR games.

Compared to [29], our technical difficulties are three-fold. First due to the time-
dependent nature of the admissible policies over a finite-horizon and randomness from
the system noise, we need additional conditions and analysis to guarantee the well-
definedness of the state process, i.e., the non-degeneracy of the controlled E[x;z; ]
matrices. This holds almost for free in the infinite horizon case with deterministic
dynamics. Second, we need to take care of the additional randomness from the sub-
Gaussian noise when developing the perturbation analysis and the gradient dominant
condition. Third, we need more advanced concentration inequalities and tighter upper
bounds to provide compatible sample complexity analysis in the unknown parameter

case. See the more detailed discussion in Remark 2.4.12

Optimal Liquidation. An early mathematical framework for the optimal liquida-
tion problem is due to Almgren and Chriss [7]. In this problem a trader is required to
liquidate a portfolio of shares over a fixed horizon. The selling of a large number of
shares at once has both temporary and permanent impacts on the share price causing
it to decrease. The trader therefore wishes to find a trading strategy which maximizes
their return from, or alternatively, minimizes the cost of, the liquidation of the portfolio
subject to a given level of risk.

This problem has been considered in many papers and extended in many directions.
See for instance [5], [6] and [34]. We will cast this as an LQR problem and show how
the policy gradient method is a powerful tool for solving this problem even without

assumptions on the model.
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More recently techniques from RL have been applied to the optimal liquidation
problem. The first paper to do this was [61] where the authors showed promising re-
sults for this approach by designing a Q-learning based algorithm to optimally select
price levels and passively place limit orders. This was further developed in [42] which
designed a Q-learning based algorithm for liquidation within the standard Almgren-
Chriss framework. For recent work incorporating deep learning see for example [12],
[51], [62], and [95]. See [23] for a detailed review on RL with applications in finance and
economics, and the references therein. However, all these works focus on the model-free
setting without taking advantage of even weak modelling assumptions on the market
dynamics. In addition, the performances of these proposed algorithms are validated

only through empirical studies and no theoretical guarantee of convergence is provided.

The rest of this chapter is organized as follows. We introduce the mathematical
framework and problem set-up in Section[2.2] The first step in our convergence analysis
of the policy gradient method is to consider the case of known model parameters in
Section When parameters are unknown, the convergence results for the sample-
based policy gradient method and projected policy gradient method are obtained in
Section 2.4 Finally, the algorithm is applied to liquidation problem. See Sections[2.2.7]
and for the corresponding set-up and algorithm performance, respectively.

2.2 Problem Set-up

We consider the following LQR problem over a finite time horizon 7',

T-1
{Hiirrh E Z (xtTtht + utTRtut) + 27Qrrr| (2.2.1)
Utri=o t=0

such that for t =0,1,--- , T — 1,
Tir1 = AfEt + But + Wy, Tg ~~ D. (222)

Here z, € R is the state of the system with the initial state 2o drawn from a distribution
D, u, € R¥ is the control at time ¢ which is assumed to be Markovian and {w;}/_g
are zero-mean i.i.d. noises which are independent from zy. At this moment, we only
assume xo and {w;}_;' have finite second moments. That is, E[zoz]] and W :=
Elwaw,] (Vt=0,1,---,T — 1) exist. The system parameters A € R™¢ and B € R¥k
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are referred to as system (transition) matrices; Q; € R™¢ (V¢ = 0,1,---,7T) and
R, € RFk (vt = 0,1,--- ,T — 1) are matrices that parameterize the quadratic costs.
Note that the expectation in (2.2.1)) is taken with respect to both xy ~ D and w;
(t=0,1,---, 7T —1). We further denote by uw := (ug,- - ,ur_1), € := (zo, -+ ,x7),
w = (wg, - ,wr_1), @ := (Qo, -+ ,Qr), and R := (Ry, -, Rr_1), the profile over
the decision period 7. We note that the more general LQR problem may also contain
a drift term in the state equation and a cross term (z, Syu, for some S; € R¥¥) in the
cost function. In this thesis, we will focus on the LQR problem given in ([2.2.1)-(2.2.2)
for simplicity.

To solve the LQR problem —, let us start with some conditions on the

model parameters to assure the well-definedness of the problem.

Assumption 2.2.1 (Cost Parameter). Assume Q; € R4 fort = 0,1,---,T, and
R, € RF** fort=0,1,---,T — 1, are positive definite matrices.

We note that throughout the thesis, by saying that a matrix M € R™*" is positive
definite, we mean that M is symmetric and strictly positive definite, that is, for all
non-zero x in R”, we have ' Mz > 0. By saying that a matrix M € R™ " is positive
semi-definite, we mean that M is symmetric and for all non-zero £ in R”, we have
x' Mz > 0.

Under Assumption we can properly define a sequence of matrices { P}, as

the solution to the following dynamic Riccati equation [15]:
Pr=Q,+A P A—ATP, B(BTP; B+R)  BTP A, (2.2.3)

with terminal condition Pj = Q7. The matrices { P}’ can be found by solving the
Riccati equations iteratively backwards in time. In particular with a slight modification

of the initial state distribution in [I5, Chapter 4.1], we have the following result.

Lemma 2.2.2 (Well-definedness and the Optimal Solution [15]). Under Assumption

221

1. The solution P} to the Riccati equation (2.2.3) is positive definite, Vt = 0,1,--- ,T';

2. Then the optimal control sequence {u;}_' is given by

u = —Kjxy, where (2.2.4)
K; = (B'P,,B+R)  B'P, A (2.2.5)
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To find the optimal solution in the linear feedback form ([2.2.4), we only need to

focus on the following class of linear deterministic admissible policies in feedback form

Uy = —Ktl’t, t:O,l, 77—1— 1, (226)

which can be fully characterized by K := (Ky,--- , Kr_;) where each K; € R¥*? is a

matrix.

2.2.1 Application: The Optimal Liquidation Problem

One application of the LQR framework (2.2.1)-(2.2.2)) is the optimal liquidation prob-
lem. We give a slight variant of the setup of Almgren-Chriss [7]. Our aim is to liquidate

an amount ¢o of an asset, with price Sy at time 0, over the time period [0, T'] with trad-
ing decisions made at discrete time points ¢t = 0,1,...,7 — 1. At each time t our
decision is to liquidate an amount u; of the asset. Any residual holding is then liqui-
dated at time T'. This will have two types of price impact. There will be a temporary
price impact, caused when the order ‘walks the book’ and a permanent price impact
as traders rearrange their positions in the light of the sell order. We will assume the
impacts are linear in the number of traded shares.

We write S; for the asset price at time ¢. This evolves according to a Bachelier

model with a linear permanent price impact in that
Sty1 = St + 021 — Yuy,
where, for each t = 1,...,T, Z; is an independent standard normal random variable, o

is the volatility and « is the permanent price impact parameter. The inventory process

q; records the current holding in the asset at time ¢. Thus we have

Qi+1 = qr — Uyg.
Therefore, the two-dimensional state process is

S 10 S — oZ
= S R L I R P (2.2.7)

qt+1 01 qt -1 0

When selling shares we incur a temporary price impact, parameter (3, in that if,
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at time t, we trade u; of our asset then we obtain S, =8, — Buy per share. At the
deadline, any residual holding g7 will be sold and we obtain Sy = Sp — Bqr per share.
Therefore the total revenue is Zf:_ol Sy + grSr, and C, the total cost of execution

over [0, 7], is the book value at time 0 minus the revenue:

T-1

C = qoSo — Z Utgt - QT§T~

=0
In a similar way to [7], after summation by parts, we have
7-1

T T—
c:—azqtzt—gz (6 - a3) + Bt + B3
t=0

t=1 t=0

wm

The mean and variance of the total cost of execution are given by

T
Zéut + g7 + qo, var(C) = Zazqf,

where § = § — /2 summarizes the impact and is assumed positive.

Following Almgren-Chriss [7], we minimize the following cost function
Cac = min (E(C) + ¢ var(C)), (2.2.8)

where ¢ is a parameter balancing risk versus return. For our LQR framework we take

the cost function to be
T
CrLqr(e) = min (E(C) + ¢var(C) + eZE[Sf])
t=0

T—1 T
> ouf + 6q7 + qO+¢>ZG G +ey S|
t=0 t=0

= min E (2.2.9)

Note that the term € ZtT:o E[S?], with some small € > 0, serves as a regularization term
(with no economic meaning) to guarantee Assumption holds (more precisely, to
guarantee that ), and Qr are positive definite). In practice, we can show that the
optimal solution with € small is close to the Almgren-Chriss solution (when € = 0). We

show empirically that Crqr(e) converges to Crqr(0) as € tends to zero in Figure 2.4]
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One can also check that having the € in the matrices J; and Q7 introduces an error of
O(e) in Crqr. Since all the summations in are finite and bounded, Crqr(€e) will
converge to Crqr(0) as € tends to zero provided that u; has finite second moment. In

addition, the algorithm will still converge with e = 0. Thus, in the LQR formulation we

10

have A = , B=(—v,-1)T, and w; = (6Z;41,0)" and the objective function
01
€ 0 e 0

has Qr = , Qr = and R; = §. It is easy to see that @, for
0 &+ ¢o? 0 ¢o?

t=0,1,---,T and R; for t =0,1,--- ,T — 1 are positive definite, hence Assumption
2211 is satisfied.
We will show that the problem is well-defined and can be solved using the methods

of this chapter with rigorous convergence guarantees.

2.3 Exact Gradient Methods with Known Parameters

In this section we assume all the parameters in the model, {Q,}",, {R}' A, B,
are known. The analysis of exact gradient methods with known parameters paves
the way for learning LQR with unknown parameters in Section 2.4, In addition, the
policy gradient method provides an alternative way to solve the LQR problem when
the parameters are fully known. In this setting the Riccati equation ([2.2.3) is just
solved backward in time. However this operation involves inverting large matrices
when the problem is in high dimensions, which may lead to high computational cost
and accumulation of computational errors.
Since an admissible policy can be fully characterized by K, the cost of a policy K
can be correspondingly defined as
T-1
C(K)=E | (¢ Qe+ u Rawy) + 27 Qrar | | (2.3.1)

t=0

where {7,}7, and {u;}]-; are the dynamics and controls induced by following K,

starting with xq ~ D. Recall that K* is the optimal policy for the problem, in that

K* = argmin C(K), (2.3.2)
K

subject to the dynamics ([2.2.2)).

19



Well-definedness of the State Process. To prove the global convergence of policy
gradient methods, the essential idea is to show the gradient dominance condition, which
states that C'(K) — C(K*) can be bounded by |[|[VC(K)||r for any admissible policy
K. One of the key steps to guarantee this gradient dominance condition is the well-
definedness of the second moment of the state. That is, E[z;z, ] is positive definite for
t=0,1,---,7T. This condition holds almost for free for LQR problems with infinite
time horizon and deterministic dynamics. The only condition needed there is the
positive definiteness of E[zox]] (See [29]). However, some effort needs to be made to
ensure that the E[z,z, | matrix is well-defined for LQR problems with finite horizon and

stochastic dynamics. We show that this condition holds under moderate conditions.
Assumption 2.3.1 (Initial State and Noise Process). We assume that
1. Initial state: xog ~ D such that E[xgzy ] is positive definite;

2. Noise: {w,} =)' are ii.d. and independent from xq such that Elw] = 0, and
W = E[wsw, ] is positive definite, ¥Vt =0,1,--- T — 1.

We start by introducing some notation which will be used throughout the analysis.

We define the matrix $X as follows
SE=E[2f@=5T], t=0,1,--- T, (2.3.3)

where {2K}T | is a state trajectory generated by K. Further define a matrix Y as

the sum of ©K
T

Sk = ZT: oK E[fo(gg{fﬂ. (2.3.4)

t=0

We will write 7, = 2K and XX = 3, when no confusion may occur. Define o to be

the lower bound over all the minimum singular values of ¥X:
of = mtin Omin(2K),
We also define oy as
ox = min{owi(Elzez]]), omin(W)}. (2.3.5)

Then we have the following result and the proof can be found in Appendix
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Lemma 2.3.2 (Well-definedness of the Second Moment Matrix). Under Assumption
2.5.1, we have E[xzX (xK)T] is positive definite for t = 0,1,--- T under any control
policy K. Therefore, 0% > o5 > 0.

Lemma [2.3.2] implies that if the initial state and the noise driving the dynamics
are non-degenerate, the second moment of the state dynamics are positive definite
for any policy K. However, the second moment matrix may be degenerate in many
applications, especially when inventory processes are involved. We note that Part 1 of
Assumption can be partially relaxed, for example, zo € R? can be deterministic
in some dimensions. In this case, some problem-dependent conditions are needed to
guarantee that oy > 0 holds. See more discussion on the condition gy > 0 for the
liquidation problem in Section [2.5.1] In the light of this we will assume ox > 0 in the
analysis of the convergence of the algorithm in Sections 2.3 and [2.4]

Similarly, we define o and g to be the smallest values of all the minimum singular
values of R and Q:

Op = mtinamin(Rt), (2.3.6)

= mtin Omin(Q1)- (2.3.7)

5

Under Assumption , we have o > 0 and g > 0.

We denote the set of model parameters of the LQR as ©:={d, k, % A||+1’ ||A||

1 1 1
T w1 1Bl s s IR o e IV 250 50710 %0 250 amsm R 50

- —, 0x, [IQl, E[zoz, ], and iz xT]} We write H = {h | h are multivariate polynomials

where the variables are in the set ©} and H(.) when there are other variables not only

©.

Exact Gradient Descent. We consider the following exact gradient descent updat-

ing rule to find the optimal solution ([2.3.2]),
K" =K —nV,C(K"), VO<t<T -1, (2.3.8)

where n (n < N) is the number of iterations, N is the total number of iterations,
V.C(K) = ag}({ is the gradient of C'(K) with respect to K;, and 7 is the step size.
We further denote VCO(K) = (VoC(K),- -, Vr_1C(K)).

Then, the main result for this setting is the following.
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Theorem 2.3.3 (Global Convergence of Gradient Methods). Assume Assumption
holds. Further assume ox > 0 and C(K°) is finite. Then, for an appropri-
ate (constant) setting of the stepsize n € ’H(W), and for e > 0, if the total number

of iterations N satisfies

0\ _ *
s ISl Ol - cii)
2nox?op €

the exact gradient descent method (2.3.8) enjoys the following performance bound:
C(K") — C(K*) < e,

which is equivalent to C(KY) — C(K*) = O(e™").

We note that the convergence of the cost function in Theorem [2.3.3]is equivalent to
the convergence of the learned policy K to K*. To see this we can plug in K/ = KV
and K = K* in Lemma [2.3.7} which implies that the C(K") — C(K*) can be rewritten
as a function of K — K*. Similarly one can check as C(K”") gets close to C'(K) the
policy gradient tends to zero, which is a consequence of Lemma [2.3.6]

We also note that Y- and C'(K*) are only used to analyze the theoretical guaran-
tees for the convergence. In practice, we may conclude that the approximate solution
is close enough to the optimal solution when the gradient term becomes very small.
Therefore for practical evaluation, our stopping criterion does not necessarily need to
rely on Yk« and C(K*).

The proof of Theorem [2.3.3] relies on the regularity of the LQR problem, some
properties of the gradient descent dynamics, and the perturbation analysis of the second

moment matrix of the controlled dynamics.

2.3.1 Regularity of the LQR Problem and Properties of the
Gradient Descent Dynamics

Let us start with the analysis of some properties of the LQR problem —. To
start, Proposition focuses on the well-definedness of the Ricatti system {PE}T
induced by a control K; Lemma [2.3.5] gives a representation of the gradient term;
Lemma[2.3.6/and Lemma [2.3.7|provide the gradient dominance condition and a smooth-

ness condition on the cost function C'(K) with respect to policy K, respectively; and
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finally, Lemma m gives two useful upper bounds on Ricatti system and E[z,z, | ma-

trices.
In the finite time horizon setting, define PX as the solution to
K T T pK
Pt :Qt+Kt Rth‘l—(A—BKt) Pt+1(A—BKt), t:O,]_,"‘,T—]_, (239)

with terminal condition
PX = Qp.

Note that (2.3.9) is equivalent to the Riccati equation (2.2.3) with optimal K; = K as
given by (2.2.5). We have the following result on the well-definedness of PX and the

proof can be found in Appendix

Proposition 2.3.4. Under Assumption the matrices PX for t = 0,1,...,T
derived from ([2.3.9)) are positive definite.

To ease the exposition, we write PX as P, when there is no confusion. Then the

cost of K can be rewritten as
C(K) = Eyyep |29 Poto + Lo |,
where, for t =0,1,--- ;T — 1,
Ly = Liy1 + Elw, Pyywy] = Ly + Tr(WP), (2.3.10)
with L7 = 0. To see this,

E[zy Pyxo] + Lo

T-1
=K ZEJQ()IO + J]JKS—ROK()ZEO + Z'E)r (A - BK())T P1 (A - BK()) xo + Z thPtHwt
t=0

T-1
T T T T

=E |2y Qoxo + uy Roug + 7, Piwy + E wy Prypwy

t=1

_T_
=K |: Z (Qf;erxt + utTRtut) + %;QTZ'T} .

t=0

[y
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In addition, define
EfX = (R + B"Pi1B)K, — B'PyiA, t=0,1,-+ T — 1. (2.3.11)

To ease the exposition, we write EX as E; when there is no confusion. Then we have

the following representation of the gradient term.

Lemma 2.3.5. The policy gradient has the following representation, fort =0,1,--- ,T—
L,

ViC(K)=2((Ri+ B"P1B) K; — B' P A) E [z | = 2B

Proof. Since

C(K)=E [a:g Pyzo + LO}
T—1
= ]E |:CC(—)F(Q() —|— KJR()K())IQ + ZL'(—)F(A — BKo)Tpl(A — BK())CCO + ZthPtHwt],
t=0
we have
K
VoC(K) = ag}({ ) _ JE[2ROKOxOxOT —9BTP(A - BKO)Q:O:EH
0

= 2EOE [$OIJ] = 2E020.

Similarly, V¢ =0,1,--- T — 1,
V,C(K) =2 ((R,+ B Poy1B) K; — BT Pryy A) Elwyz) | = 2E,E [mj ] — 28,3,

where the expectation [E is taken with respect to both initial distribution zy ~ D and

noises w. L

In classical optimization theory [29], gradient domination and smoothness of the
objective function are two key conditions to guarantee the global convergence of the
gradient descent methods. To prove that C'(K) is gradient dominated, we first prove
Lemma [2.3.6] which indicates that for a policy K, the distance between C(K) and the
optimal cost C'(K*) is bounded by the sum of the magnitude of the gradient V,C(K)
fort=0,1,---, 7T —1.
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Lemma 2.3.6. Assume Assumption and ox > 0. Let K* be an optimal policy
and C(K) be finite, then

T-1

Te((EF) EY) ]
< — K* T T K
—XZ\|Rt+BTPmB|| OH) O < g2 URZ_; H(V/O(K)TV.C(K)),

where ox and ag are defined in (2.3.5) and (2.3.6).

We defer the proof of Lemma to Appendix [A.3.1] Lemma [2.3.6] implies that
when the gradient becomes small, the value of the objective function is close to C'(K*).
Now we consider the smoothness condition of the objective function. Recall that a
function f : R™ — R is said to be smooth if f has continuous derivatives. An equivalent

definition of smoothness [29] used in this thesis is the following

7() ~ F6) = V) (e~ )| < 5 o — P, Yy € R

for some finite constant M. In general, it is difficult to characterize the smoothness of
C(K), since it may blow up when A — BKj is large. Here we will prove that C'(K) is
“almost” smooth, in the sense that when K’ is sufficiently close to K, C(K') — C(K)
is bounded by the sum of the first and second order terms in K — K'.

Lemma 2.3.7 (“Almost Smoothness”). Let {x}} be the sequence of states for a single
trajectory generated by K' starting from x(y = xo. Then, C(K) satisfies

T-1

C(K') — -y [2 Tr< ~K) Et>

t=0

Ty (2’(}(' K,) (Rt+BTPt+1B)(K;—Kt)ﬂ,(zg.u)

where 3} = E [}(z})"].

We defer the proof of Lemma [2.3.7 to Appendix [A.3.1] To see why Lemma [2.3.7] is

related to the smoothness, observe that when K’ is sufﬁmently close to K, in the sense
that
YWY, +O(|K — K,), vt=0,1,--- T —1,

the first term in (2.3.12)) will behave as Tr ((K; — K{)V,C(K)) by Lemma and
the second term in ([2.3.12]) will be of second order in K; — K.
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To utilize Lemmas [2.3.6|and [2.3.7] in the proof of Theorem [2.3.3], we need to further
bound P; and g, which is provided below in Lemma [2.3.8] The proof can be found

in Appendix

Lemma 2.3.8. Assume Assumption holds, and gx > 0. Then we have

12 < CE) s < CE
Ox )

where ox and ag are defined in (2.3.5) and (2.3.7).

2.3.2 Perturbation Analysis of Xy

First, let us define two linear operators on symmetric matrices. For X € R%? we set
Fi,(X) = (A - BK,)X(A - BK,)",

and

Te(X) = X + Ti IM!_ (A — BK;) XII'_,(A— BK,_;)".
t=0
where II denotes the repeated multiplication from the left, that is,
IM!_,(A — BK;) = (A— BK;)(A— BK; 1)--- (A — BK,).
If we write G; = Fg, o Fk,_, 0--- o Fg,, then

G(X) = Fr,0G 1(X)=M_o(A— BK;)XII'_j(A— BK,;)", (2.3.13)

Te(X) = X + ) G(X). (2.3.14)

where T' = Fg,, Gt, Tk and the supremum is over all symmetric matrix X with non-zero

spectral norm.
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We first show the relationship between the operator T and the quantity . The
proof can be found in Appendix

Proposition 2.3.9. For T > 2, we have that
Yk =Tk (X0) + A(K, W), (2.3.15)

where A(K, W) = S/ ' S Dy WD/, + TW, with D,, = II,_ (A — BK,) (for
s=1,2,--- 1), andZozE[xoxoT}.

Let

W:mw{Iman—BmmImqu—BKm1+Q, (2.3.16)

0<t<T—1 0<t<T—1

for some small constant & > 0. Then we have the following result on perturbations of
k.

Lemma 2.3.10 (Perturbation Analysis of X ). Assume Assumption holds. Then

|2k = S| < || (T = T (S| | + IA(K, W) = AW

< C (S5 ) (20 111K K+ 1BIP 1K - K).
p—1 \ aq
Remark 2.3.11. By the definition of p in , we have p > 1+ ¢ > 1. This
regularization term 1 + £ is defined for ease of exposition. Alternatively, if we define
p := max { maxo<;<7-1 ||A — BK}||, maxo<i<r—1 [|A — BKt’||}, a similar analysis can
still be carried out by considering the different cases: p < 1, p =1 and p > 1. Note
that for the infinite horizon problem, the spectral radius of A— BK needs to be smaller
than 1 to guarantee the stability of the system (see [29]). In our setting with finite
horizon, instability is not an issue and we do not need a condition on the boundedness
of p. However, we will show later that p does appear in the sample complexity results.

The smaller the p, the smaller the sample complexity.

The proof of Lemma [2.3.10]is based on the following Lemmas [2.3.12 and [2.3.13], which
establish the Lipschitz property for the operators Fx, and G;, respectively.

Lemma 2.3.12. [t holds that, Vt =0,1,--- ;T — 1,

1Fx, = Fregll < 2 A = BEIBIIIK: — Kill + 1B Ko — K% (2.3.17)
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We refer to [29, Lemma 19| for the proof of Lemma [2.3.12

Recall the definition of G, in (2.3.13) associated with K, similarly let us define
G, = Fi; 0 Fg;_, oo Fy for policy K. Then we have the following perturbation

analysis for G;.

Lemma 2.3.13 (Perturbation Analysis for G;). For any symmetric matriz ¥ € R¥?,

we have that

~

2T _ q T

-1
(X175 = Fall )1 (2318
t=0

|G -an®)| <t

2 _
t pr—1

Il
=)

We defer the proof of Lemma[2.3.13]to Appendix[A.3.2] The following perturbation

analysis on T follows immediately from Lemma [2.3.13

Corollary 2.3.14. For any symmetric matriz ¥ € R¥™ 9, we have

2T

|7 =T )| < = (Z 1Fie, = Frg IS (2:3.19)

where p 1s defined in (2.3.16]).

Now we are ready for the proof of Lemma [2.3.10]

Proof of Lemma[2.3.10, Using Lemma [2.3.12}

T-1 T-1
1P, = Fill = > (214 = BEIBINE — K/ + I1BIP15, — K1)
t= t=0

T-1

T—1
< 20| B| D IIK: — K|l + | BI* > 1K — K|
t=0 t=0

In the same way as for the proof of Lemma [2.3.13] we have, Vi =1,--- /T — 1,

t oT 1 t
[0 - oL L] < (S -
s=0

) IW|. (2.3.20)

s=1
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By Proposition [2.3.9 Corollary [2.3.14] (2.3.14) and ([2.3.20]), we have

T-1 ¢t
|2k - 2x|| < H(TK = Tie)(Zo)|[ + 3o || DDl ~ DL (D) |
t=1 s=1

T-1
< e (17 = Fll) (1ol + TIW )
=0
C(K)
<= ( + 71w ) (20151 — K+ B2 1K - K1)
(2.3.21)
The last inequality holds since || < [|[Zx]| < C;‘;‘) by Lemma [2.3.8] O
2.3.3 Convergence and Complexity Analysis
We now provide the proof of Theorem [2.3.3] after two preliminary Lemmas.
Lemma 2.3.15. Assume Assumption holds, ox >0, and that
K| =K, —nV,C(K), where (2.3.22)
. { (p» —1)agox 1 }
2T(p*" = 1)(2p + D(C(K) + g TW )| Bl max, { [ V.C(K)[[} " 2C,
(2.3.23)
with
C(K 20+ 1)| B||( ) =
o = (D ) (BT 0§
9Q (p? = =0
2C(K) <
- |R; + BT P,1B|. (2.3.24)
=0

Then we have
2

C(K') — C(K") < (1-290p ‘éﬁ) (ctK) - c(K™),

We defer the proof of Lemma [2.3.15| to Appendix [A.3.3]
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Lemma 2.3.16. Assume Assumption holds and ox > 0. Then we have that

— 2 BTP..\B
Hvt ( )HQ §4<C(K)> maXtHRt+ t+1 H(C(K) —C(K*)),
t=0 g x
and that:
T-1 T-1
max; ||R; + BT P11 B
e —(\/T~ e BBl o) - e + 3187 R all),
t=0 =R x t=0
Proof. Using Lemma [2.3.8 we have
T-1 T—1 T—1
C(K)\2
VU < a3 I T ) < 4( 7)) S T B
=0 1=0 t=0

From Lemma [2.3.6] we have

T-1 1

. * > T
C(K> C<K> = —XZ ||Rt+BTPt+1BH (E Et)

> T (E E,), 2.3.25
~  max || Ry + BTPtHBH Z I ) ( )
and hence
-— 9 C(K)\2max; |R; + B" Py, B|| }
IV.CK)|? < 4(==2) (C(K) — C(K").
t=0 9Q Ix
For the second claim, using Lemma [2.3.6| again,
T-1 T-1
1K = I(Re+ B" P,y1B) ' K((R, + B" P B
t=0 t=0
T-1 T-1
< D i KBt BT R Bl D (HEtH + BT P

Tl
LL

IN

Tr ETEt ||BTPt+1AH
Umm Rt Umin(Rt)
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T-1 T-1
1
< —(\|T- X (B E) + Y BT PaAl)
IR t=0 t=0
1 maxy ||Rt + BTPt+1B|| = T
< — . — * )
< (\/T . (CU) = O + 3 |17 Pl

The second inequality holds by the definition of F; in (2.3.11]), the second last step
uses the Cauchy-Schwarz inequality, and the last inequality holds by ([2.3.25)). O

Proof of Theorem[2.3.3 In order to show the existence of a positive 1 such that ([2.3.23))
holds, it suffices to show there exists a positive lower bound on the RHS of ([2.3.23]).
By Lemma [2.3.16| and the Cauchy-Schwarz inequality,

’ﬂ
’ﬂ

||Vt (K| < ||Vt (K)|?

t

\/4T . (C(K>)2H1axt |R: + BT P B (C(K) — C(K*)).
a9 Ix

~
Il
=)
Il

o

(2.3.26)

IN

Notethatifd<ab+cforsomea>0 b>0c>0andd>0, thenl
Also —1- >

1
(a+1)(b+1)(c+1)
T (a+1)" for a > 0 and n € NT. Therefore, based on ) and m

1. 1 1 1 1
o s bounded below by polynomials in > CETD BT TR HW||+1’ X, 9Qs 5% +1,

and % +1
Now we aim to show that /1; is bounded below by some polynomials in the param-
eters. To see this let us first show that p is bounded above by polynomials in [|A]],

1B, IR, == é and C(K). Since ||BJ||| K] — K¢|| < Zg—% < 1 holds under the

assumptlons in Lemma 2.3.15 we have

0<t<T-1

1
max |[A— BK’H< rnax (HA BKy|| + ||B|| | K] — K¢||) < max ||A—BK||+=,
0<t<T—1 2

thus
max |4 - BE,|, mmnA—Bmw1+Q

p:max{o_

0<t<T-1

T-1
1 1
§mm{rmxHA Bmu+—1+f}gmm@mwumu§me+51+g}
t=0

(2.3.27)
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Given the bound on 3, ' | K;|| by Lemma [2.3.16{and HP H < 95 1y Lemma[2.3.8, p
is bounded above by polynomials in ||A||, || B]|, [|R]l], ==, = and C(K), or a constant

’a ’U
1 1

||A||+1’ B+ TRI+1 X

—C(Kl) T3, Or a constant : +§ Hence, by choosing n € H( ) to be an appropriate
1

1 1 1 1 1 1
polynomial in grgeoy, ooy AR TBIFD TRIFT Wi 20 200 s o1 #0d gy,

([2.3.23)) is satisfied, since by performing gradient descent, C(K*') < C(K"). Therefore,
by Lemma [2.3.15] we have

14+€. Therefore 2 s bounded below by polynomials in op and

1
C(K9)+1

2 (cu) - o)),

% o
CUKY) = CUR) = (1= 2900 12

which implies that the cost decreases at n = 1. Suppose that C(K™) < C(K"), then
the stepsize condition in ([2.3.23)) is still satisfied by Lemma [2.3.16{ Thus, Lemma
2.3.15| can again be applied for the update at round n + 1 to obtain:

2

C(K™) = C(K") < (1= 2905 H%) (et~ c(k™)).

For € > 0, provided N > [l log C(Ko)fc(K*), we have

2nox“og €

CKN) — O(K*) < e

2.4 Sample-based Policy Gradient Method with Un-

known Parameters

In the setting with unknown parameters, the controller has only simulation access to
the model; the model parameters, A, B, {Q;}~,, {R;}!-, are unknown. By using a
zeroth-order optimization method to approximate the gradient, this section proves the
policy gradient method with unknown parameters also leads to a global optimal policy,
with both polynomial computational and sample complexities.

Note that in this section, when bounding the Frobenius norm of a matrix, we
usually treat the matrix as a stacked vector. Therefore we denote by D = k x d the

dimension of the corresponding vector formed from the K matrix for convenience in

32



the proofs. Therefore in each iteration n = 1,2,--- , N, we can update the policy as,
fort=0,1,---,T —1,

—

K" = K —nV,C(K"), (2.4.1)

—

where V,C(K™) is the estimate of V,C(K™). We analyze the following Algorithm .

Algorithm 1 Policy Gradient Estimation with Unknown Parameters

1: Input: K, number of trajectories m, smoothing parameter r, dimension D
2: forie {1,...,m} do
32 forte{0,...,T—1} do
4: Sample the (sub)-policy at time t: K! = K, + U! where U} is drawn uniformly
at random over matrices such that ||U}||r = 7.
5: Denote | &' as the single trajectory cost with policy
(K_¢, K}) := (Ko, ,K; 1, K}, Ky, -+, Kp_) starting from z{, ~ D.
6: end for
7: end for
8: Return the estimates of V,C(K) for each ¢:
Wals? I<~D i
ViC(K) = — Zl 56U (2.4.2)

Remark 2.4.1. |Zeroth-order Optimization Approach in the Sub-routine (2.4.2)] Note
that (2.4.2) provides an estimate of the gradient V,C(K) by Lemma [2.4.9] In (2.4.2)),

we adopt a zeroth-order optimization method, using only query access to a sample of

the reward function ¢() at input points K, without querying the gradients and higher
order derivatives of ¢(-). The step (2.4.2)) (in Algorithm [I)) provides a procedure to find
an (bounded bias) estimate VC(K) of VC(K).

The idea in is to approximate the gradient of a function by only using the
function values (see e.g. Lemma 2.1 in [32]). Observe that by a Taylor expansion
to first order E[f(z + U)U] =~ E[(Vf(x) - U)U] = Vf(z)r*/D when x € RP and U is
uniform over the surface of the ball of radius r in R”. Thus the gradient of the function
f at x can be estimated by averaging over the samples T%f(x +U)U.

Note that in Algorithm [1| we require mNT? samples to perform the policy gradient
method N times.

To guarantee the global convergence of the sample-based algorithm (Algorithm ,
we propose some conditions on the distribution of xy and {w;}/_', in addition to the

finite second moment condition specified in Section [2.2]
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Definition 2.4.2 (|85, Chapter 2|). A zero-mean random variable X

1. is said to be sub-Gaussian with variance proxy o (o > 0) and we write X €
SG(0?) if its moment generating function satisfies Elexp(AX)] < exp ( ) for
all A € R.

2. is said to be sub-exponential with non-negative parameters (v?, a) and we write
X € SE(V* ), if Elexp(AX)] < exp ( ) for any X such that |\ < L

We assume the initial distribution and the noise in the state process dynamics

satisfy the following assumptions.

Assumption 2.4.3 (Initial State and Noise Process (II)). 1. Initial state:
rg = Wozo where 2o = (201, 204) € R? is a random vector with indepen-
dent components zo; which are sub-Gaussian, mean-zero, and have sub-Gaussian

parameter o2; Wy € R4 is an unknown and deterministic matriz.

2. Noise process: wy = Wuv, where v; :== (vi1--+ ,v.q) € R? are i.i.d. and in-
dependent from xg. vy has independent components vy; which are sub-Gaussian,
mean-zero, and have sub-Gaussian parameter o2, Vt =0,1,--- , T—1. W € R4

1s an unknown and deterministic matrix.

Note that Assumptions [2.3.1] and [2.4.3] serve different purposes in this chapter.
Assumption [2.3.1] provides one sufficient condition to assure oy > 0. Assumption [2.4.3]

is used to guarantee the convergence of the sample based algorithm (Algorithm .

In addition to the model parameters specified in Section [2.3] here we assume #(-)

; ; ~ 11 1 1

includes polynomials that are also functions of oo, -, =5, 0w, 5~ 557 | H’I\Wll’
1 W 1 1

—_—— oll, =, and ——.

Iwi+17 IWoll Woll” Woll+1

Theorem 2.4.4. Assume Assumptions|2.2.1 and|2.4.5 hold and further assume ocx > 0
and C(KP°) is finite. At every step the policy is updated as in (2.4.1)), that is

—

K = K =V C(K™),

with n € H(m) and VE(?”) is computed with hyper-parameters (r,m) such that
7 < 1/ hyagius and m > hample With some fived polynomials hyeqis € H(1/e, C(K?))
and Pgampie € H(1/e, C(K®)). Then for e > 0, if we have

0\ *
ISl CURY) - CUK?)

2 ?
Nax"9r €

N >
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it holds that C(K") — C(K*) < € with high probability (at least 1 —2TN (%)D).

The proof of Theorem is based on a perturbation analysis of C'(K) and
V.C(K), smoothing and the gradient descent analysis of the procedures in Algorithm
[l We provide the perturbation analysis and the smoothing analysis in Sections

and 2.4.2] respectively. We defer the proof of Theorem to Section

Projected Policy Gradient Method. In many situations constrained optimization
problems arise and the projected gradient descent method is one popular approach to
solve such problems. Recall the projection of a point y = (yo, - - - ,yr_1) with y, € R¥*d
(t=0,1,---, 7 —1) onto a set S C R¥*(T*4) ig defined as

T-1

o1
IIs(y) = argmin B} ; |ze — ?thiﬂ (2.4.3)

zeS

Then the projected policy gradient (PPG) updating rule can be defined as

K" = I (K" - nvﬁ(?ﬂ) , (2.4.4)
where Vﬁ(?") = (VO/C(\K”), e ,VT:C'\(K”)> denotes the estimate of VC(K™).

If the projection set S is convex and closed, the projection onto S is non-expansive,
that is,
Yo 17 = Zlr < it 2 = 2llp with 2' = Is(2!) and 2* = Is(2?). Given any
policy matrix K and learning rate 7, define the gradient mapping for the projection

operator

IIs(K —nVC(K)) — K
2n
with G(K) = (Go(K), -+ ,Gr_1(K)). Note that the gradient mapping has been com-

monly adopted in the analysis of projected gradient descent methods in constrained

G(K) = , (2.4.5)

optimization [60, 93]. A policy matrix K € & is called a stationary point of C(-) if
VCK) (K -K)<0, VKE€S. (2.4.6)

It is well-known in the optimization literature that (2.4.6)) holds if and only if G(K') = 0.

We have the following sub-linear convergence result for the PPG version.
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Theorem 2.4.5. Assume Assumptions|2.2.1 and|2.4.5 hold, and the projection set of
policies, denoted by S, is convex and closed. Further assume K* € S, K° € S, ax >0
and C(K°) is finite. At every step the policy is updated as in (4.4), that is

K" =15 <K” = Wﬁ”))
with n € H(W) and VE(\KZZ) (t = 0,1,--;,T — 1) is computed with hyper-
parameters (r,m) such that r < 1/hreqiws and m > hsgmpie with some fized polynomials
Poradins € H(1/e,C(K")) and ﬁsample € H(1/e, C(K®)). Then the projected policy gradi-
ent method has a global sublinear convergence rate, that is,
{% SV (Zf:_ol ||Gt(K”)H%) }N>1 converges to 0 at rate O (%), where Gy(K) is de-
fined in . N

The proof of Theorem [2.4.5] can be found in Appendix[A.3.4]

Remark 2.4.6. We assume the projection step is perform accurately and the as-
sociated computational cost is of a separate interest and hence omitted here. The
convergence result in Theorem is described in terms of the sample complexity

and to perform the projection step does not need extra samples.

2.4.1 Perturbation analysis of C'(K) and V,C(K)

This section shows that the objective function C'(K) and its gradient are stable with

respect to small perturbations. The proofs of the following Lemmas can be found in

Appendix [A.3.4]

Lemma 2.4.7 (C(K) Perturbation). Assume Assumptions|2.2.1 and|2.4.3 hold, ox >
0, and K' such that, Vt =0,1,--- ,T — 1,

(P2 - 1)QQQX l
T~ D)(2p + DOK) + agTwB] il T} , (24.7)

| K — K| < min{

where p is defined in (2.3.16)). Then there exists a polynomial he,st € H(C(K)) such
that
|C(K') = C(K)| < heost|| K" — K]
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Lemma 2.4.8 (V,C(K) Perturbation). Under the same assumptions as in Lemma
there exists a polynomial hy,qq € H(C(K)) such that

IViC(K") =V C(K)|| < hgraal| K = K[|, and [|V.C(K")=V,:C(K)||p < hgraallK" = K| p-

2.4.2 Smoothing and the Gradient Descent Analysis

In this section, Lemma provides the formula for the perturbed gradient term,
Lemma [2.4.10] provides the concentration inequality for finite samples, and Lemma
2.4.11] provides the guarantees for the gradient approximation.

Recall that D = k x d. Let S, represent the uniform distribution over the points
with norm r in dimension D, and B, represent the uniform distribution over all points
with norm at most r in dimension D. For each K; (t =0,1,--- ;T — 1), the algorithm

performs gradient descent on the following function:
C{(K) =Ey,.p, [C(K + V)], (2.4.8)

where V; := (0,--- ,V;,---,0) and V; € R¥*4,
Lemma 2.4.9. Assume C(K) is finite, then

D
V.C{(K) = ﬁEUf,NSr IC(K +U.)Uy, (2.4.9)

where Uy := (0, Uy, -+ ,0).

The proof of Lemma is similar to the proof of [29, Lemma 29| and hence
omitted.

We first state two facts on sub-Gaussian and sub-exponential random variables.
Firstly, if X and Y are zero-mean independent random variables such that X € SG(o2)
and Y € SG(0}), then XY € SE(0,0,,40,0,). Secondly, if Xy, --- , X, are zero-mean
independent random variables such that X; € SE(v?, o;), then

iXi eSE (i Vf,maxai) .
i=1 i=1

Using the above two facts, we have the following.
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Lemma 2.4.10. Assume Assumptions [2.2.1] and |2.4.5 hold and ox > 0, then there
exist polynomials v € H(C(K)) and o € H(C(K)) such that

T-1
[Z (%T Qi + uf Rtut) + H?EQTwT]

t=0

is sub-exponential with parameter (v*,«). Here {x;}1_, is the dynamics under policy

K.

Proof. We first observe that, by direct calculation,

T-1 T—1
[Z (xj Qury + ) Rtut) + x;QTxT] =20 Pozo + Y w/ Ppqw,.  (2.4.10)

t= =0

Note that by (2.3.9) and Proposition 2.3.4] P, is symmetric and positive definite.
The Frobenius norm || - || and the spectral norm || - || of the matrix P, € R¥< have

the following property:
1PN < 1P )le < VA|IBl, VE=0,1,--- T (2.4.11)
Let ¢ = max{oy, 0, }. Given the Hanson-Wright inequality (Theorem 2.5 in [4]),

P (‘w;r‘Pt-Flwt -E [wg—Pt—i—lwt} ‘ > t)
= P < U;(W—I—Pt+1w>’l)t —E [U;(WTPtJer)Ut] > t)

2 t
< 2exp | —cmin { —— —_— — , (2.4.12)
25 [WT P W o [WT P W

for some universal constant ¢ > 0 which is independent of P,; and wy.

Combining (2.4.11)), (2.4.12) and Lemma [2.3.8]

P (‘w;rPlet —E [w;rPt+1wt] | Z t)

2 ¢
< 2exp (—cmin{ — ——, = — })
20 d || Pea|PIWII* o[ Peal[[WJ2

2
< 2exp | —cmin — f , — t .
204 |W*dC*(K)/ ox? o*|WI[PC(K)/ox
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Therefore the random variable th P, 1w, is sub-exponential with parameters
FH W *dC(K) 32| W*C(K)
cox? ’ 2cox

> . In the same way ] Py is sub-exponential with parame-

2
cox ’ 2cox

and independent from xg, we have (2.4.10)) is sub-exponential with parameters

ters. (ZURLC) PITICI) Lot 72 = max{[| W, [W]}. Sinee {u )15 are iid.

0T+Uﬁ#MWK)?#mKU.

cox? 2cox
O
Define
o _ 1 —~ (D iNT T
\ ':E; SCK +U)Y;

as the average of perturbed cost functions across m scenarios which is an empirical

approximation of (2.4.9). Similarly, define

T—1
D ( i i i i i
r2 [Z ((xt)Ttht + (Ut)TRtUt> + (xT)TQTxT
i=1 t=0

6t12%2<

U;') (2.4.13)

as the average of perturbed and single-trajectory-based cost functions across m scenar-
ios, which is the same as in Algorithm Note that in order to calculate ﬁt,
we require access to C(K + U?), which involves the calculation of expectations with
respect to unknown initial states and state noises. This may be restrictive in some
settings. On the other hand, the calculation of @t only involves single-trajectory-based

cost functions.

Lemma 2.4.11. Assume Assumptions|2.2.1 and |2.4.5 hold, and ox > 0. Given any
€, there are fized polynomials hyegius € H(1/€, C(K)) and hsagmpie € H(1/€, C(K)) such
that when v < 1/hpqdivs, With m > hggmpie samples of Ut,--- U™ ~ S, for each
t=0,---,T—1,

o -vew], <o

holds with high probability (at least 1 — (%)7]3). In addition, there is a polynomial
hsample,Q € H(l/E,C(K)) such that when r < 1/h7‘adius; with m > hsample + hsample,2
samples of U}, ....U™ ~'S, for eacht =0,---,T —1,

o -vew], <&
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holds with high probability (at least 1 — 2 (%)_D). Here, for each i = 1,2,--- ,m,
{2} and {ul}= are the dynamics and controls for a single path sampled using
policy K + U".

Proof. Note that
Vi — V.C(K) = (V,C](K) - V,C(K)) + (V, — V,C] (K)),

where C} is defined in (2.4.8).

For the first term, choose h,q4ius = max{1/ro, 4hgraa/€} (1o is chosen later), where
hgraa € H(C(K)) is defined in Lemma m By Lemma when 7 < 1/hqgius <
€/4hgpqq, for Vi, :=(0,--- ,V;,---,0) where V; ~ B,, we have

€

€
||VtC(K —|—Vt> - VtC(K)“F S hgradHVtHF S hgradm - Z (2414)
gra

Since V:C} (K) = Ey,p,[V:C(K + V)], we have
€
IViC(K + V) = V.Ci(K)|[p < 1
by (2.4.14) and the continuity of V,C. Therefore

|V.Cf (K)—V.O(K)||p<||V:.C(K+V )= V,C(K) | r+||V.C(K+V,) —VtO[(K)HFsg

(2.4.15)

holds by triangle inequality. We choose ry such that for any U, ~ S,, we have that

C(K +U;) <2C(K). By Lemma [2.4.7, we can pick 1/ry = heost/C(K), then |C(K +
U;) — C(K)| <70 heost < C(K).

For the second term, by Lemma m, E[V,] = V,C7(K), and each individual sam-

ple is bounded by 2DC(K)/r, so by the Operator-Bernstein inequality [36, Theorem

12] with
S S (D (M) 1og(D/e)> ,

re

we have

- € D\ 7"
—Vv,C" <Sl>1- (=
P [Hvt v,C (K)HF < 2] >1 (6) . (2.4.16)
Note that hsgmpe € H(1/e, C(K)) since 1/r > hyqgius € H(1/e, C(K)). Adding these

two terms together and applying the triangle inequality gives the result.
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For the second part, note that

A~ ~

Emo’w[vt] — Vt. (2417)
By Lemma [2.4.10]
T-1
[Z ((xi)Tthi + (Ui)TRtui) + (x’ZT)TQTIZT]
t=

is sub-exponential with parameters (v, ). Therefore,

T-1

t=0

U;)

is sub-exponential with parameters (7%, @) := (7%1/2, a). Then by Operator-Berinstein

inequality [36, Theorem 12],

|

when t < %2 That is, there exists a polynomial hggmpie2 € H(1/€, C(K)) where

1 « t2
—> Z—E[Z]| <t|>1-2Dexp (—m72>,
m < - 2v

11 — 1 7\?
P i= (D 000 [WolL [, (). ) =6 (D (2) 1os(Dre)).

such that when m > hggmpie 2,

< 6] >1- (2) - (2.4.18)

pllo.-%, < 5)=1- (-

Combining (2.4.18)) with (2.4.15)) and (2.4.16)), we arrive at the desired result. m

2.4.3 Proof of Theorem 2.4.4]

With the results in Section [2.4.1) and Section [2.4.2] now we are ready to prove the main

theorem.
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Proof of Theorem[2.4.4] By Lemma [2.3.15[ and by choosing 7 € H(O( such that

1
K0)+1 )
the step size condition (2.3.23)) is satisfied,

2

C(K') — C(K") < (1-290p &) (ctK) - c(&™),

Recall the definition of @t in (2.4.13) and let K| = K; — n@t be the iterate that uses
the approximate gradient. We will show later that given enough samples, the gradient

can be estimated with enough accuracy that makes sure

2

C(K") — C(K")| < nog . (2.4.19)
1Sk

That means as long as C'(K) — C(K*) > €, we have

o 2

C(K") — C(K") < (1-nog ﬁ) (ck) - c(K).

Then the same proof as that of Theorem gives the convergence guarantee.

Now let us prove (2.4.19). First note that C(K”) — C(K') is bounded. By Lemma
247 if |K] — K{|| <nog %f/(]’-hcost), where he.sr € H(C(K)) is the polynomial
in Lemma [2.4.7 then holds. To get this bound, recall K] = K; — nV;C(K)
in (2.3.22)) and writing V; = V,C(K) for ease of exposition, observe that K| — K| =

n(V; — @t), therefore it suffices to make sure

~ g 20'
VvV, -V S #6.
|| ! t” T“EK* hcost

By Lemma/2.4.11] it is enough to pick Aragius = Pradius (3T |k
C(K)) € H(1/e,C(K)), and

hcost(C(K))/(Q QXQ OR 6)7

3hcost(C(K)>HZK* || C

20x*0Re

3heost (C(K)) || Xk
20x*0Re€

Roampte = hsampie (K)) + hampie C(K)).

This gives the desired upper bound on ||V, — ﬁtH with high probability (at least
1 —2(e/D)P).

Since the number of steps is a polynomial, we have TN = o(e?). By the union
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bound with probability at least

(1 _9 (%>D>TN >1—2TN (%)D > 1~ exp(—D),

~ o QQ B
we have ||V, — V|| < me, Vt=0,1,---,7 — 1. Therefore,

C(K") — C(K*) < (1 —nog H;%) <C(K) - C(K*)). (2.4.20)

This implies C(K") < C(K). To guarantee that holds at each iteration n =
1,2,-++, N, it suffices to pick hyagiws € H(1/e, C(K®)) and hggmpe € H(1/e, C(K?)).
The rest of the proof is the same as that of Theorem [2.3.3] Note again that in the
smoothing, because the function value is monotonically decreasing, and by the choice of
radius, all the function values encountered are bounded by 2C(K"), so the polynomials

are indeed bounded throughout the algorithm. O]

2.4.4 Discussion

Remark 2.4.12 (Comparison with [29]). The proofs of our main results, Theorems
2.3.3 and [2.4.4] are different to those from [29]. Firstly, to prove the gradient domi-

nant condition, [29] only required conditions on the distribution of the initial position.

However, we need conditions to guarantee the non-degeneracy of the E[r,z, ] matrix
at any time. Secondly, the extra randomness from the sub-Gaussian noise needs to
be taken care of in the perturbation analysis of Y. Finally, we need more advanced
concentration inequalities to provide the number of samples and number of simulation
trajectories that leads to the theoretical guarantee in the case with unknown parame-

ters.
Remark 2.4.13 (Non-stationary Dynamics). Note that our framework can be gener-
alized to non-stationary dynamics, that is, for t =0,1,--- , T — 1,

Tir1 = Atl't —+ Btut -+ Wy, Ty ~~ D. (2421)

with {A,}/—' and {B;}.;' time-dependent state parameters.

Remark 2.4.14 (Other Policy Gradient Methods). Our convergence and sample com-
plexity analysis could be applied to other policy gradient methods, including the Nat-
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ural policy gradient method and the Gauss-Newton method, in the framework of the

LQR with stochastic dynamics and finite horizons.

2.5 Numerical Experiments

The performance of the PPG algorithm (2.4.4)) is demonstrated for the optimal liquida-
tion problem with single asset and the empirical analysis of the policy gradient method
(2.4.1) in higher dimensions is also provided with synthetic data. We will specifically

focus on the following questions.

e In practice, how fast do the policy gradient algorithm and the PPG algorithm

with known and unknown parameters converge to the true solution?
e How does the deadline (the finite horizon) influence the optimal policy?

e When the real-word system does not exactly follow the LQR framework, does

the policy-gradient method outperform mis-specified LQR models?

This section is organized as follows. We demonstrate the performance of the PPG al-
gorithms for the optimal liquidation problem with a single asset in the LQR framework
in Section [2.5.1] We then show that without the LQR model specification, the learned
policy from the policy gradient algorithm improves the Almgren-Chriss solution in Sec-
tion [2.5.2] Finally, we test the performance of the algorithm with unknown parameters
in high dimensions in Section [2.5.3

Note the policy gradient method outperforms the Q-learning algorithm, a popular
model-free method, in terms of both sample complexity and accuracy in our setting.

An illustration in a one-dimensional example can be found in the Appendix [A.2]

2.5.1 Optimal Liquidation within the LQR Framework

Recall the set up of the optimal liquidation problem in (2.2.1). By convention, we
write the control in the feedback form as u; = — Kz, Writing K; = (k}, k?), we have

u; = —k}S; — kZqq, the state equation becomes

L+ky vk
Tiy1 = Ty + Wy
k} 1+ k}
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In the liquidation problem, we assume u; > 0 (0 < ¢t < T —1). That is, k} < 0 and
E2<0(0<t<T—1).

Assumption 2.5.1 (Assumptions for the Optimal Liquidation Problems). We assume
(1) vkt + k2> -1 (0<t<T —1);

(2) B>73.

Justification of the Assumption. Assumption[2.5.1}(1) is essential to ensure that
the liquidation problem is well defined. First, vk} > —1 makes sure that the stock

price process {S;}1_, is well-behaved:
E[Sit1] = E[Si] = vE[ue] = (1 + vk)E[S] + k7 q:.

If vk} < —1, then E[S;41] < 0 since k? < 0. Second, k? > —1 guarantees that inventory
will not be negative. Note that

Qi1 =@ — (=K} St — kjqr) = (1 + k7 )qe + k' St

If k2 < —1 and ¢ > 0, then ¢,y < 0. Assumption M(Q) implies that the temporary
market impact is “bigger” than one half of the permanent market impact, which is

consistent with the empirical evidence [§] and assumptions in [7].

Learning to Liquidate. In practice, traders may not know the market impact pa-
rameter v. But one can always take some 74 > v based on some basic understandings

of the market and perform a PPG algorithm to the closed convex set S:

S = {K:(KOa 7KT71) : Kt:(ktl,k?), ")/ktl‘i‘kgz—l—'—c,
ki <0, kf <0, Vt=0,---,T—1}, (25.1)

with some small parameter { > 0.
In practice v is usually on the order of 107> ~ 107¢ (See Table in Appendix
based on the method in [24]) and hence a universal upper bound 7 in (2.5.1)) is not

a strong assumption for a given portfolio of stocks to liquidate.

Proposition 2.5.2. Assume K € S and Assumptions|2.2.1}, |2.4.5 and [2.5.1) hold, we
have ox > 0 and {PK}tT o derived from (2.3.9) are positive definite for the optimal

liquidation problem (2.2.7)) and -
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The proof of Proposition[2.5.2]is deferred to Appendix[A.3.5 It is easy to check that
the projection set § defined in is convex and closed. Along with Proposition
, the convergence result in Theorem holds for the liquidation problem
and as long as the conditions in Proposition are satisfied.

We test the performance of the PPG algorithm with projection set & on Apple
(AAPL) and Facebook (FB) stocks. For the PPG algorithm with known parame-
ters, the controller directly calculates the policy gradient using the expression given
in Lemma and update the policy using (2.3.8). For the PPG algorithm with
unknown parameters, the controller estimates the policy gradient using Algorithm [I]
where the market simulator gives the cost signal to the controller after each implemen-
tation of policy. The market simulator of the associated LQR framework is constructed
with NASDAQ ITCH data and the details can be found in Appendix The con-
troller then updates the policy using the rule .

Performance Measure. We use the following normalized error to quantify the per-

formance of a given policy K,

C(K) — C(K*)
C(K"

Normalized error =

where K* is the analytical solution calculated from (2.2.5)) with P solved directly from
the Riccati equation (2.2.3)).

Set-up. (1) Parameters: ¢ =5 x 107% (for both AAPL and FB), e = 1078, T' = 10;
smoothing parameter r = 0.6, number of trajectories m = 200; initial policy K° €
R™2T with {K"};; = —0.2 for all i, j, for both algorithms with known and unknown
parameters; step sizes are indicated in the figures; v = 5 x 107°, ¢ = 107'2 for
the projection set. (2) Initialization: Assume the initial inventory go follows N (500, 1).
The small variance of the initial inventory distribution is used to guarantee the Elxgz, |
is positive definite. In practice, the algorithm converges with deterministic initial

inventories.

46



10°4 — n=01 1004

—
o
L
-
2

,_.
15}
N

-
o
1

~

Normalized error
Normalized error

._.
15}
&

(I) 2|0 4IO 6|0 8I0 l(I)O 6 2'0 4IO 6'0 BIO 160
Number of iterations Number of iterations

(a) PPG with known parameters. (b) PPG with unknown parameters.

Figure 2.1: Performance of the PPG algorithms (50 simulation scenarios).

Convergence. Both PPG algorithms with known parameters and unknown param-
eters show a reasonable level of accuracy within 50 iterations (that is the normalized
error is less than 1072). The PPG algorithm with known parameters has almost no
fluctuations across the 50 scenarios. By choosing m = 200, the performance of the
PPG algorithm with unknown parameters is stable with relatively small fluctuations

(see the blue area in Figure [2.1b)) across the 50 scenarios.

Impact of the Deadline. The optimal policy is sensitive to the deadline in that the
shapes of the optimal inventory trajectories are different with different deadlines. See
Figure [2.2] for both AAPL and FB with 7" = 30,60 and 120 minutes. The liquidation
speed is almost linear when T is small; and it is faster in the initial trading phase and

slower at the end when T’ is relatively large.

Impact of the Parameter ¢. Recall that in the parameter ¢ is used to
balance the expected terminal wealth E[C] and the variance of the terminal wealth
var[C]. To show the impact of ¢, we set ¢ to be 1074, 1075, 1075, and 10~7 and show
the corresponding inventory trajectories in Figure 2.3l The optimal liquidation speed
is almost linear when ¢ is small, while it is faster in the initial trading phase and slower

at the end when ¢ is relatively large.
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Figure 2.2: Optimal inventory trajectory under different deadlines (200 simulation
scenarios).
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Figure 2.3: Inventory trajectories of AAPL under different ¢ (average across 200 sim-
ulation scenarios).
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Figure 2.4: Original Almgren-Chriss framework versus LQR formulation under differ-
ent € (AAPL).
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Impact of the Parameter e¢. Recall that our liquidation formulation dif-
fers from the Almgren-Chriss formulation by an additional regularization term
Zfzo €S?. The role of this term is to enable the problem to be cast in the LQR frame-
work and to guarantee the well-definedness of the Ricatti equation. From Figure 2.4al,
the optimal policies and inventory trajectories are close to the Almgren-Chriss solu-

tion when € < 0.01. However, when ¢ = 0.05, the optimal policy is far away from

the Almgren-Chriss solution. We show the difference between Cac, defined in (2.2.8)),
and Crqr(€), defined in , in Figure We see that Crqr(e) is close to Cac
when € < 0.02 and is markedly different from Ca¢ when € > 0.02. It is worth noticing
that when € = 0, the algorithm does converge to the Almgren-Chriss solution in our
setting although the convergence of the algorithm in this case is not guaranteed by our

theoretical results.

2.5.2 Learning to Liquidate without Model Specification

In practice, the dynamics of the trading system may not be exactly those assumed in
the LQR framework but we might expect that the policy gradient method could still
perform well when the system is “nearly” LQ as the execution of the policy gradient
method does not rely on the model specification. In this section, we consider liquidation
problems in the Limit Order Book (LOB) setting. A LOB is a list of orders that a
trading venue, for example the NASDAQ exchange, uses to record the interest of buyers
and sellers in a particular financial instrument. There are two types of orders the buyers
(sellers) can submit: a limit buy (sell) order with a preferred price for a given volume
or a market buy (sell) order with a given volume which will be immediately executed
with the best available limit sell (buy) orders. Here we perform the policy gradient
method with unknown parameters to learn the optimal strategies to liquidate using
market orders in the LOB.

We denote by S; the mid-price of the asset at time ¢, that is the average of the
best-bid price and best-ask price. At each time ¢, the decision is to liquidate an
amount u; of the asset. The action u; will have an impact on the market, with possibly
both temporary and permanent impacts. Unlike the LQR framework or the classical
Almgren-Chriss model, where dynamics are assumed to follow some stochastic model,
here we run the policy gradient method directly on the LOB without any assumption
on how the mid-price S; moves and what are the forms of the market impacts. Denote
by ¢ = q—1 — u;—1 the inventory at time ¢. We restrict the admissible controls to be
of the linear feedback form u; = —K;(S;, q;)" with some K; € R*2,
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The cost ¢; = ¢/(q; — ug)* — r4(ug) at time ¢ consists of two parts. The first part
#'(q: — ug)? is the holding cost of the inventory weighted by a parameter ¢’. The
quantity r;(u,;) is the amount we receive by liquidating u, shares at time ¢. Note that
r¢(-) may depend on S; and other market observables. For example, if we liquidate
u; = 1000 shares of the asset with the market conditions given in Table [2.1] then the

amount received would be
ri(ug) = 397 x 200.1 + 412 x 200.0 + (1000 — 397 — 412) x 199.9 = 200020.6.
This transaction moves the best bid price two levels down. This is commonly referred

to as the temporary impact of a market order.

Bid level One Two Three Four Five

Bid price (USD) 200.1 200.0 199.9 199.8 199.7
Volume available 397 412 502 442 529

Table 2.1: One snapshot of the LOB.

Performance Metric: Implementation Shortfall [68].

1

IS(u) = (i c(ug) + er (qo - iut>> — co(qo)- (2.5.2)

t=0

The first term of is the cost of implementing policy u over the horizon [0, T]. The
second term is the cost when liquidating gy market orders at time 0. If we expect u is
better than liquidating everything at time 0, then IS(u) < 0. A smaller implementation
shortfall implies the strategy is more profitable.

We use the following relative performance (evaluated on a single trajectory) to

compare the performance of two policies u! and w2,

IS(u?) — IS(u')
IS (u?)]

Relative performance =

Experiment Set-up. We consider the LOB data consisting of the best 5 levels and
we assume the trading frequency A = 1 minute and the trading horizon T" = 10
minutes. We perform a numerical analysis for five different stocks, Apple (AAPL),
Facebook (FB), International Business Machines Corporation (IBM), American Air-
lines (AAL) and JP Morgan (JPM), during the period from 01/01,/2019 to 12/31/2019.
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The data is divided into two sets, a training set with data between 10:00AM-12:00AM
01/01/2019-08/31/2019 and a test set with data between 10:00AM-12:00AM 09/01,/2019-

12/31/2019.
We take ¢/ = 5x107%; T' = 10; smoothing parameter » = 0.4; number of trajectories
m = 200; initial policy K° € R with (K°);; = —0.2 for all i,j; and step size

n = 107%. We assume the initial inventory follows ¢y = 2000. We compare the
performance of the policy gradient method with the Almgren-Chriss solution with
fitted parameters given in Table in the Appendix. In the Almgren-Chriss model,

we set ¢ = 02¢’ to ensure a reasonable comparison.

Results. From Table and Figure 2.5 the policy gradient method improves on
the Almgren-Chriss solution by around 20% on five different stocks from different
financial sectors. Note that the goal of the policy gradient method is to learn the
global minimizer of the expected cost function, hence it is expected that the Almgren-
Chriss solution could perform better than the policy gradient method for some sample
trajectories, as shown in Figure [2.5] This result is compatible with the performance
of the Q-learning algorithms [42]. The drawback of Q-learning algorithms is that the
computational complexity is highly dependent on the size of the set of (discrete) states
and actions, where as the policy gradient method can handle continuous states and
actions.

We conjecture that the policy gradient method may be capable of learning the
global “optimal” solution for a larger class of models that are “similar” to the LQR
framework with stochastic dynamics and finite time horizon. In addition, as the policy
gradient method is a model-free algorithm, it is more robust with respect to model

mis-specification as compared to the Almgren-Chriss framework.
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Empirical distribution of the relative performance on the test set.

Asset IBM AAL JPM FB AAPL
In sample 0.173 0.152 0.251 0.181 0.165
(std) (0.09) (0.27) (0.31) (0.32) (0.31)
Out of sample 0.178 0.146 0.245 0.175  0.163
(std) (0.08) (0.29) (0.36) (0.24) (0.37)

Table 2.2: Average relative performance of the policy gradient (u!) compared to
Almgren-Chriss solution (u?).

2.5.3 Learning LQR in Higher Dimensions

In practice we can perform the policy gradient method for the optimal liquidation

problem with multiple assets. However it is difficult to capture the cross impact and

permanent impact with historical LOB data. Therefore we test the performance of the

policy gradient method in higher dimensions on synthetic data consisting of a four-

dimensional state variable and a two-dimensional control variable. The parameters are

randomly picked such that the conditions for our LQR framework are satisfied.
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Set-up. (1) Parameters:
0.5 005 01 0.2 —-0.06 —0.01
Ao 0 0.2 03 0.1 B= —0.005 —0.01 R = 04 —-0.25
0.06 0.1 02 04 -1 —0.01 -0.25 0.7
0.05 0.2 0.15 0.1 -0.01 -0.9
1 0.2 —0.005 0.015 01 0 0 O
Qs = 0.2 1.1 0.15 0 W= 0 05 0 O ’
—0.05 0.15 0.9 —0.08 0 0 02 O
0.015 O —0.08 0.88 0O 0 0 03

Qr = @y, T = 10; smoothing parameter r 1, number of trajectories m 200;
initial policy K° € R*** with {K°},; = 0.05 for all 4, j, for both known and unknown

parameters;

2 .3 AT i e 1
G, o, vo)  and zf are independent. z}, x

and zj are sampled from N(5,0.1), N'(2,0.3), N (8,1), N'(5,0.5).

2 .3

(2) Initialization: We assume zq = (2§, © 3,z

Convergence. For the high-dimensional case, the normalized error falls below the
threshold 1072 within 80 iterations for the policy gradient algorithm with known pa-
rameters. It takes substantially more iterations for the policy gradient algorithm with

unknown parameters to have an error near such a threshold, which is as expected.

10° 10°

-1
10 10-14

Normalized error
Normalized error

10—2 4
1072

40 60 80 100

Number of iterations

20

(a) Known parameters
(n = 0.0005).

40 60 80 100

Number of iterations

20

(b) Unknown parameters
(n = 0.0001).

Figure 2.6: Performance of the policy gradient algorithms (50 simulation scenarios)
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1014

1004

Normalized error

10724

(I) 2‘0 4‘0 6‘0 8‘0 160
Number of iterations

Figure 2.7: Performance of the policy gradient algorithm with unknown parameters
under different step size n (50 simulation scenarios).

Outcomes from Varying the Parameter 7. The performance of the policy gradi-
ent algorithm also depends on the values of the step size n. We show how the values of
the step size n € [107°,2 x 1073] affect the convergence of the policy gradient algorithm
with unknown parameters in Figure A tiny step size leads to slow convergence
(see the blue line when n = 107°) and a larger step size may cause divergence (see the

purple line when n = 2 x 1073).
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Chapter 3

Policy Gradient Methods for the

Linear Quadratic Game

3.1 Introduction

In Chapter [2] we have discussed policy gradient methods for single-agent LQR problem.
In multi-agent (N > 2) decision-making problems, policy gradient methods and their
variants have also achieved substantial empirical successes (see for example |77, 145]).
However, there have been few results from a theoretical perspective showing why such a
class of reinforcement learning algorithms performs well in multi-agent decision making
problems. As a starting point, in this chapter we investigate LQGs which can be seen
as a generalization of the LQR from a single agent to multiple agents. In an LQG, all
agents jointly control a linear state process, which may be in high dimensions, where
the control (or action) from each individual agent has a linear impact on the state
process. Each agent optimizes a quadratic cost function which depends on the state
process, the control from this agent and/or the controls from the opponents.

LQGs admit global Nash equilibria in the space of linear feedback policies and
these equilibria can be found by solving a coupled set of Ricatti equations when sys-
tem parameters are given. As such LQGs are a natural benchmark problem on which
to test policy gradient algorithms in multi-agent settings when system parameters are
unknown. Furthermore, policy gradient methods open up the possibility to develop
new scalable approaches to finding or learning solutions to control problems even with
constraints. Finally, the empirical results present in [57] imply that, even in this rel-

atively straightforward LQ case (with linear dynamics, linear feedback policies, and
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quadratic costs), policy gradient MARL would be unable to find the local Nash equi-
librium in a non-negligible subset of problems. This further demonstrates the necessity
of understanding under what circumstances policy gradient methods work for LQGs.

For LQGs with policy gradient algorithms, most of the existing literature has fo-
cused on zero-sum games with two players |20, 03, [94]. In the setting of deterministic
dynamics and infinite time horizon, [93] proposed an alternating policy update scheme
with a projection step and showed sublinear convergence for the algorithm. For a
similar setting, [20] proposed a leader-follower type of policy gradient algorithm which
is projection-free and enjoys a global sublinear convergence rate and asymptotically
linear convergence rate. For the case of stochastic dynamics and finite time horizon,
[94] provided the first sample complexity result for the global convergence of the policy
gradient method with an alternating policy update scheme.

However, little theory has been developed for the more general class of LQGs with
N players and general-sum cost functions. It has been documented that the policy
gradient method may fail to converge in such a setting with deterministic dynamics
due to the lack of theoretical guidance on how to properly choose the step size and
the exploration scheme [57]. For a special class of N-player LQGs with homogeneous
agents where agents interact with each other through a mean-field type of “deep state”
which is the aggregated state position of all agents, [73] showed that the policy gradient
method converges to the global Nash equilibrium. Up to now, as far as we are aware,
providing theoretical guarantees for the convergence of the policy gradient method
remains an open problem for general-sum LQGs with more than two players [5§].

In this chapter, we explore the natural policy gradient method, which can be viewed
as a normalized version of the vanilla policy gradient descent method, for a class of
N-player general-sum LQGs. Our main result is Theorem in which we provide
a global linear convergence guarantee for this approach in the setting of a finite time
horizon and stochastic dynamics provided there is a certain level of noise in the sys-
tem. The noise can either come from the underlying dynamics or carefully designed
explorations from the agents. Intuitively speaking, the noise can help the agents es-
cape from traps such as those observed in [57] when the dynamics are deterministic. In
addition, the noise can help agents find the correct descent direction for convergence
to the desired Nash equilibrium point. To the best of our knowledge, this is the first
result of its kind in the MARL literature showing a provable convergence result for
N-player general-sum LQGs. From a technical perspective, the main difficulty is to
quantify the perturbation of the individual’s gradient term (see equation (3.3.49))) and
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to control the descent of the individual’s cost function (see equation (3.3.51))) in the
presence of competition from the other NV — 1 agents.

We illustrate the performance of our algorithm with two examples. We first perform
the natural policy gradient algorithm under the experimental set-up in [57] over a time
finite horizon. The algorithm converges to the Nash equilibrium for appropriate initial
policies and step sizes. The second example is a toy LQG example with synthetic data.
The empirical results suggest that, in practice, the natural policy gradient algorithm
can find the Nash equilibrium even if the level of system noise is lower than that

required for our theoretical analysis.

3.1.1 Comparison to the Literature on General-sum LQGs.

With deterministic dynamics and infinite horizon, [57] provided some empirical exam-
ples where the policy gradient method fails to converge to the set of Nash equilibria
(which may not be unique). These empirical examples motivate an examination of the
possibility of applying policy gradient methods in the multi-agent environment. Here
we explain the difference between our framework and the set-up in [57]. In addition,
we offer some explanations for why the policy gradient method works in our framework

whereas it fails to converge in [57].

e Well-definedness of LQGs: The existence and uniqueness of a Nash equilib-
rium is a prerequisite for the convergence of learning algorithms. In the setting of
stochastic dynamics and finite horizon, the general-sum LQG has a unique Nash
equilibrium solution under mild conditions [I3]. For the setting with an infinite
horizon, the existence of Nash equilibria can be proved under some stabilizabil-
ity and detectability properties. However obtaining explicit and verifiable model
conditions for stabilizability and detectability seems to be a quite challenging
task let alone finding conditions for the uniqueness of the equilibrium [I3]. It is
not clear if there exists a unique Nash equilibrium for the setting considered in
[57].

e Self-exploration property of time-dependent policies: For single-agent
LQR problems, [14] highlighted that the time-dependent optimal feedback policy
enjoys a self-exploration property in the finite time horizon setting. Namely,
the time-dependent optimal feedback matrices ensure that the optimal state and
control processes span the entire parameter space, which enables the design of

efficient exploration-free learning algorithms. By contrast the optimal feedback
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policy is time-invariant in the infinite time horizon setting and learning algorithms
tend to have difficulty converging without efficient exploration schemes [56]. We

believe a similar analogy holds for the game setting as well.

e System noise: In our setting we need Assumption [3.3.3 which implies that a
certain level of system noise is essential for the convergence of the policy gradient
method. We show in Section [3.5|that the circulating and divergence phenomenon
described in [57] can be avoided with the addition of system noise. The noise
can either come from the original system when the dynamics are stochastic (as
suggested in Assumption or agents can apply Gaussian exploration (as
suggested in [50] for single-agent LQR problems with infinite time horizon).

In addition, [73] showed the global convergence of the policy gradient method for a
mean-field type of LQG in the setting of infinite horizon and stochastic dynamics. In
particular, agents are assumed to be homogeneous and are only able to interact through
an aggregated state and action pair. With this special formulation, the uniqueness of
the Nash equilibrium could be established (see [73, Theorem 1]) and the proof of con-
vergence could be reduced to the single agent case (see [73, Theorem 2|). In this
chapter, we focus on a more general LQG with no homogeneity assumption nor any

restriction on the interactions.

The rest of the chapter is organized as follows. We introduce the mathematical
framework and problem set-up in Section [3.2] The convergence analysis of the natural
policy gradient method for the case of known model parameters is provided in Section
.31 When parameters are unknown, the sample-based natural policy gradient method
is discussed in Section [3.4] Finally, the algorithm is applied to two numerical examples
in Section [3.51

3.2 Problem Set-up

We consider the following N-player general-sum linear quadratic game (LQG) over a

finite time horizon T'. The state process evolves as

Tys1 = Atxt—i—ZBZut—i—wt, =0,1,---,T—1, (3.2.1)

o8



where z; € R? is the state of the system with the initial state zy, drawn from a Gaus-
sian distribution, u! € R¥ is the control of player i at time ¢ which is assumed to be
Markovian and {w;}/_;' are zero-mean i.i.d. Gaussian random variables which are in-
dependent of y. The system parameters A, € R4 Bi € R™% fort=0,1,--- ,T—1
are referred to as system (transition) matrices. The objective of playeri (i =1,---, N)

i1s to minimise their finite time horizon value function:

inf C'(u):= inf E

i T—1 i T—1
{ui}tizo {ui}iZo

}:ﬂmmd, (3.2.2)

t=0

where the cost function

¢ (e, up) = o Qe + (uy) " Rywg,  t=0,1,--- T =1, (3.2.3)
with ¢(zr) = 27.Qhrxr, where Q) € R and Rl € RF*ki (; =1,.-- | N) are matrices
that parameterize the quadratic costs. Here we denote by u := (u',u? ... ,u") a

strategy profile with u’ := (u,--- ,u% ;) ( = 1,..., N). Note that the expectation
in (3.2.2)) is taken with respect to both the initial state x5 and the noise {w;}* . We
also denote by z := (zg, -+ ,27), Q@ := (Q}, -+ ,Q%), and R’ := (R},--- ,R%_,), for
i=1,--- N.

Assumption 3.2.1 (Cost Parameter). Assume for i = 1,--- N, Qi € R™>?  for
t=0,1,---,T, and R € Rk*¥i fort =0,1,--- , T —1 are symmetric positive definite

matrices.

Assumption 3.2.2 (Initial State and Noise Process). Assume

1. Initial state: xq is Gaussian such that Elxoz] | is positive definite.

2. Noise: {w;}2)} are i.i.d. Gaussian and independent from xq such that Elw,] = 0,
and W = E[waw,'] is positive definite, Vt = 0,1,--- , T — 1.

In N-player general-sum LQGs, we adopt the most popular notion, known as the
Nash equilibrium, to define the optimal solution of the game. We give the formal

definition of a Nash equilibrium as follows.

Definition 3.2.3 (Nash equilibrium). A strategy profile u* = (u'* u*, ... u™*) with
u™ = {u}Y (i = 1,...,N) is a Nash equilibrium for the LQG given by (3.2.1))-
(3.2.3)) if for each player i and for any admissible strategy u® of the player i, it holds
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that
C’i(ui,u_i*) Z Ci(ui*,u_i*),

where u~™ denotes the Nash equilibrium strategies of all the N — 1 players except i.

Assumption 3.2.4 (Existence and Uniqueness of Solution). Assume there ezists a

unique solution { K>} fori=1,--- N to the following set of linear matriz equa-
tions:
K = (Bi+(B) PLBy) - (B) P (At - Bin) , (3:24)
=L

where { P*}L_, are obtained recursively backwards from

N T N
W:@+mﬁwm%«&—23mﬁzﬁ«&{Zwmﬁ,Cm@
j=1

J=1

with terminal condition P¥ = Q.

A similar assumption is adopted in [93] for a two-player zero-sum LQ game and in

[73] for a homogeneous N-player game with mean-field interaction.

Remark 3.2.5. A sufficient condition for the unique solvability of is the in-
vertibility of the block matrix &;,, ¢t = 0,1,---,T — 1, with the ii-th block given by
Ri+(B})" Pj*,Bi and the ij-th block given by (B)" P, B}, where i,j = 1,--- , N and
j # 4. See Remark 6.5 in [13].

Lemma 3.2.6 (Nash Equilibrium and Equilibrium Cost [13, Corollary 6.4]). Assume
Assumptions and[3.2.4 hold. Then fori=1,2,..., N,

1. The Nash equilibrium strategy for player i is given by
ut = —KFr, t=0,1,---T —1, (3.2.6)

where K* is defined in ([3.2.4).

2. The Nash equilibrium cost for player v s

E[zg Pé¥ro+ N = inf E

i T—1
{uz}t:()

Z (s, ué)] , (3.2.7)
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where {P*}L_, are defined in (3.2.5) and
Ny = Ntij-l + ]E[thPtiLwt] = NZ:—I + TT(WPZL); t=0,1,---,T—1 (3.2.8)

with terminal condition N¥ = 0.

To find the Nash equilibrium strategy in the linear feedback form ([3.2.6)), we only

need to focus on the following class of linear admissible policies in feedback form
uy = —Kjz,, t=0,1,---,T—1, i=1,---,N

which can be fully characterized by K* := (K, K{,--- , K% _|). We write K = (K, --- |

K") for a collection of policies and
K= (K™, ... KM
for the collection of optimal policies. We will use the notation
(Ki, K~7) = (KY,... [ KU-Dx gi gD o Ny

fori =1,---, N for player i’s policy, when all other players use their optimal policies.

3.3 The Natural Gradient Method with Known Pa-

rameters

In this section, we provide a global linear convergence guarantee for the natural policy
gradient method applied to the LQG (3.2.1) - (3.2.2). Throughout this section we
assume all the parameters in the LQG, {4,}/-', {BI}!, {Qi}E,, and {RI})! (i =
1,---,N), are known. The analysis with known parameters paves the way for learning
LQGs with unknown parameters which is discussed in Section [3.4]

For LQGs, any (admissible) feedback policy can be fully characterized by a set of

parameters K = (K, --- | K"). Therefore, we can correspondingly define player i’s
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cost induced by the joint policy K as

T-1
Z vl Qi + (Kim) " Ry(Kjmy)) + 27 Qpar |

t=

where {z;}, is the random path from the dynamics (3.2.1)) induced by K starting
with xg.
Similarly to Chapter , we define the matrix X and let Yx be the sum of XX:

T
SE =Bl ()], Sk=> 3f, (3.3.1)

where {2K}T is a state trajectory generated by followmg a set of policies K. We will
write z; = X when no confusion may occur. Define o to be the lower bound over

all the minimum singular values of ¥K:
o = mtin Omin (25,
We also define oy as
Ox = min{amin(E[xomg]), Tmin(W)}. (3.3.2)
Similarly, we define
O = min 0 (B, 0, = min 0,0, (Q).

and
op =min{og;}, oo =min{oq,}. (3.3.3)

We further define 74, 75, and vr as
A= _ner [Aell,  ve = max{ max ||B I}, r= max{ max ||R1H}
(3.3.4)

Under Assumption 3.2.1} we have op ; > op > 0 and 0 ; > 09 >0, fori=1,..., N.

For the well-definedness of the E[zX (2K)T] matrix, we have the following result.

Lemma 3.3.1. Assume Assumption holds. Then E[x,x]] is positive definite for
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t=0,1,---,T under any set of policies K = (K',--- | K"). Therefore, c¥ > a5 > 0.

Proof. Let {x;}1_, be the state trajectory induced by an arbitrary policy set K. By
Assumption the matrix E[zox]] is positive definite. For ¢ > 1, we have from

(3.2.1) and taking expectations

N T

E[z2]] = (At 1— ZB K 1) Elz,_iz, ] <At_1 —ZBZ_lKZ_l) +E[w,_w, ).
i=1

Now as (4,1 — SN Bi [ K! E[z, 2] J(Ay — SN, Bl | Ki )T is positive semi-

definite and by assumption E[w;_jw, ;] is positive definite, we have E[z;z/] is pos-

itive definite and as a result gy > 0. In this case, we can simply take oy =

: T
min{omin(E[zozg ), omin(W)}. ]
Q- 1 1 1
We denote the set of model parameters of the LQG as ©: —{ A d+1’ dy v
1 1 1 1 1 1 1 1 L We
T+ WD TSol[F17 7a+1 75117 ya+1’ ax 117 IX7 G110 IR 4,+1> 9Q- |\|K*||\+1

write H = {h|h are multivariate polynomials where the variables are in the set @}

and #(.) when there are other variables not only ©.

Natural Gradient Descent. We consider the following natural gradient descent

updating rule for each player i (¢ = 1,--- , N), in a sequence of games form = 1,..., M,

sz(m) _ KZ’(’”_” _ nVKtiCi(K(m‘l))(Ef{(Wl))_1, VO<t<T-1, (3.3.5)

where V. CH(K™V) = % is the gradient of C(K™~Y) with respect to K,
and 7 is the step size.

Natural policy gradient methods [47] — and related algorithms such as trust region
policy optimization [75] and the natural actor critic [69] — are some of the most popular
and effective variants of the vanilla policy gradient methods in single-agent reinforce-
ment learning. The natural policy gradient method performs better than the vanilla
policy gradient method in practice since it takes the information geometry (|11, @)
into consideration by normalizing the gradient term by (XX (m)) in . By doing
so, the natural gradient method represents the steepest descent direction based on the
underlying structure of the parameter space [47]. It is worth mentioning that [29] pro-

vided the first theoretical guarantee that the natural gradient method has an improved

constant in the convergence rate compared to the vanilla version.
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With access to the model parameters, players can directly calculate their own policy
gradient and perform the natural gradient descent steps iteratively. See Algorithm
for the details. Unlike the nested-loop updates in some zero-sum LQG settings
[92, 93] in which the inner-loop updates are sample inefficient, each player updates their
policies simultaneously at each iteration in Algorithm [2] This simultaneous updating

framework is a more realistic set-up for practical examples such as online auction

bidding.

Algorithm 2 Natural Policy Gradient Method with Known Parameters

1: Input: Number of iterations M, time horizon T, initial policies K© =
(KO ... KNO) step size n, model parameters {4}, {BIV 4 {QiYE,, and
{Ré ?:7)1 (Z =1, 7N)’

2: for me {1,...,M} do

33 forte{T—1,...,0} do

4: forie{1,...,N} do
5: Calculate the matrix Ptfg(m*l) fort=T-1,...,0 by
PE"Y = Qi+ (K ) TR

N T N
i 7.-0,(m— (m—1) i 7.-1,(m—
+(At—thKt< 1>) P (At—zetm( D)
i=1 =1

(3.3.6)

with PK"™ " = Q.
6: Calculate the matrix E} by

N
Ef™Y = Rk — (BT PKY <At -3 BZK,Z’(’"_”) . (3.3.7)

=1

7: Update the policies using the natural gradient descent rule:
K = KD oK, (3.3.8)
8: end for
9: end for
10: end for

11: Return the iterates K(M) = (KV3M) ... gKN(M)),

Remark 3.3.2. In Algorithm [2| during iteration m, each player first calculates the
solution to the backward Riccati equation in (3.3.6) based on the observations from

the previous iteration m — 1, and obtains the policy gradients in (3.3.7)). The natural
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gradient method is then applied in (3.3.8]) to update the policy for that iteration. Note
that (3.3.8) does not involve (XX)~! since, as we show later in Lemma [3.3.7, we have
2B = VKZOi(K)(E{{)_l.

We now introduce the main assumption and the main result for the natural policy

gradient method applied to the class of general-sum LQG. To start we define p* as

N
A=) BIK}

i=1

1+ 5} : (3.3.9)

p" = max{ max
0<t<T—1

for some small constant § > 0, and define ¢ := max;{C*(K*® K~*) — C*(K*)}. Now
set
T |

0:=p" "+ N .
pi=p +NvB QXQR+20T2

(3.3.10)

Assumption 3.3.3 (System Noise). The system parameters satisfy the following in-

equality
5 4 Bea8 e 4 72T 2
|2k || 00’ OR? 2—1
9Q" %R P

Note that oy appears on both sides of and when gy increases, the LHS
of increases while the RHS of decreases. Therefore, Assumptionm
requires oy to be large enough such that inequality holds. This can be inter-
preted as ensuring that the system needs a certain level of noise for the learning agents
to find the correct direction towards the Nash equilibrium. Assumption also
imposes conditions on the initial policy K© as ¢ depends on the difference between
CH(K*0 K=*) and C*(K*).

Below we provide a set of parameters such that Assumption [3.3.3] is satisfied. In
Section [3.5 we will show that, at least in some circumstances, the natural gradient
method leads to the Nash equilibrium even when Assumption [3.3.3 is violated. This

further demonstrates the power of the natural policy gradient method in practice.

Remark 3.3.4. An example where Assumption [3.3.3|is satisfied is given below. Note
that to check that Assumption holds in this example, we need to calculate C*(K*)
with K* solved from the Riccati equations given in —, and also calculate
the parameters p, Xg~, and 1) accordingly.
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e Parameters:

02 0 .o , 0 02 0
Ay = , By = , Bf = . W= ’
0 0.2 0 —0.1 0 0.2
01 O
Qr=Qr=0Q; =Q; = ol RY(t) = R(t) = 0.3,

and T = 1.

e Initialization: Take zq = (z§,23) where z{, 22 are independent and sampled from
N(0.3,0.2) and N(0.4, 0.3) respectively. The initial policies are K = K*(©) =
(0.2,0.01).

Theorem 3.3.5 (Global Convergence of the Natural Policy Gradient Method). As-
sume Assumptions|3.2. 1, |3.2.2, |3.2.4 hold. We also assume Assumption|3.5.5 so that

4 LoV K 4 /52T 1\ ?
Xk ox'0Q’ g p*—1

Then there exists an 0 < ny € H(Zfil Ci(Kiﬂl<0),Kfi*)+1) such that for e > 0,0 < n < no,
the cost function of the natural gradient method (3.3.5) satisfies

EN: <Oi<Ki,(M)’K—i*) _ Ci(K*)> <e

=1

Zf\r:l(Ci(Ki’(O),K_i*)—Ci(K*)) )

€

whenever M > = log(
1

The convergence rate developed in Theorem [3.3.5|is usually referred to as a linear
SN (KR K i)l (K))

convergence rate [63] as we show that Ef\’;(ci(KMm),K—i*)—Ci(K*))

(0,1), which is the result of Lemma [3.3.17. This leads to the result, seen in point 2. of

the Theorem, that Zf\il (CHK>M) K=*) — C'(K*)) = O(e™™) and therefore this is

also called an exponential convergence rate in the literature [63].

< r for some r €

Compared to directly evaluating C?(K (™)) along the training process m = 1,2, - - -,
M, we observe that it is more natural to analyze the cost C*(K*»(™ K~%), with player
i taking policy K*™ and (as if) the other players were using optimal policies, as

conditional optimality is the essence of a Nash equilibrium. This view point is the key
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to establishing the global convergence result and this criterion is also used in all the
key lemmas as well as the proof of the main theorem.

Note that our result can be easily generalized to the setting with agent-dependent
learning rates as long as 7; < 1y holds for each agent’s step size n;.

The proof of Theorem [3.3.5] relies on the regularity of the LQG problem, some
properties of the gradient descent dynamics, and the perturbation analysis of the second

moment matrix of the controlled dynamics.

3.3.1 Regularity of the LQG and Properties of the Gradient
Descent Dynamics

We begin with the analysis of some properties of the N-player general-sum LQG (3.2.1))-
(3.2.3). Our aim is to establish two key results Lemma and Lemma which

provide the gradient dominance condition and a smoothness condition on the cost func-
tion C*(K) of player i with respect to the joint policy K from all players, respectively.

In the finite horizon setting, define Pff as the solution to
P = Qy+ (K) R + <At - B£K£> P (At - Bin) . (33.13)
j=1 j=1

with terminal condition
X )
P Ti — QIT-

Lemma 3.3.6. Assume Assumptions holds. Then fori=1,--- /N, t=0,...,T
the matrices Pg defined in (3.3.13) are positive definite.

We defer the proof of Lemma to Appendix
Player i’s cost under the set of policies K can be rewritten as

C'(K) =E [z Pgizo + N3 |

where
NS = N+ Te(WPE, ), Nf; =0. (3.3.14)
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To see this,

T-1
E [xJP(fixo + N({,{J = E |2y Qizo+zy (K2R Kizg + Z thPt{{H’iwt
=0
N . . N . .
+ g (Ao = Y BIKY) TP (A) = > BéKé)xo]
j=1 j=1

T-1
= E $0 Qol’o + (UO)TROUO + .%‘1 Pll’(,;xl + Zwt t-l—l Zwt]
t=1

r T-1
_ i i T pK T pK
= E |c(xo,uy) + 24 Puxl + E w, Pt+17iw,51

t=1

r -1
_ i i i i T pK T pK
= E | (o, up) + ¢ (z1,uy) + 24 P2,z'$2 + E wy Pt—l—l,iwt]
t=2

T
= E Zc xt,ut].
L=

In addition, for t =0,1,--- ,T—1andi=1,---, N, define
N . .
EX = RIK} — (B})"PK,, (At -y Bﬁfﬁ) . (3.3.15)
j=1
Then we have the following representation of the gradient terms.

Lemma 3.3.7. The policy gradients have the following representation: fort =0,1,--- ,T—
L,

N
ViiC(K) =2 (R;‘K;’ (B))"PK,, (At -y Bg'fq')) Sf =2EKSE,  (3.3.16)
j=1

where EtK; 1s defined in (3.3.15)).

Proof. Expressing the cost function in terms of K} and suppressing the arguments of

the cost ¢,

C'(K) =

t—1 T-1
K T pK
§ ‘ +Ct+33t+1pt+1zxt+l+ E wg Py iws
s=0 s=t+1

68



t—1 T-1
Yo+ al(Q+ (KD TR e+ Y w] P, w,
s=0

s=t+1

E

N T N
+ |z (At_ZBgKg) "’th R&ﬁl,i((At_ZBgKg>xt+wt>

J=1 J=1

Therefore, for ¢ = 1,..., N, the gradients are given by

N
Vi C'(K) =2 (RiKi —(B)) Py, (At - BiKt])) =

j=1
[l

For the policy gradient method [29, 40)] in the single-agent setting, gradient dom-
ination and smoothness of the objective function are two key conditions to guarantee
the global convergence of the gradient descent methods. This is also the case for the
N-player game setting. The gradient dominance condition for each player ¢ is proved
in Lemma , which indicates that for a policy K, the distance between C*(K) and
the optimal cost C*(K*) is bounded by the sum of the magnitudes of the gradients
V:C'(K) for t =0,1,--- ,T — 1. The smoothness condition for each player i is proved
in Lemma where the difference between C*(K”, K ') and C*(K) can be rewritten
as a function of K — K*. The proofs of Lemmas and can be found in

Appendix [B.1]

Lemma 3.3.8 (Gradient Dominance). Assume Assumptions|3.2.1], [3.2.2, and |3.2.4)
hold. Then, for player i, we have

||ZK*

Ci(Kz"K—i*) _ CZ(K*) < ZTT ((Et{(;’K_i ) Et}f: K—u)

IN

Tr <VKZ CH K K*) TV 1, O (K, K*@'*)) ,

and

1 (( Ki’Kfi*)—l—EKiVKfi*)

= IRi+ B)TRE By

M'ﬂ
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TZ: VKz Kz K_i*)TVKgCi(Ki,K_i*))
- IR + (B)T PEE B |

- 4”21{2 K- 7%

Lemma 3.3.9 (Almost Smoothness). For two sets of policies K and (K", K™"), we
have that

S
—

CHKY K ™) = C'(K) = S | T (I (7 — )T (R + (BY) TP B (K — K}))

t

Il
o

F2 T (S (K - K TER))|.

To utilize Lemmas [3.3.8 and [3.3.9]in the proof of Theorem [3.3.5], we need to further
bound Ptfg and Xk, which is provided below in Lemma [3.3.10l We defer the proof of

Lemma [3.3.10] to Appendix [B.1]

Lemma 3.3.10. Assume Assumptions|3.2.1] and|3.2.2 hold. Then fort =0,1,...,T
andt=1,...,N

Ci(K) C(K)

P < , 12kl <

3.3.2 Perturbation Analysis of the Second Moment Matrix

Our aim in this section is to provide an explicit control of the change in the E[z¥ (2K)T]

matrix after a change in policy K?. We begin by defining two linear operators on

symmetric matrices. For X € R¥9 we set

N N

. . . N T
Fr(X) = (At -y B{Kf)X(At -3 BgKg) , (3.3.17)
P =1
and
iy N N \T
=X+ 1m, (At -3 B Kg) XTI, (AH- - Bg_iKg_i) .
t=0 j=1 j=1
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Here similar to Chapter [2 II denotes the repeated multiplication from the left. If we
write (]tK = Fk, o Fk, , oo Fg,, then the following relationships hold:

N N
. . N
gtK(X) = Fk, © gtlil(X> = HE:O <At - Z BgKf) XHE:O (Atfi - ZBg—iKg—i) )
j=1 j=1
(3.3.18)
and
T-1
Te(X) =X + > GFX). (3.3.19)
t=0

When the policy K is clear we will write G, = QtK and F; = Fg,. We first show the
relationship between the operator Tx and the quantity Y.

Proposition 3.3.11. For T > 2, we have that
Sk = Tie () + Ax (W), (3.3.20)

where
T-1 t

Ak(W)=>">" D, WD/ +TW,

t=1 s=1
with Dy o = TT' _ (A, — Zjvzl BIKI) (for s =1,2,--- ,t), and Sy = E [zoz{ |.

We defer the proof of Proposition [3.3.11] to Appendix [B.2]
Given two policies K and K’ = (KV,--- | K™"), let us define

— BIK! — Z BIKJ*

Jj= 1#%

Y

, max |[A; —
0<t<T—1

}

N

i i

E By K,
i 0<t<T—1 —
1=

PK K’ ‘= max { max{ max

— BIK] - Z B! K}*

7 0<t<T-1

max { max

J=1j#i
N
i E: J 17d
m?X{OSI?saﬁ(A A= Bk ;éBth }’1+€}7
j=Li#i

(3.3.21)

for some small constant £ > 0.
For any given policy K, maxg<;<p_1 HAt — Zjvzl Bg Ktj measures the radius of the
(3.3.21]

state dynamics under policy K. Thus pk g+ defined in (3.3.21]) is the maximum radius

of the policies K, (K, K=™), (K", K~*), and (K", K~") (i = 1,2,---,N). We will
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show later that the value (or the upper bound) of pg g+ plays an essential role in the

convergence analysis.

Remark 3.3.12. By the definition of pg g/ in (3.3.21)), we have pg g > 1 +& > 1.
This regularization term 14¢ is introduced to simplify the presentation. Alternatively,
if we remove this term from the definition of px g+, a similar analysis can still be carried

out by considering the different cases: px k' < 1, px k» = 1 and pg g > 1.
We now provide an upper bound for px k.

Lemma 3.3.13. Assume Assumption[3.2.4] holds. Then,

pr i < pt+ NVB\/ max {C’i(Ki,K_i*) - Ci<K*)} + 7B max {HKZ/ - Kf”}

Ox0Op *
(3.3.22)
where p* was defined in (3.3.9)).
Proof. By Lemma [3.3.9] we have
T—1 -
= 0T (ST - KT (R (B) PR BY (K] - K7)) |
=0
— Ox O
i ix x < i ix [||2
> oxopd K —EK[|>> %H}K — K™, (3.3.23)
t=0
Applying this we have
A=Y BIKY|| < || A=) BT+ ) IBI KT - K7l
j=1 j=1 j=1
N N
< o=y mmr| ey -k
j=1 j=1
o T SCI(Ki. K-y — Ci(K*
< A= B/K}* +N73\/ max{CI(K7, K7) = CI(K™)}
— OxOR
j=1
(3.3.24)
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Also, by the triangle inequality we have

N N
A= Y BIK! - BiK!| < ||[A =Y BIK!|| + sl K — Kj||l.  (3.3.25)
J=Lj#i =1
and
N . . N . . .
A= ), BIKU = BIK!|| <||Ai— ) BIK]" = BiKj|| + ] K - K.
J=Llj#1 j=1,j%#i
(3.3.26)
Finally, applying (3.3.23)),
A= Y BIKP - BIK]|| < ||A =Y BIKT| 4 sl K - K|
=157 7=1
N . .
< ||[A =) B/K)
j=1
T o ) :
—l—’yB\/ (CZ(KZ,K—Z*) — CI(K*)).
OxOR
(3.3.27)
Therefore combining (3.3.24))-(33.3.27)), we obtain the statement (3.3.22)). O

Recall the definition of F; = Fg, and G; = GX in (3.3.17) and (3.3.18)) associated
with K, Similgrly lgt us define gi" = ]:KZ/’Kt—i o ]:Ki’,l,K[fl 00 Fr i for the set
of policies (K", K™') and write 7} = Fy x—i. Also recall that the operator norm is
defined in Section We now establish a perturbation analysis for F; and G;.

Lemma 3.3.14. For allt =0,1,--- ;T — 1, we have
IFe = FN < 2o xvel| G — K- (3.3.28)

We defer the proof of Lemma [3.3.14) to Appendix [B.2]

Lemma 3.3.15 (Perturbation Analysis for G;). For any symmetric matriz ¥ € R%¥*4
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andt=1,---, N, we have that

S
-

Ji0.- gty < 2= (ant Z1)Is).

t

Il
o

We defer the proof of Lemma [3.3.15 to Appendix [B.2]
Recall that v4, vp, and g are defined in (3.3.4)). Then we have the following

perturbation analysis of Y.

Lemma 3.3.16 (Perturbation Analysis of Xg). Assume Assumption holds. Then

[ — S +TIW] ) K- K

pr (P — 1) (cz‘(Ki,Ki*)
i — 1 o

Proof. Using Lemma [3.3.14]

T—-1 T—-1
17— F'l < 20xx78 Y K — K|
t=0 t=0

Define D}, = II},_ (A, — B,K} — ZJ 1z BLKG) (for s = 1,2,--- ). Then, in a
similar way to the proof of Lemma |3.3.15, we have, Vit =1,--- T — 1,

t oT t
i i P — L j
> D WD/, - DI W(DP)|| < p;”‘—_l (} IlF - J—";’H) IW|. (3.3.29)
s=0

s=1 KK’

By Proposition 3.3.11} (3.3.19) and (j3.3.29)), we have

T-1 t
~ Tienge-) (%) + S [ DT, — Ditw (D)

t=1 s=1

HZK — Sk k-

T—1

< PR LS ) (sl + T

= p2 _ 1 t t 0
K,K' t=0

pQT , - 1 Cm Kz'7K—i* . .
<t (Tay TV G I - ),
Pr k' —

(3.3.30)

< % by Lemma [3.3.10, O

The last inequality holds since || Xo|| < ||Xgi g—ix
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3.3.3 Convergence and Complexity Analysis

We are now in a position to provide the proof of our main Theorem [3.3.5] This will

follow from two important Lemmas. First, define

T o , A 1
=p"+ N (K, K—*) — C'(K* . .3.31
Further define g; and gy as follows:

g = 2R _ (3.3.32)

and

g2 :=20(N — 1)*T%d

(vB)* max;{C"(K*, K=" )}* (P%{T _11)2‘ (3.3.33)

2 2
9Q"0R P —

We also write O = CT(K',K~*), C* = CY(K") and C"* = C'(K",K~") to

simplify notation.

Lemma 3.3.17 (One-step contraction). Assume Assumptions|3.2.1,|3.2.4, and|3.2.4)
hold, and that

ax’ > = (3.3.34)
g1

Also assume the policy update step for player i at time t is given by

K = Ki = 0¥ g CH(E)(SF) (3:3.35)

where )
7 < min {11,12,—} (3.3.36)

9R
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with

I = {20T”K i (ch - THWH)WBm?X{m?X{HVK;Ci(K)H}}
1

+og(ax)® +4(vrax +(18)? ZC’ ) Z{Cl 3 } -oqlox)?

2
10T O N oo\ 24 (10T SN o
Zz 1 ,VR+(,YB)2Z@71 +_ szl
(10T = 1) gg Ox ox \ (10T"—1)gq

-1

2oy O ’ d (10T min{C*}\?
<7R+( 2 Ix ) '8OQX<(1OT_1)QQ)

max{k H

Let a:=cax g1 — ga/ ox* > 0. Then, we have
1. 7€ (0,2); and
2. the following inequality holds

Z(Ci(Ki',K—“)—C@'(K*)) < (1—an) (Z (C'(K',K~™) C’(K*))).
. - (333.37)

Remark 3.3.18. (1) In the one-step contraction analysis (Lemma [3.3.17)), (3.3.34)

imposes a condition on C'(K' K~*) which is associated with the current policy K.

In the analysis of the global convergence result (Theorem [3.3.5)), (3.3.11]) imposes a

similar condition on C(K*©® K~*) which is associated with the initial policy K©

Condition in Assumption and the step size condition in Theorem m
guarantee that, condition holds for any K = K throughout the training
process (m = 1,2,---, M). This further ensures that the one-step contraction analysis
in Lemma [3.3.17] can be applied iteratively which leads to the global convergence result
as stated in Theorem [3.3.5]

(2) Note that the numbers such as 20 and 80 that appear in I;, I, are not arbitrary
and, although some minor improvements can be made by optimizing at various stages,

they enable us to obtain reasonable bounds.

Proof. We break this proof up into a series of steps.
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Step 1: We first consider the consequences of the condition n < min{l, I,}. Straight-

forward calculations show that when condition n < I; is satisfied, the following in-

equalities hold:

1.Vi=1,--,N,

202X (3.3.38)

K/ — K!| = n||Vx:C" -t —_—
167 = Kl = 0l Vi CUOR | € e

2. Vi=1,---,N,

e =L (C ) 2 V(K
o(F7 (S mw) oo 2 31w
2T N i —i%
P — 1 = C" gl ;
K <Z ] +T!|W|\>2pK—BTmax{HvKgc (K)H}>
o0 ox

2 1
ZX (3.3.39)

VAN
o~
VR
)
X

IN

3.¥i=1,---,N,

9x
n<Il, < — 3.3.40
R (3:3:40)

In the case where n < Iy, we have Vi =1,--- | N

10T0i,7i* Ci,fi*
dnki————— 2

gy 4 (oTC N s (2C 2
ox \(10T' —1)0q ox

10Tci,—i* Ci,—z’*
< AL | ki——— 2

+2i 10Tci,—i* 2 N ( )ZCi,—i* 2
d (10T min;{C*}\” __d_ (10T max{C""} 2 (3:3.41)
2005 \ (10T —1)ag ) ~ 200x \ (10T —1)aq ' e

By (3.3.38) and Lemma |3.3.10| we have

. . 1
K?J _ K’L < —Q —X <
’}/B H t t H —_ 20TC’Z —ix — 20T2
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Therefore, we have pg k' < px by Lemma [3.3.13]

Step 2: We bound the norm of the second moment matrix of the state. By Lemma

B.3.14

T—1 T-1
3 i~ il <27 (S 51
t=0 t=0

and hence by Lemma we have

P — 1
S -re — Zrogen]| < 2 (Z [ H) (5ol + TIW1)

Pk —1 t=0

2T 1,— 1%
pg —1[(C" i i
< ] ( +T||W||> 20xvs ||| K7 — K7
P — 99
P%(T —1 [ n T-1 ‘
< +TIW ) 20k - 3 93, )|
p%—l(gq ox &N
Ox
< = 3.3.42
<= (3.3.42)

where the last inequality holds by (3:3.39) when 37, ' |ViiC'(K| > 0. Note that
when S0 |V CH(K)|| = 0, we have || Ygi g — Yk g-i|| = 0 < FX and hence
(3.3.42)) still holds in this case. Therefore, by Lemma [3.3.10, and noting oy <

[P—y
Ci,—i*
HEKW’K—” < ||ZK’L/,K—Z'* - EKi7K—i* + HEKZ’7K—1'* < gl—g +
99
||2K1/7K—i* Oi’fi*
< 0r g (3.3.43)
which leads to LOT (i

Step 3: We now bound HR{?—PK’K%

|

by Z;‘V:Lj;éi ||IK7 — K7*|| where K = (K*, K).

K Ki,K_i*
Pt,i - Pt,i

N N

.o\ T .
(4= BIKT) PE (4= BIKY)

j=1 j=1
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(=i 3 ptnt) R (- pini- 3 iKY

J=1,j# j=1,j7#1¢
N N
< |[(a =Y BIK?) (PEL - PEST) (4= BIKT)
e p
(A4~ Y BIKT) P (4,3 BIK))
Jj=1 j=1
—( _ BIKi — Z BJKJ*) pEK ( _ BIKI - Z BJKJ*)‘
Jj=1,5#1 j=1,j#1
N .
< ok || P = P 20w || P YD KT - R (3.3.45)

Jj=1,j#i

where the last inequality holds by letting X = PfHIf TY = A — Zj\]:l Bl K], and
Z = A —BiKi— Y, . Bk in (B22). Since prfi — PEE| = 0 holds at

terminal time 7', we obtain V¢t =0,--- ,T — 1,

Kt K~
pPE - p%

i,—ik 2AT—t) 1y T2L N , ,
< 2780 PK(Pg — 1) Z ( Z | K7 — KI* ) . (3.3.46)

ox Pk =t \j=lji
Therefore, Vt =0,1,--- T — 1,
Ki,Kfi*
|t -
. N . . N
i% Ki K—i* . . :
=[BT (PEL - P (A ZBJKJ) BRI Y Blki - &)
j=Lj#i
K Ki K~ 2O & i _ g
< prVBI P — Py I+ (vs) R Z |K; — Ki| (3.3.47)
==X j—l J#i
- 2AT—t-1)
(v8)*C" Z*( 20k (g \
< KI — K7 K| — K} )3348
S 2 Z Z I HZ | | )
s=t+1j=1,j#i j=1,j#i

20vi,—ix 9, 2T _ 1y T=1 N ‘ '
< BP0 2k )Z( S iwi— k)

O_X p%{ _ 1 S S

= =t =L

2 i, —ix 2T _ N , .

-1
ox PR ™5 2

where (3.3.47)) holds by (3.3.15)), and (3.3.48]) holds by ([3.3.46|).
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Step 4: We can now estimate the cost difference between using K* and the update K.

By Lemma [3.3.9| we have

Ci/,fi* o Ci,fi*

= >0 (SR - )T (R 4+ (BT B (K - K7))
t=0

F2 T (SRR - KD TES)].

Using the definition of K¥ and the expression for the gradient from Lemma [3.3.7]

Ci/,—i* o Cri,—i*

o 2 Kll’Kfl* K K'L,K*l* KZ,Kf“‘ T
-y [477 Tr (3 (EX - BfHT 4 BT
t=0

. . Kinyi* . K Ki,Kfi* Kinyi*
Ri+(B)'PLi;  BO(ES — By +E;T )

Ki/,K_i* K Ki,K_i* Ki,K_i* T Ki,K_i*
—4nTr (Et (Bt — E; +E; ) E; )}

N
-

K“,K_i* Ki,K_i* . . Ki,K_i* . Ki,K_i*
=3 e (SR - BT T+ ) TR BB - BRT)
t

Il
=)

K" K—* K Ki K—i* ; NT KK~ iy KK
+8n° Tr (> (B — By, ) (R + (Bi)TPtH,i B)E;, )

Ki/jK—i* Ki,Kfi* T . iNT Ki,Kfi* . Ki,Kfi*
+ap” T (= (B ) (Ri+(By) Py, BiE; )
Kil7K7i* K Ki,Kfi* T Kinyi*
—4nTr (% (Ef5 — B/, ) E; )

Ki/,K_i* Ki’K—i* Ki,K_i*
—4nTr (Zt (Em )TEt,i )} :

Now, letting w? = % in
1

2Tr(A'B) = Tr(ATB+ BTA) <w*Tr(ATA) + — Tr(B' B),
w

(which holds for any matrices A and B of the same dimension) we have

Ci/,—i* _ Ci,—i*
T-1 , , , . ) ) , ,
K1/7K77,* K K7,7K77,* . . KZ7K71* - K K747K*74*
<3 a2 T (2K B - BT R+ (BT P BH(EE - EISRT)

t=

ox K\ K="\ T 2K K~ 1 K"K~ pK _ pK K"
+8n2T Tr ((Ep; ) Ep, ) + 87’2; Tr (2 (Eii — B )
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. . Ki,Kfi* . . . Kinyi* . K Ki’Kfi* Ki/nyi*
(Rt + (BZ)TPHM Bp) (Rt + (BZ)TPHM B))(E;,; — By, )2 )
K" K~ K K=" ' T pK K=" iy mK LK~
+4n* Tr (= (Bt )T (R + (BZ)TPt-i—l,i B})E,; )

1 Ki/,K—i* K Ki,K_i* T K Ki,K_i* K“,K_i*
+4n; Tr (3, (Ef; — B/, ) (B — Ep, )2 )

ax K K="\ T K K~ K K="\ T K K~
+4?7T Tr ((Em ) E;; ) —4dnax Tr ((E“ ) E; )}

N

. . . . 2 . .
KII’K—z* . . Kz’K—z* - 877 - . Kz’K—z* .
< 3 | (Pl (B (BRI B R+ ()T REE T B
t -

Il
=)

Ki/’Kfi* Ki/’K—i* 4?7 Ki/’Kfi* Ki/’K—i* K Ki,Kfi*
Tr (Zt 2 ) + ; Tr (Zt 2y )) B¢, — E; [&
Kz'/ K*i* . . Kz' K*i* .
+@2n ox 47 |IS0 IR+ (B)) ' PLy;  Bill+nox —4nox) -

Tr ((E£i7K—i*)TE£z‘7K—i*)} . (33.50)

Now, using (3.3.44)), we can bound the step size condition in (3.3.40) by

9x
i T pK" K=" piy
|Ri+(B) " Piivy Bl

?7 S i/ — ik
Ox +2“Z{{ K

This gives

Ki/ K*i*
My

2n° ax +4n° +nox —4nox < —noy.

i i KK~
“Rt+(Bt)TP1$+1,i B,

Hence, using this in (3.3.50)), we have

T-1 T-1
C«i/,—i* . C«i,—i* S nhfjiﬁ Z ||Et{(; . Etlf;’Kﬂ* 2 nox ZTI, ((Etl’(il,Kﬂ*)TEﬁl,K’”)’

t=0 t=0
(3.3.51)

where

; o Ank 10T01,—z* N ( )QOi,—i* N < i 10T01,—z* 2

Ch*N\® o d [ 10TCR T \?
(o Et) sl (e

I9x ox \(10T" = 1) oq

Therefore, by (3.3.44)), (3.3.49), Lemma [3.3.8, and Lemma [3.3.10],

2 Vi, —i% oT N 2
(v8)°C 2(/02K 1) Z ‘HK] _ K* ]
j=Lj#i

Ci/,—i* o Ci,—i* S n hii T
a Ix Pr — 1

81



noy Z v ((EtK;K_M)TEtK:K_M)

t=0
- Ox O
< nhglob( Z ‘HK]—K]* )2—nﬂ(cl7—l*_cz*)’
j=Li#i k-
(3.3.52)
where
10T max; {C%~*} ,max; { %%}
h o =4T kl s S §
5o [n (107 — 1) og <’VR + ()=
d (10T max{C"~"}\’ ymax; {C*}\ 2
2 _ _—
" 77QX ( (10T — 1) gq ) (7R + (vB) ox (3.3.53)
(10T max{C RN T (9p)? maxi{CV ) 2 — 1))

Step 5: Finally we can establish the one step contraction. Using (3.3.52]), we have

C«i/,—i* . C«z* — C«i/,—i* o C«i,—i* + Ci,—i* o Oz*

N
< (L-nfEZE (O - ) (D (IR - K)
j=1,j#i

(3.3.54)

Hence by Lemma (3.3.9| and ([3.3.23)), we have

N N N i i 2
i - ox 0 i e ll2 QXQR(Z':l j i‘”KJ_KJ*‘H)
CH=i* _ 9%} > X 2R Ki — Ki* > J=Lj#
j%#z‘ ( ) - T j;j;éi Hl - T(N —1)
and thus
Cil,—i* . C«z* < (1 . ngX gR)(c«i,—i* o Cz*) + 7 hglobT(N B 1) ( iv: (Cja—j* o C]*))
o | oxon ',

(3.3.55)
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Summing up (3.3.55)) for 2 =1,--- , N, we have

Z (Civix — o) < < ||_§I;R + (N — 1>hglobT(N - 1)) (Z(Czﬂ* — ).

i=1 Ix 7R i=1
(3.3.56)
Since 1 < I, we have (3.3.41)) and then
1.d (10T max,{Co 1\ d [max;{CH*}\?
e < (44 50) AT o5 (el O
207 ox (10T — 1) g Ox o
and
hglob < Bglob:
where }_Lglob is given by
_ iCi,—i*zl 4 T9(p2T _ 1 2
hgbb —5Td max { - }3 (P)/B) |: <p2K_ - >:| ] (3357>
9@ 0x Pk
Under condition (|3.3.34)), we have
- T
Ox 91— 9—24 — XZR _ (N — 1)2hglob— >0,
Ix [pyre I9x9R

which indicates that an > 0. Since 7 <3 1 , we have

Xk Ox OR 97 T\ go \ !
< — (N — 1)*hglop———— — _ Iz ]
OxOR ||ZK* ( ) ¢ bQX 9Rp ex g ox*

Therefore we have an < 1. Along with (3.3.56]), we obtain the one-step contraction
B3:39). =

Lemma 3.3.19. Assume Assumptions|3.2.1],[3.2.9, and[3.2.4 hold. Then we have that
for player i,

n <

’ﬂ
o

2(T+1)
1 1 2
SV < 8 s w2 sofl + & =LV
2 1
Pr — PK

~~
Il
=)

{dT2 (N —1) [(vB)QZfil C'(K', K™™) 2(pg —1)12

2
Ox0R Ox Pr — 1
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N

(> (@& KT~ CIK)

=1,
N i s rri op s
N Oi(K K ' ) . .
_I_QX TR + (73) 21;1 ( 9 ) (OZ(KZ,K_Z*) . Cn(K*)) }
Ox
(3.3.58)
Proof. Using Lemma [3.3.7, we have
T-1 T-1 T—1
IV CHE)| <4 T (SF(ES) TEESE) <45k ))? ) Tr (BE)TEE)
t=0 t=0 t=0
(3.3.59)
and
T-1
Tr ((EE)TEF)
t=0
T-1

t=0
T—1 .
< 23T <(EK EEKTT(EK _ KK ”))
=0
T-1
KZK [E3 K’LK 1%
+2 T< )T EK" )
t=0
2 -1 § pr—in
< 24 )EtK EEK +22Tr<(Ef§’K T EKES ) (3.3.60)
=0 t=0

By (3.3.23)), (3.3.49)), we have

-1 12
=0
() CE K208 =1 (S s it ]
< T : 7 > K —K*
Ix 7 S iyt
2 /N 2 Vi (B R —ik o _ 112 N o 4 :
< TU(NU 1) {(73) C((TK , K )2(P2K_ 11)] ( Z (CI (K7, K~7*) _C](K*)))'
Ox OR Ox Pk

=15

(3.3.61)
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By Lemma |3.3.8] and Lemma |3.3.10, we have

i — 1% ) ik 2Ci KZ Kﬁi* . . . .
ZTI ((Etk; K ) EtK; K~ ) S Ox IR + (’}/B) - ( ) ) (OZ(K’L7K—’L*) . Cz<K*)) .
t=0 7 ’ 9x
(3.3.62)
By Proposition [3.3.11]
T-1 ¢
Xkl < (12l +ZHQt E)l + D D D WD | + T([W||
t=1 s=1
<150l + 1%l Zﬁ““ + 7w Zpié“) + T
s=1
2(T+1) 2T
-1 —1
< K s+ K. (3.3.63)
Prg —1 x—1
Therefore, combining (3.3.59))-(3.3.63]), we obtain the statement (3.3.58)). O

Finally, we are ready to provide the proof for the main result based on Lemmas

and B.3.19

Proof of Theorem |5.3.5. We first show that the total cost for the N players decreases
at round m = 1. Take K = K© and K’ = KO in Lemma [3.3.17, we begin by showing
that there exists a positive lower bound on the RHS of . By the Cauchy-Schwarz
inequality and Lemma |3.3.19

T—1 T—1
IV i CHUE D) < (| T ||V CHE )2
t=0 t=0
2(T+1) N i i
1 2 - 2 ! T, — 1%
S 2\/_ (0) ||EOH + pK(O) THWH . dT (N 1) (73) Zz:lc .
K<o> -1 Kw) -1 OxOR Ox
L /2 N
2 2T 1 2 N O 1 o '
(pQK(O) ):| + QX TR + (VB) Zz:l T Z(Cz,—z* _ Cz*)
Py o) — 1 QX i=1
—2(T+1) -1 2T _ 1 T2(N — 1 2V i
< a3 (sl + S i) {d W 1)) On) 2y O,
PP =1 OxOR Ix
ooy 12 N
2(52T —1) ? Ox YR+ (73)2 ZZJ\LI cr i —ix ik
52— 1 - ox’ T Z(C —CM) )
= i=1
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where the last inequality holds since, after performing one-step natural gradient descent
KW = KO — vy, C”’(K N(EE) 1 we have

T 1
< p"+ N =p 3.3.64
pro) < pT+ Nypy ox QR¢+ 5072 — P ( )

where p* and p are defined in (3.3.9) and (3.3.10)), and ¢ := max;{C*(K*® K—*) —
C*}. (3.3.64)) holds by Lemma [3.3.13]

Now we aim to show that % is bounded below by polynomials in some model pa-

rameters. Given that HAt — ¥ BIK™|| < 44 4 78||K*|| and that Lemma [3.3.13]

p can be bounded above by polynomials in 7', N, v, ¥g, é, i, and |[|K*||, or a

constant 1 + £. Therefore, along with the fact that é > W for d < ab+ ¢
1

with some a, b, c,d > 0 and a++1 > w fora > 0 and n € N*, ; is bounded below by

1 1 1 1 1 1
Tl NA1> yatl vpi1 2X0 ox +1° IR op+1’

il +5 Similarly, I; can be bounded below by polynomlals in

1 1 1 1 1 1 o
W17 2ol +17ya+1? yp+17yr+1 op+17 =R gQ+1’

be bounded below by polynomials in

1 1 o
YR ax +17 TX

polynomials in and W, or a constant

1 11 1
d+1° N+1° T+17 SN Ci-ig1)

99 oy +17 ox, and HIK*IH+1’ and 15 can

1 1 d 1 1 1 o
Skl d+10 ™ Zévz1ci’_i*+17 v+l gg+17 Q>

Hence, there exists 79 € H | =v—rors o as an appropriate polynomial in
Zi:l CZ(KZ,( )7K 1*)_;’_1
1 1 1 1 1 1 1 1 1 1 1
P CigK"’(O),K*i*)H’ Yoikitl? dt1> 0 N+ T+17 [W]+17[S0[[+17 va+1’ v+l yr+1’ ox +1°

1 1 . o .
IX) Gailr TR 75110 2@ and TR such that when 1 < 19, the step size condition

(13.3.36|) is satisfied. Therefore, by Lemma |3.3.17], we have

fj (C'E 0, K~ ™) < (1~ a) fj (C'E O K = ™),

with & defined in (3.3.12)), which implies the total cost of IV players decreases at m = 1.

Proceeding inductively, assume the following facts hold at round m:
o CHKHm=Y K=) —C™* < fori=1,2,---,N;
® pPgm-1) < P
o SN, (CHEHM, K - C) < (1= an) S, (CHKHD, K - 0)

Now we prove the above facts also hold in round m + 1. Taking K = K™Y and
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K' = K™ in (3.3.55)), we have

Oz’(Ki,(m)’K—i*) _ O < (1 _ UQX QR)(Oi(Ki,(m—l)’K—i*) _ Oz’*)

TIN-1) &~ .. A A
+n hglob—a ( Z (CJ(ij(m—1)7K—J*) _ C]*))
=R \j=1,j#i
T(N —1
< (1-nZXZRyy 4 h g]obﬁ(zv — 1)y <.
"8k Ox OR

The ] L
e last inequality holds since 1 — nHE *” E 41 hglob o

Therefore by m, we have

< 1 under Assumption|3.3.3,

T
m =p +N Ci(Ki(m) | K —ix) — (Clix
Prm) = p + VB\/QXQR mzax{ ( , ) }+ o7 < <p.

Thus the step size condition is still satisfied for K = K™ and K’ = K(+1
with 7 < 19, since pgey < pand N CHKY™ K—#) < SN CUKO) K—#*).
Therefore, Lemma can be applied again for the update at round m + 1 with
K = K™ and K' = K™ to obtain:

Mz

i\[: (C«z (Km0 =iy C’”) < (1—an)

=1 =1

(g Ky - ).

ZzNzl (Ci(Ki,(O) ,Kﬁi*)—Ci*)

€

For € > 0, provided M > ain log ( ), we have

ZN:(CZ K01 )—C”)ge

=1

3.4 The Natural Gradient Method with Unknown Pa-

rameters

Based on the update rule in , it is straightforward to develop a model-free version
of the natural policy gradlent algorlthm using sampled data. See Algorithm [3 for
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the natural policy gradient method with unknown parameters. In contrast to the
model-based case, where the gradient VC*(K) and the matrix ! can be calculated
directly, these two terms can not be calculated in the model-free setting since the model
parameters are unknown. Therefore, we propose to use a zeroth-order optimization
method to estimate the gradient and an empirical second moment matrix to estimate
the E[z;z/] matrix (see (3.4.1)). Building upon the theories in Section , high-
probability convergence guarantees (linear convergence rate and polynomial sample
complexity) for the model-free counterpart can be established in the same way as for
the LQR setting in Chapter [2|

Algorithm 3 Natural Policy Gradient Method with Unknown Parameters

1: Input: Number of iterations M, time horizon T, initial policy K© =
(KVO ... KN() step size , number of trajectories L, smoothing parameters
r;, dimensions D; = k; X d.

2: forme{1,...,M} do

33 forie{l,...,N} do

4: forle{l,...,L} do

5: fort €{0,...,T—1} do

6 Sample the (sub)-policy at time ¢: K = KZ’(m_l) + UM where U is

drawn uniformly at random over matrices such that |U ||z = .

7 Denote &' as  the single  trajectory  cost of  player
~i,(m—1 ~1i,(m—1)

i with  policy (K, ),K_i’(m_l)) where K, =
Kom=b , KZ’_(m_l), K”l, Kl’(m_l), e K27(_7n_1) starting from zt.
0 1 t t y Ay g 0

Y

8: Denote iil as the sample of second moment of the state with iil =
il d,INT
zy (z)

9: end for

10: end for

11:  end for
12:  Obtain the estimates of V ,;C*(K™") and K™ for each i and ¢:

L L

T, 1 Di i1 si_ g
Vi CH K (m=1) = EZT—?@ Lyt 8= ZZZ;. (3.4.1)
=1 ¢ =1
13:  Update the policies using natural gradient descent rule:
K0 = KOD -V CH K =) (S0 7 (3.4.2)

14: end for
15: Return the iterates K(M) = (KV3M) ... KN(M)),
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3.5 Numerical Experiments

We demonstrate the performance of the natural policy gradient algorithms with two

examples. We will specifically focus on the following questions:

e In practice, how fast do the natural policy gradient algorithms converge to the
true solution? How sensitive is the natural policy gradient algorithm to the step

size and the initial policy?

e Do natural gradient methods converge when Assumption is violated? How
restrictive is Assumption in practice?

e Can Theorem provide any guidance on hyper-parameter tuning? In partic-

ular, does adding system noise improve the convergence?

The first example is a modified example from [57], in which they show that in the
setting of infinite time horizon and deterministic dynamics, the (vanilla) policy gradi-
ent algorithms have no guarantees of even local convergence to the Nash equilibria with
known parameters. We will show in Section that, under the same experimental
set-up but over a finite time horizon with stochastic dynamics, the natural policy gradi-
ent algorithm with known parameters finds the Nash equilibrium with properly chosen
initial policies and step sizes. The second example is a two-player LQG with synthetic
data (see Section . We will show that the system noise helps the natural policy

gradient algorithm with unknown parameters to converge to the Nash equilibrium.

Performance Measure. We use the following normalized error to quantify the per-

formance of a given pair of policies (K*', K?): for i = 1,2,

C«i(Kl’K2) _ Oi(Kl*,Kz*)
C’i(Kl*’K%) ’

Normalized error (of player i) = (3.5.1)

3.5.1 Convergence of the Natural Policy Gradient Algorithm

For policy gradient MARL under the setting of N-player general-sum LQGs, some
difficulties in convergence have been identified in some empirical studies. For example,
Mazumdar et al. in [57] show by a counterexample that in the setting of infinite time
horizon and deterministic dynamics, the (vanilla) policy gradient method avoids the
Nash equilibria for a non-negligible subset of problems (with known parameters). In

this section, we illustrate that in our setting with finite time horizon and stochastic
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dynamics, the natural policy gradient algorithm (with known parameters) finds the
(unique) Nash equilibrium under the same experimental set-up as in a modified example

given in [57].

Set-up. We set up the model parameters and initialize the policies in the same way
as Section 5.1 of [57]. Under the following set of parameters, there exists a unique

Nash equilibrium since the sufficient condition in Remark [3.2.5] is satisfied.

1. Parameters: fort =1,--- ,T — 1

0.588 0.028 k! , |0 o 0
t = ) Bt = ) Bt = , W= ,
0.570 0.056 1 1 0 o2
0.01 O 1 0
Qr=Q; = L Qr=Q; = . RN(t) = RX(t) = 0.01,
0 1 0 0.147

where 0 € R and T = 10.

2. Initialization: we assume the initial state distribution to be [1,1]" or [1,1.1]" with
probability 0.5 each. We initialize both players’ policies K;"® = (K@ k7))
such that (KZ(’)(O) — K})*+ (Kfi(o) — K})* < r? where KJ* = (K[}, K7) denotes
the Nash equilibrium, and r is the radius of the ball centered at K/* in which we

initialize the policies.

Convergence. The natural policy gradient algorithm shows a reasonable level of
accuracy within 1000 iterations (i.e., the normalized error is less than 0.5%) for both
players under different levels of system noise o2, which ranges from 0 (deterministic
dynamics) to 10. See Figure for the case where r = 0.25 and Figure for the
case where r = 0.30. We observe that when we initialize the policies in a larger
neighborhood of the Nash equilibrium, it takes the natural policy gradient algorithm
(with the same step size) more iterations to converge. There is a sharp peak in the
normalized error for player 2 and this peak diminishes when the noise level increases.
In Figure 3.3 we show the normalized error and the corresponding trajectories of
learned policies near the peak observed in Figure under ¢ = 0. We denote by
K} = (K}, K;) the learned policy at ¢t = 0 of player i. The peak period (iterations
300-900) is indicated in grey in Figures[3.3a13.3c, and the trajectories of learned policy
K{ for the rest of the whole 10000 iterations are indicated in red in Figures |3.3b}{3.3c|
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Figure 3.1: Normalized error under different 02 when r = 0.25 (1 = 7o = 0.1 and
N = 5000).
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(a) Player 1. (b) Player 2.

Figure 3.2: Normalized error under different 0? when r = 0.3 (5, = 7, = 0.1 and

M = 5000).

The natural policy gradient algorithm overshoots in the first few iterations but detects
the right direction after about 500 iterations and eventually converges to the Nash
equilibrium (see the blue star in Figures |3.3br3.3¢)).

Performance under Deterministic Dynamics. We observe that under carefully
chosen initial policies and step sizes, the natural policy gradient converges to the Nash
equilibrium even with deterministic state dynamics (o = 0). We first show the case
when the natural policy gradient algorithm diverges with » = 0.42 and 7, = 1, = 0.001
in Figure (a trajectory of 10000 iterations is indicated in red). However, either by
adjusting the step size to 7y = 0.01 (see Figure, or by initializing the policies from
a smaller neighbourhood around the Nash equilibrium (see Figure , the natural
policy gradient method converges to the Nash equilibrium. This further demonstrates

that the theoretical result, along with its assumptions, in Theorem [3.3.5] could provide
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Figure 3.3: Normalized error and trajectories of learned policies with 02 = 0 and

r=10.3 (m =mn = 0.1, M = 10000). The peak period between iterations 300-900 is
indicated in grey.

insightful guidance on how to tune the hyper-parameters for practical examples.
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(a) Normalized error. (b) Trajectory of Kj. (c) Trajectory of Kj.

Figure 3.4: Performance of the natural policy gradient algorithm with » = 0.42 and
m =12 = 0.001 (M = 10000).

3.5.2 Effect of the System Noise

As illustrated in the theoretical analysis in Section [3.3] the system noise plays an
important role in the convergence guarantee of the natural policy gradient algorithm.
To test the sensitivity of the performance of this algorithm to the level of system
noise, we apply the natural policy gradient algorithm with unknown parameters to
a two-player LQG example with synthetic data consisting of a two-dimensional state
variable and a one-dimensional control variable. The model parameters (except the
level of noise o2 in W which we will discuss later) are randomly picked such that the

conditions for our LQG framework are satisfied.

Set-up. We perform the natural policy gradient algorithm with synthetic data given

as follows.
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Figure 3.5: Performance of the natural policy gradient algorithm with r = 0.42, n; =
0.001, and 7y = 0.01 (M = 10000).
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Figure 3.6: Performance of the natural policy gradient algorithm with » = 0.16 and
m =12 = 0.001 (M = 10000).

1. Parameters: fort=1,---, T — 1,

0.588 0.28 1 1 9 0.5 o 0
t = ) Bt = ) Bt = ; W= ;
0.57 0.56 1 1 0 o2
05 0 1 0
Q%:Q%: ) Q%:sz ) R%:R?:L
0 1 0 0.3

where 0 € R, and 7' = 5. The smoothing parameter is r; = ro = 0.5 and the

number of trajectories is Ly = Lo = 200.

2. Initialization: we assume z = (z}, 2) with 23 and 22 independent and sampled
from N(10,2) and N(12,3) respectively. The initial policy for player 1: K! €
RIX10 = (Ké’(o), e ,K;’Eol)) with K" = [0.5,0.5] for all £. The initial policy for
player 2: K2 € R0 = (K2 ... K29 with K} = [0.3,0.15] for all t.

Convergence. To show that (even a low level of) the system noise can indeed help

the natural policy gradient algorithm to find the Nash equilibrium, we vary the value
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of 02 from 0 to 0.1 and show the normalized error for different values of ¢ in Figure
m. The natural policy gradient algorithm diverges when o < 0.0001 for both players,
and it starts to converge with large fluctuations when o? = 0.01. When o2 = 0.1, the
algorithm shows a reasonable accuracy within 300 iterations (that is the normalized
error is less than 5%) for both players without fluctuations. It is worth pointing
out that in fact, although Assumption is violated when ¢? = 0.1, the natural
policy gradient algorithm converges to the Nash equilibrium. Finally, it is possible to

make the algorithm converge when o2

< 0.0001 by adjusting the initial policy and
the step size, as shown in Section [3.5.1] In practice we may not be able to change
the variance of w; directly, however the level of system noise can also be increased by
adding (Gaussian) explorations to the agents’ policies. See [43] 86] for more discussion

of Gaussian exploration.
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Number of iterations Number of iterations
(a) Player 1. (b) Player 2.

Figure 3.7: Performance of the natural policy gradient algorithm with unknown pa-
rameters (1, = 7o = 0.0005).

Trajectories of Learned Policies. We show the trajectories of the learned policy
at t = 0 of player 1 by performing the natural policy gradient algorithm with unknown
parameters under 0% = 0.001 and ¢ = 0.1 in Figure (with 500 iterations). In the
case of a lower level of system noise (02 = 0.001), the natural policy gradient does
not detect the right direction towards the Nash equilibrium with 7, = 1, = 0.0005 in
Figure m, whereas when the level of noise is increased to 0? = 0.1, the learned policy

approaches the target within 500 iterations with the same step size.
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Figure 3.8: Trajectory (indicated in red) of learned policy K} = (K}, K};) (m
0.0005, M = 500).
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Chapter 4

Bargaining Problems

Bargaining is an essential part of many human activities in the real world. As men-
tioned in Section [I.1] this thesis is motivated by bargaining and the case of interest to
us is one in which two parties, the buyer and the seller, enter into negotiation rounds
before a deadline, exchanging a sequence of offers in order to agree on the price (or
value) of a project. Negotiations stop when both parties agree on the price of the
project and they try to reach an agreement before the deadline. We aim to find their
optimal strategies for minimising their negotiation costs. In this chapter, we construct
LQ models for bargaining in two cases: (1) when model parameters are known to the
players while they only have access to a noisy version of the true state, and (2) when
two players do not know the model parameters and they can learn the optimal strategy
through repeated negotiations with each other. We will start with an LQG model with
partial information and derive the Nash equilibrium strategies in Section 4.1, We will
then apply the framework discussed in Chapter [3|to construct another LQG model with
unknown parameters and learn the Nash equilibrium through natural policy gradient
methods in Section [4.2]

4.1 The LQG Model with Partial Information

When a seller and a buyer negotiate over a price of a project, the target price each
player wants to achieve depends on the value of the project. However, the players have
access to different information sets and thus will have different opinions on what the
value of the project would be. To model this situation, in this section we consider an

LQG bargaining model with partial information, where players update their belief of
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the true state through Kalman filtering and determine their controls based on their
state estimates. We will set up a two-player general-sum LQG model in Section [4.1.1]
where players have a noisy observation of the true state. We will then consider the gen-
eral framework of such games in Section and derive the Dynamic Programming
Principle (DPP) and the Nash equilibrium in Section [.1.3] We finally present nu-
merical experiments in where we compare the Nash equilibrium strategies under

partial information with the case of full information.

4.1.1 A Two-player LQG Model with Kalman Filter

Let us consider a game with two players, a buyer B and a seller S, who aim to reach
an agreement on the value (or the price) of a project. The negotiation takes place over
a finite period of time T'. At each timestamp ¢, let 27 € R be the price offered by the
buyer and ¥ € R be the price offered by the seller. The dynamics of the offers follow

B B B
Ty = T, +us+ €,
S _ S S
Ty = Tp Huct €,

with initial values zf and zj. Here u; € R is the change of the buyer’s offers and
vy € R is the change of the seller’s offers at time ¢. In this chapter we also focus on
the class of Markovian controls. Here €Z and €’ are i.i.d. random variables in both
parties offers with €2 ~ N(0,W5) and ¢ ~ N(0, W9), respectively. We note that
el and € serve as regularization terms to guarantee the non-degeneracy of the state
noise. Another way of thinking about it is to consider u; and v; as the intended change
of their offers when players can not completely control the differences between their
offers (for example, due to some external restrictions).

We further assume that the true value of the project p, € R (unknown to both

buyer and seller) follows

Dt+1 = Pr+ Wy, (4.1.1)

where {w;}{; is a sequence of i.i.d. Gaussian random variables with zero mean and
variance W.

Both the buyer and the seller do not have access to the true value of the project.
Instead, they could observe a noisy version of the true price with their private infor-

mation.
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Information Structure. At time t = 0, player B believes that the initial price
po ~ N @5, W), (4.1.2)
and thereafter player B observes the following noisy price signal
2P =p twly, wh, ~N(0,GP), t=0,1,--- T -2, (4.1.3)

with {wP}! a sequence of i.i.d. random variables. Similarly, player S believes that

the initial price
po ~ N (@3, W5, (4.1.4)
and thereafter player S observes the following noise price signal
20 = P Wi, wi ~N(0,G5), t=0,1,---,T —2. (4.1.5)

with {w?}7 ! a sequence of i.i.d. random variables that are independent from {w?}1 "
Both players make their decisions based on the public and private information
available to them. We write Z8 = {28}!_, and Z7 = {25}!_, as the private signals
the buyer and the seller receives up to time ¢ (1 < ¢ < T'), respectively. Further denote
respectively U; = {us}._; and V, = {vs}._; the control history from the buyer and
seller up to time t.
We assume HP is the information (or history) available to the buyer and H? is the

information available to the seller at time ¢ for them to make decisions, where HZ and
H7 follow:

HY = Py, Wo, W YU ZP Uty 1 UV, (4.1.6)
H = (P W5 WU 2 Ul UV (4.1.7)

Note that the covariance matrices {W, W} are available to both players.

Posterior Update. We assume that each player updates their state estimate using
the Kalman filter, and the updates do not directly involve the innovation of the other
player (to avoid the other player’s manipulation). With the prior distribution following
, the buyer’s posterior density fZ(-) = P[p; = -|HP] is the density function of
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a Gaussian distribution [50, Theorem 7.2.21] where the mean p? and the variance %2

satisfy the following recursion relation:

pt+1 =P+ Lt+1(zt+1 ),
with initial condition pZ, and

Sha = (1= LE)(EP + W),

with initial condition 8 = W&, Here

L = CE+w) (S8, +w)+67)

-1

(4.1.8)

(4.1.9)

Similarly the seller’s posterior density is Gaussian with mean p? and variance if where

-~ ~ s ~S

Diy1 =P + Lt+1<2t+1 — D )a
with initial condition pj, and

=% S V(DS

Y = (1= L) (B + W),

with initial condition £ = W and

LS = (55, + W) ((if_l W)+ G5>

-1

(4.1.10)

(4.1.11)

Cost Function. We formulate the buyer’s and seller’s objective in the game as

B(,.B By ._
min J (28, x5, P8, WE) =
{ut} 2o

min E
T—1
{ut}t 0

min Js(l"o 7'T07p0 ’ W(Sg) =
{Ut}tTfol

min E
T—1
{vt}tzo
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where c¢p € (0,1) and ¢g > 0 are the scalars that determine the buyer’s and the seller’s
target price at terminal time 7. ap > 0 and ag > 0 are the penalties of not reaching
an agreement, and g and (s are the penalties of not approaching their target prices.

: 2 2 . .
The quadratic terms ag (x? — x%) and ap (:c? — x%) can be viewed as a relaxation

of the hard constraint 2 = z5. RP > 0 and RY > 0 are the cost parameters on
adjusting the offer price at each time step. Since the control of each player represents
the change in his offers, thus it measures the concession the player makes at each time.
Therefore the terms RP(u;)? and RJ (v;)? represent the penalty on the concession.
Both players have incentives to reach an agreement on the project at terminal time
T. The desire to reach this agreement is characterized by the value of ap and ag,
which may take different values for buyer and seller. The hard constraint 2 = 5. can
be recovered by letting ag and ag tend to infinity. The seller wants to sell the project
higher than his estimation of the true price. Namely, the targeted price of the seller is
set as (14 cs)E[pr|H7] = (1+cs)ps. Similarly, the buyer has an incentive to purchase
at a price lower than his estimated true price, which is denoted as (1 — cg)E[pr|HE] =

(1 — c5)p2. In practice, we may expect cg and cg to be some small positive numbers.

4.1.2 General Setting

Motivated by the example in Section [£.2] we consider a more general two-player game
under partial information where controls from both players will have impacts on the
dynamics which are not fully observable.

Let us consider a general setting for a game with two players, P and E. In the
bargaining game player P corresponds to the buyer B and player E corresponds to the
seller S. The state dynamics z; € R™ takes a linear form (0 <t < T —1):

Tir1 = Ath't + Btut + Ctvt + Ftwt, (4112)
with initial value xy drawn from a Gaussian distribution, and the (Markovian) controls
of P and E are u; € R™ and v; € R¥, respectively. Here, for each ¢, the noise w; € R?

is iid. sampled from A(0, W) with W € R4, A, ¢ R™" B, € R™™, C; € Rk,
and I'; € R4,
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Information Structure. At time ¢ = 0, player P believes that the initial price is

drawn from a Gaussian distribution
zo ~ N(@g, W), (4.1.13)

and thereafter player P observes the following noisy price signal 2z € RP:

iy =HE v+ why, wh, ~N(0,GP), t=0,1,---,T—2, (4.1.14)

with {w!}/ " a sequence of i.i.d. random variables. Here G € RP*?P and HE, € RP*™.

Similarly, player E believes that the initial price is drawn from a Gaussian distribution
zo ~ N(ZF, WE), (4.1.15)

and thereafter player E observes the following noisy price signal zF € R

E = HE v+ why, wE, ~N(0,GF), t=0,1,---,T—2  (41.16)

with {wF}] ' a sequence of i.i.d. random variables. For simplicity we assume that
{wF} ' are independent from {wf}/'. In addition, we have G¥ € R?? and HE | €
Ra*™,

We follow [65] to define the game with perfect, imperfect, and partial information:

(a) If the observation matrices HI and HF are the identity matrix and there is
no measurement noise, that is, the covariance matrices G = 0 and G¥ = 0,
we have a game with perfect information. Therefore the players’ observation is
==z .

(b) If the observation matrices HX and HF are the identity matrix and there is

measurement noise, we have a game with imperfect information. Therefore, the

players’ observations are of the form

P P
Z; = Tyt w;,

E  _ E
2 = Z't—Fwt .

(c) If the observation matrices are not the identity and there is measurement noise,
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as in

P _ P P
2, = Hx+w,,
E _ pgE E
z, = Hjz+w.,

we have a game with partial information.

Similar to Section we write ZF = {zF}L_, and ZF = {zF}!_, for the private
signals players P and E receive up to time ¢ (1 < t <T), respectlvely Let Uy = {us}t_,
and V; = {vs}._; denote the control history from the buyer and seller up to time ¢,
respectively.

We assume H! is the information (or history) available to player P and HE is the

information available to player E for them to make decisions at time ¢, where H? and
HE follow:

HE = {(FowEwEyuzluu,_uy,_, (4.1.17)
HE = {@EwlwEyuzFuu,_,uv, . (4.1.18)

Note that the covariance matrices {W{", W} are known to both players.

Cost Function. We consider a non-zero sum game between player P and player E

where they strive to minimise their own cost functions:

i -1

min JP(xO W)= min E |z;QFrr + Z (2] Q¢ + u) R w) "HO 4.1.19)
{“t}t 0 {ut}zT:?)I i t=0
r -1

min JE(xO ,WE) = min E |2.Q%2r + (2] Q7 + v] Ry vy) ‘7—[0 (4.1.20)
{Ut}z 0 {Ut}z o1 L t=0

with QF,QF (t = 0,...,T) positive semi-definite, and R, RE (t = 0,...,T — 1)
positive definite.

We note that in the literature, the LQG with partial information given by —
({4.1.13)-(4.1.14)-(4.1.16)-(4.1.19)-(4.1.20) is also referred to as the linear quadratic
Gaussian game (LQGG).

For the well-definedness of the game, we summarise the assumptions on the model

parameters, initial state, and noise in Assumption

Assumption 4.1.1 (Parameters, Initial State, and Noise). Assume fori = P, E,
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1. The initial state xq is Gaussian such that E[zox]] is positive definite;

2. {w, 3 and {wiY5! are zero-mean, i.i.d. Gaussian and independent from g
such that Elw,w, ] = W and E[wi(w!)"] = G* are positive definite, and they are

independent of each other;

3. The cost matrices Q (t = 0,1,...,T) are positive semi-definite, and Ri (t =
0,1,...,T — 1) are positive definite.

Sufficient Statistics (Decentralized Kalman Filtering). The sufficient statistics
of player i (i = E, P) at decision time t = 0 is zg ~ N(z), Ws). For time 1 < ¢ <
T — 1, the distribution of the state x; calculated by player ¢ conditioning on the private
information available to him at time ¢ follows (|79, (5.3-39)-(5.3-42)] and [65]):

e~ N (3,5, (4.1.21)
where

(@) = ATt + Bt + Cavp, (4.1.22)

(ii)i - At—lii—lA;r—l‘I“Ft—lWF:_p (4.1.23)

, ~on , o~ ) q-1

K= (3) (H)' [HZ(Ei) (H)T + Gl} : (4.1.24)

T o= (@) +K [Zi - HZ(EC”;)_] , (4.1.25)

Sp = (I-KiH})(S) (4.1.26)

with initial condition % = 7 and 53 = Wg. It is easy to see that ((ZF)~, (2{) ) and
(zi, i,’i) are the estimates before and after the information update [79, (5.3-35)-(5.3-
38)]:

Therefore for the LQGG (4.1.12)-(4.1.13)-(4.1.14)-(4.1.16)-(4.1.19)-(4.1.20)), the suf-

ficient statistics for players £ and P to make decisions at time ¢ are (27, £F) and
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(72, $E). The goal is to find the Nash equilibrium solution of the form u} = *(zF, £F)
and vf = vF*(2F, itE) for 0 < ¢t < T — 1, where v/* and 7* are strategy functions
which map the estimated state and covariance to the Nash equilibrium solution. Since
the expressions of if and if only involve model parameters which can be calculated

directly, we write
ui =% @), v =7(E) (4.1.27)

with a slight abuse of notation.

4.1.2.1 Preliminary Results with Known Model Parameters

Player P’s view on 7”. Both players update their belief of the true state process z;

but they do not have access to each other’s estimate. Therefore, to solve the LQGG,
it is important to first understand player P’s view on z¥ as well as player E’s view on
7. When the model parameters (A, By, Cy, Ty, HY, HE, GY', GE, QF, QF, RF and
RE) are available to both players, we have the following results.

Let us start at decision time ¢ = 0. Player P models his initial belief ZJ' of the

initial state xq as
Ty =m0+ €f, (4.1.28)

where 1z, is the true state and e} is player P’s estimation error with e’ ~ N(0, W)
by (#.1.13)). In addition, player E’s belief Z¥ of the initial state zo follows

Ty =z + €Y, (4.1.29)
where el is player E’s estimation error with ef ~ N(0, W) by (#.1.15). The Gaussian

random variables ¢/’ and el are independent by assumption.

From player P’s perspective, Z* is known but z¥ is a random variable. Subtracting
(4.1.28]) from (4.1.29)), at time ¢ = 0 player P believes that player E’s state estimate is
the random variable

A A (4.1.30)

Therefore, from player P’s perspective, E’s estimate of the initial state x is the Gaus-
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sian random variable
zg ~ N(@d, Wi+ wi). (4.1.31)

Thus, at time ¢ = 0 player P uses his private information ZZ and the public informa-
tion (W&, WE) to calculate the distribution of the sufficient statistic Z& of player E.
Similarly, as far as player E is concerned, at time ¢t = 0 the statistics of the initial state

estimate 7 of player P are
zg ~ N(@§, WE + W), (4.1.32)

For general time step 0 < ¢ < T — 1, we have the following result according to [65].

Theorem 4.1.2 ([65]). For 0 <t < T — 1, player P’s posterior distribution for the

state estimate TF of player E is
~ N @GP SEP) (4.1.33)
where the estimation error covariance matriz iﬁE*P) is defined as

S = B[(eF —ef)(eF )]

~ ~ ~ ~ T
= SP4SE BN (2§E’P>) , (4.1.34)

in which &P = WE, SE = WE, and S\%7) = EleP (eP)T] satisfies a recursive linear

matrix equation which is a Lyapunov equation:
SEP — (1 - K, HE)) (AtigE’P’Aj +T,WT; ) (I-KE\HE,))"  (4.1.35)

i(()E,P)

with initial condition = 0. Similarly, player E’s posterior distribution for the

state estimate T of player P is
2~ N@EP S, (4.1.36)

Before we derive the Nash equilibrium strategies for the LQGG, we first assume

that the above iEE’P) is positive definite. This assumption is easy to check as iEE’P),
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if , itE , and iEE’P) are independent of the observation signals and can be calculated

offline.

Assumption 4.1.3. Assume the estimation error covariance matrix iEE’P) defined in

(4.1.34)) is positive definite for allt =0,1,...,T.

4.1.3 Nash Equilibrium Strategy and Value Function

In this section, we show that the Nash equilibrium policy is unique and linear in the
estimated states. Namely, there exist matrices F} and F such that v7*(zF) = FEZF
and v/ *(zF) = FF'z

The derivation is motivated by [65] but the details are different since [65] focuses

on a class of zero-sum games.

4.1.3.1 Preliminary: End Game

To start, we analyze the game at the last step t =T — 1, which is also called the End
Game.
At time T — 1, define

P ~P  $3P T pP
Jr_1 (uT_l;achl, ETA) = up_Rp_qur—y (4.1.37)
+E [x QF_xr 14z QFx |m s
T 1,x$ LWT—1,wh T—-1%T—14tT-1 TYT T | YT—1) ~“T—1] »

oy
Ao 38wk (271 Q7w a+arQrar| T7_ X7, |

Note that player P’s optimization problem minuTﬂjg_l (uT_1;§$_1,§§_1> de-
pends on vr_; through zp. Here it is enough to consider vy = ¢g(TE_|) for some
function g : R — R* with Z%_, a random variable following (4.1.33).

For the first term in the expectation in (4.1.37)), since x7_; does not depend on

zE |, wr_, and wr, we have
Bor_, [xT 1Qr_o7— 1|33T 172T 1] Tr(Qr 125 )+ (@72 Q7 TF - (4.1.39)
Then, by (4.1.12) and vy_; = g(ZE_,), we have for the second term in ([4.1.37)

TP ~P 3P
Efol,/x\%il,wal,wqe [xTQTxT‘ ng—l? ET—1:|
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= (@5 AL QR Ar TR+ Te(Af_ QFAr 1 ZE_ ) +uf_ By, QF Br_yur—,
TEzp | |9(F50) (CTQECr1)g@F ) |75, S5
+2U;—1B;—1Q$AT le 1+H2E; B aroa [g(fg—l)T OJT—1Q$AT—1$T—1‘§$—1=g?—l]

+2ur_ By QrCr1Bax [g(’fT_l) |55$_1,2$_1} + Tr (07—, Q4Tr—1 W) .(4.1.40)

Player P calculates the expectations with respect to the random variable % ;.

Similar to (4.1.30), we write 7€ | = Z£ | + w, where the random variable w = e£ | —

el ~ N0, SN In other words, we have (T.1.33).

Now we calculate the expectations in (4.1.40)
Esz [ 9@ )| Tr_1] = Eg [9(@7_, + )] (4.1.41)

Similarly,

Eae | [g<xT ) (Cr_,Q7Cr—1)g(TF_y) 555,1,535,1}
= Eg [9(@7_, +0) " (C7_,Q7Cr1)g(Tr_, + )] . (4.1.42)

o . . . /\P P . .
In addition, since xp_; = T, — e;_4, the expectation:

Eag yer s |95 )T T2 QF Aryaras |81, 51
= Eg.r [9T<E§—1+&7>07T \QF Ar 1 (T7_, e;—l)]
= Ew[gT(/x\g_l—kw)]C; \QrAr ATy
B o (g7 @0+l — el )OTQRArief ] (4.1.43)

€T _1:67—

Plugging in (4.1.41))-(4.1.43)) into (4.1.40) gives

]E'LBT 1$¥ 1,WT— 1’(1},11:: ['ITQTxT|xT 1’25—1:|
= (@) Al QFAr Ty + Tr(A;_ Q7 A 1ET 1)+ ug_1Bf_ QF Br_qur_
+Eg [9@5714'737) (C1_1QFCr_1)g(Th_, ‘HU)}

+2u;—13;—1 gAT lmT 1 +2E; [ (555—1 + @)]C;—l AT le 1
_QEe$ el [gT(:/E\T—l +erg - eT—l)Oi—l:—lQ;AT—leT—l}
+2up_ By QrCr1Eg [¢(@r_ + @) ] + Tr (T7_,QpTr W) (4.1.44)
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Player P minimises 7y, (uT_l; zh, §§_1> with respect to ur_;. The first order

condition leads to the following u%_,(Z%_,|g), which is player P’s optimal response to
player E’s strategy g¢:

u;fl(i\;fllg) = f*@;fﬂg)
—(RY_y + B} Q7 Br_1) "B} _,QF (A% + CroiEg [9(@7_, + w)]) .
(4.1.45)

Similarly, player E calculates his optimal response to player’s strategy f(z%_,). Thus,
given the information 7% |, player E maximises his expected payoff

7?_1 (vT_l; zE ﬁ:‘ﬁ_l). The optimal response v}_; follows:

(A 1(5UT W) =9 (xT 1f)
= —(RF_,+ C1_,1QFCr_1)'C7_,QF (Ar_ \TF_y + BriEg [f(xT  —w)]).
(4.1.46)

Hence the Nash equilibrium strategies f*(-) and ¢g*(-) of players P and E satisfy the
set of two coupled equations (|4.1.45))-(4.1.46)):

f (x? 1) (Rg—l + B;—1Q$BT71)AB;—1Q§ (ATflfg—l + CTflEfD [9*@;—1 + ﬁ)]) )

(4.1.47)
g (x? )= (Rgfl + 0711Q¥CT—1)_107T71Q¥ (AT—I/x\gq + Br1Eg [f (I? 1 {D)D .
(4.1.48)

For the multivariate Gaussian distribution with zero mean and positive definite covari-

ance ¥ € R™" we write the density function as G(z; %) = —t—e 2% '

- e % for
(2m) 2 4/ det(X)

x € R™. Using the convolution notation, we have

Balf (7, — @) = [+ GERD)]| (75.1). (4.1.49)

Ealg(@_, + @) = [gx GERD)] G0). (4.1.50)

and hence (4.1.47)-(4.1.48)) can be rewritten as

f*@ro0)
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——(RY_, + Bf\QF Br) ' BL,QF (A, + Cro [g + GERD] 1)

(4.1.51)
g (@)
= —(RE_, + CF,QfCr 1) CT_1QF (AraBF_, + Broa [f*+ GEPD GFL))
(4.1.52)

Plugging (4.1.52)) into (4.1.51)), for any x € R™ we have

f(x) = —(Ry_,+ B;_,QFBr_1) 'Bj_1QFAr_ix
+(R571 + BgﬂQ;BTfl)ilB;AQ;CTfl(Rgfl + CJTLlQ?CTfl)il ’
{Cr1QFAr 12 x G+ O QFBr 1 f* G+ G}

Since Gaussian kernel is self-similar [65], we have G(X)*G(X) = G(2%) and 2+G(X) = =

for any positive semi-definite . Therefore,

[ @7 = (Rf_,+ By_1QyBr1) 'B;_,QF - (4.1.53)
[CTfl(Rg—l + CYTLl gCTfﬁilC;le% - I} ATflﬁ,l
+(Ry_y + By, Q7 Bra) -
B} \QYCr_1(RE |+ CF,QECr_1)'Cf_ Q¥ Br_, f* « G257,

for any 75, € R™.

Similarly, we have

g (@) = (Ri_, +Cr_QFCr 1) 'Cr_,QF - (4.1.54)
[Broa(Ri_y + B; Q7 Bra) ' Br Q7 — I] Ar 137,
+(RE_ + C7,Q7Cr )
Cr 1 QFBr1(R7_y + Br_ Q7 Br1) ' By ,Q7Cr 19" % G(2§$’_Pl),

for any 7F_| € R".

Linear Policies. Since the Fredholm integral equations of the second kind, (4.1.53))
and (4.1.54)) are linear integral equations with linear forcing terms, the solution f*(-)

of (4.1.53) is linear in Z£ | and the solution of ¢g*(:) of (4.1.54) is linear in Z& .

Therefore, we look for FF ; € R*"™ and FF | € R™*" such that f*(x) = Ff_,z and
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g* () = FF ,x. Plugging these two linear relationships in (4.1.53) and (4.1.54)), we

have

FTI‘Dfl - (I - (R;Ll + B;AQ;BT%)AB;AQ;CTA(Rgfl + CJTLngchl)il ’
-1
CzT_ngBT—l) (Ry_, + B;_,Q¥Br_1) ' Bj_,Q7 -
[Cr_1(RY_, + C;_,QFCr_1) ' Cr_1QF — I] Ar_y. (4.1.55)

Similarly, we have

FEy = (1= (BE., + CFQECr) O Q5 Bra(RE, + B Q5 Br)™

-1
B;_1Q$CT4> (R}, + C7,Q5Cr_1) ' Cr_,QF
[Br_1(Ry_, + B Q7 Br_1) 'B;_,QF — I] Ap_;. (4.1.56)

According to (4.1.47)-([4.1.48) and letting f*(x) = FX |z and g*(x) = FE |z, we can

simplify the above optimal policies to

Ffy = —(Rp_y+ B ,QFBr_1) "B} ,QF (A1 + Cr_1 Ff,), (4.1.57)
Ff | = —(RF_,+ClQFCr_1)'C;_,QF (Ar—1 + Br_1F{ ). (4.1.58)

Value Function of the End Game. With the linear policy, we can write (4.1.41)),

(4.1.42)) and (4.1.43)) as

Bap, [o2F.0)| #51) = FE. a0 (1,159

Eor, [93F-0) T (CT1QFCron)g(@5_) |31, S5,
= @;—DT(Fzg—l)T(C;—1Q$CT—1>FIE—1§$—1

+Tr ((FF)T(CFQFCr) FELSEE ) (4.1.60)

and

T (AP E P T P P
Ee¥71,6571 [9 (Tr_y +ery — eT—l)CT—lQTAT—leT—J =

=T (SF AT QFCr B ) 4T (BE) T AL1QFCr P, ) (4161)
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We further define the value functions as

(E7P) . 3 P .AP AP
VT 1( Tp_ 172’1“ laET 15 2, ) = ngllfi Jr_\ur—; T, X7 1),
E P < (E,P)y . E
val( Lp_ 172T 1525y, 2y ) = g”}JT 1\ V- 1733T 10 27—

Plugging (4.1.59), (4.1.60) and (4.1.61)) into (4.1.44) and taking w} , = FF 25 |

we have

Vil (@ 1725 1’E$ 1>E(TE’]1D))

= (5/5\5 1)TAT—1QTAT le 1+T1"(A; PATflf]P 1)
+<IT71)T(F7}“11)T(RT71+BT 1Qr BT—I)FJI“D 1§ITD 1
@) () O QECr FE 34T () O\ QG FE ST
+2(Z7_1) (o) Broy Q7 A @y +2(37_) ' (Fry) ' Cr QrAr 7
+2Tr (igflA;leicT—lF7€71> 2Tr ((E )TA; 1Q7Cr FPr 1>
+2(f$—1)T(F7{3 1)TB; 1QrCraFr Ty + Tr (F;—1Q$F¥—1W)
@R QYA FL, + Tr(QF_,EF ),

which is quadratic in Z%_,. Hence we can write the Nash equilibrium value (associated

with the Nash equilibrium strategy (4.1.55)) and (4.1.56))) as
1% PGSk sy — ne_ zrh 4.1.62
Tl(TthaTlaT—l) ( ) T1T1+CT1 (4.1.62)
with

07, = ArQpAr i+ (Fr ) (Rp_, + Br_,QFBr1)Fr_,
H(FF) Cr o QFCra Fr oy + 2(Ffy) By, Q7 Ar
+2(Fr_y) ' CryQrAr—y +2(Fr_y) By Q7 Cra Fr+Q7 4

= (Fi_1) 'Ry Fi_y + (Ar—1 + Br1 Fi_y + CTleZIJ“E—l)TQg :
(Ar_1 + Br1F{_, + Cr1 PP )+ QF 4, (4.1.63)

and
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= TT(A;—1Q$AT—1§§—1) +Tr ((Ff—l)TOIT—lQITDOT—IFJ?AggrE—J;)) + TT(Q$—1§§—1)

2T ((ii_l — (BB AT 5OT_1F;:3_1) +Te (0, QFTE W) . (4.1.64)
Similarly, we have
Vil (T74, ig—ﬁ i?—la i(TE—I;)) = (5¥—1)T 7%y +cpy (4.1.65)
with

07, = ArQFAr_+ (Ff ) (RF_, +Cr ,QFCr1)Fr
+(Fr_1) " By 1 QFBraFr oy + 2(Ff ) Cr_ Q7 Ar
+2(F{ )" Br  QFAr 1+ 2(Ff ) Cr\QF Br A Fr +Q7

= (FIE—l)TRE—lFZIE—l + (ATfl + BTleII“D—l + CTle’.IE—l)TQg ’
(Ar_1 + Br1Ff | + Cr_ P )+ QF 4, (4.1.66)

and

E
Crq

= TT(A;AC?gAT—li%fl) + Tr ((Fil“)fl)TBZT“le?BT—lF%Dflig“E—JID)> + Tr(ngligfl)

+ v (S, - SEP)AL QFBr L) + T (T, QT ). (4.1.67)

4.1.3.2 Dynamic Programming Principle (DPP)

Since players do not have access to the true state, their controls are related to their
state estimates which causes extra randomness. Thus, unlike [65] which applies the
standard DPP to the two-player zero-sum LQGG directly, we derive the individual
DPP for the two-player general-sum LQGG under a fixed Markov strategy from the
opponent.

At any given time 0 < t < T — 1, denote the value function of player P, under a
fixed strategy 7% := {7F(ZF)}2, from player E, as

T—1
~P $P._E\ _ . TP T pP TP
Vt(xt DI ) = min E |20 Qrar + E u, Ryw +x, Q) xy

{U‘S}s:t

Ht] (4.1.68)

s=t
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subject to (4.1.12)) and ~%, with the terminal value

Vi (#4.8547) = VE (30.58) = B, [27QFar | 75.55)]
= (3% Qfaf + 1 (QFEF). (4.1.69)

Now we show in the following theorem that a correction term is needed for the DPP

in the two-player general-sum LQG with partial information.

Theorem 4.1.4 (Dynamic Programming Principle (DPP)). For any given time 0 <
t < T —1, the value function V' satisfies

‘/tP(Afazt 77 )

— P P $P .
= T%ltnE(et e why we) [ Q x; + u R uy + Vt+1 <$t+1a i1 ) + dt+1 T ] )

(4.1.70)

where the correction term dp, , is given by

df, = 2B .p py V(@ +ef —el) Ol QL (KL HE, — NAe; | 7). (4.1.71)

In particular, when player E applies a linear strategy vF(zF) = FFZF for some con-

stant matriz FF € R¥™ we have
d’, =2Tr ((FtE)TC’tT QF (Kb, HE, — 1A, (z (B,P) i;’)) . (4.1.72)

The constant correction term diq is a consequence of strategic interactions and
partial observations. In (A.1.72) the terms K, HF, and £F come from the Kalman

filter, and the dependency on iﬁE’P)

is due to the fact that each player is uncertain
about the state estimate of the other player, see Theorem [£.1.2] This term is equal to

zero in the single-agent setting and in the multi-agent setting with full information.

Proof of Theorem[{.1.4] By definition of the value function in (4.1.68)) we have,

Vi@, 721& )
T—1
B {in}m Eep epwr,, w2 vrQrer + Z“tTRP“t +ay Qf mf]
s s=t
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Ut

I, P
= min {E(efvefth+1:wt [/ Q7w + ) Rywy| 7/

T—-1
=+ mln E(ep eE wP ’LUS)T 1 .T;Q;xT —+ Z (UZRfus + JJZQSP ) f .
{us}s t4+1 sty o s=t+1
(4.1.73)
Note that we have
T-1
E(efv svaerl"LUS z tl [xTQT:CT + Z TRSPuS + xSTQfo) :/C\f] <4174>
s=t+1

E T P TP
= E(ef,GSE w£3+17w5 T 1 [JJTQTJIT + RS Ug + ':US QS xs)

s= t+2

P ~P T pP P
($t+1) Qt—i—lxt—f—l + g Ry + (€t+1) Qt+1et+1 ($t+1) Qt+1et+1

P

l’t+1 = Atllft + Btut + Ct’Ut + t+1Ht+1At(xt — /ff) + Kt]i;-lHt—i-lFtwt =+ Ktlj—lwli—h

Given (4.1.22))-(4.1.26]), we have

and hence

= (I— KﬁrlHﬁrl)Atet (KS HE, — I)Ftwt+K§1w,ﬁ1.

;

QPS4 2 g, [0l 4 oF — o) CT Qo (KTLHEy — DAT | 2
+Tr(l) (1 — Kngﬁl)TQilKﬁ-lHﬁ-lFtw> - Tr((Kﬁrl)TQirthile)
=T (AL (B ()T QE (KL B — DAST), (4.1.75)

Therefore, the last two terms in (4.1.74) satisfy

E(efﬁg wP (6,{11) Qileﬁ-l (37t+1) Qt+1€t+1

141 7w3)

which is independent from the control from player P at time t, namely, u;. Therefore,
the second minimisation in (4.1.73)) is equivalent to the minimisation of the first four
terms in (4.1.74)).
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On the other hand, minimising the first four terms in (4.1.74) gives

T-1
uT RP TP
min E(e eF P w5 [ITQTIT + E ug Rous + x, Q xs)

{Us}t+1 s=t+2
~P
Ty ]

_ TP § T pP TP
- ]E(ef)7e1fE7wf+1’wt) [ mln E(eP 6E7w5+17w5)z:7t1--1 [xTQTxT + (US RS us —I— ms QS xs)

fus}i !
~P ||~P
$t+1] Ly ]

~P \TAP ~P T pP
+(@i1) QiaTiy +ug Ry ey

P P AP T pP
+(Th) " QEAT  + ul o RO w

= Eqrerwr,wn | Vert (@)
T (ef) T Qf el +2(@0 )T Q el xil] ff]
E (o o8t ) | Vit @G0 B | — TH(QGLEF). (4.1.76)
The ming, 3T commutes with E.r E wF, ) SINCE the control sequence after time t+1

{us 35" is mdependent of the randomness from (e}, ef, wf |, w;). Plugging (4.1.75))

and (§ m ) into (| , we have

V(’rt 7216 Y )
T-1
_ TP T pP THP.. | =P
= {m}m Er .x WP )T [xTQTxT + E u, Ry 4+, Q) v | Ty ]
Us fs=t s=t

ug

T
= min {E(et e why wr) [% Qiuy + Uy RPus + V;;_H (lEi_l)

}+ dr, (4.1.77)

with the correction term df; satisfies

iy = 2E P .p) 9@ +ef —e)'Cf QP (KEHE, - [)Atef‘ fﬂ
+ (D) (I — K[ HE ) QA KL HY L TW) — T ((

T (A] (BT (K8 T QP (KL B, — DAST)

= 2E.r p 9@ +ef —e) C Qry (KL HE, — 1)

€t »€¢
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+TY(F?Q£F1K£1H5F1EW) - Tr(F;r(HIijﬂ)T(Kﬁ-l)TQﬁrlKﬁ-lHﬁ-lFtW)
(K QU KEAGT) = T (Al (BT (KE) T QEL KDL HELAST)
+Tr (A:(Hﬁ-l)T<K£-1)TQ£}-1At§f>
= 2B r.r) (9@ +ef —e) CF QU (K Hiyy — DAy | 77
+ (D) QL K HE T ) + Tr (AtT(Hﬁrl)T(Ktil)TQlilAtif)
+1 (QF (S5, -50)) (4.1.78)
B o e el) T QL (LA B — DAL 3], (4170)

where (4.1.78]) holds since for any matrix II € R™*",

T (KF) UK, GT) + T (AT (BT (KL TIKE HE L ASY)
+Tr (FtT(HtPH)T<K£1)THK£1H£1BW)
= T (K7 "KL, (HEADWE] (HE) + G7 + HIL AST AT (HE,)T))

Ty (( KP)TIKE, <H£1§§11<H£1)T + GP)) =T (H @fﬁ - iiil)) !

and (4.1.79) holds since, by (4.1.22)-(4.1.26)),

Tr (Qzﬁrl (EEH - Eiﬁ))
= —Tr <Q£1K£1H£1§f’_>

= T (QL KL HE (AS AT + W)

= (U] QL KL HEATW) = Tr (AT (H)T(KE)TQELAST ).

4.1.3.3 General Results by the DPP

Using the DPP formula in Theorem [4.1.4] we have the following result for the Nash equi-

librium strategy and the corresponding value function for the game (4.1.12)-(4.1.13))-
(F-1.14)- (F-1.16)- (F.1.19)- (4-1.20).

Theorem 4.1.5. Assume Assumptions|3.2.4, [4.1.1], and[/.1.5 hold. The unique Nash
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equilibrium policy takes a linear format:

u(@F) = EPaP, (4.1.80)
vi(F) = FFzF, (4.1.81)

with
FP = —(R] + B/, B,) ' B/ I} (A + C,F), (4.1.82)

and
FF = —(RF + /1 ) '/ TE (A + B.EP). (4.1.83)

The corresponding value functions are quadratic (0 <t <T):

vP@Py = @h™afzl + cfF, (4.1.84)
VE@y) = (@) 'IPzf +¢f, (4.1.85)

with matrices I TIE € R™™ given by

N7 = QF + (FF)TRFFF + (A+ B,FF + C,FF) ' TIE (A + B,FF + G,FF), (4.1.86)
0P = QF + (FP)TREFF + (A + BiFF + CoFF) 'IE, (A + BoF] + CFF), (4.1.87)

P E gP JE -
and scalars c; , ci’,d; 1, d, € R given by

of = ot df, + T (QFSF) + Tr (FF)TCTIE, CFESEY)
+Tr (FtT(Ht]il)T(Kﬁl)TH£1K£1H£1FtW) +Tr ((Ktljrl)THtith]jde)
+Tr (A:(Htil)—r(Kgl)Tng—lKﬁlHﬁ—lAtif)
2T ((FF) TN, K B AGSE = 557)), (4.1.88)
f o= B +dE, 4Ty (inf) +Tr (FF)T B IE, BFPSED)
+Te (0 (HZ,) N(KZ) "I, K2 HE D) + Te (K2 TG K2,GP)
+Tr (AtT(HEH)T(Kgl)THﬂlKﬁngrlAtif)
12Ty ((FtP)TBtT ME KE HE A,(SE - (iiE’”)T)) , (4.1.89)
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and

af = 2T ((BF) €T Qf (KE S, — 1) A (577 = 5F))),

af = 2T (BT BIQE, (KEHE, — 1) A (EF)T - 5F)).
The terminal conditions are
P=0f, MP=QF f-m(QfSF), F-m(QfSF). (4190

We note that the optimal policies F¥' and FF given in (4.1.82) and (4.1.83)), and
the Riccati equations given in (4.1.86)) and (4.1.87)), are the same as the optimal polices

and Riccati equations in the case of full information (|13, Corollary 6.4]). However, the
LQGG (defined in (T.1.12)-(@.L.13)-(E1.14)- (.1.16)- (. 1.19)-(E.1.20)) differs from the
LQG with full information in [13], Corollary 6.4] in the sense that the Nash equilibrium

strategy is linear in the state estimate rather than the true state, and the scalars ¢

and cP in the value function involve more terms due to the errors in state estimation.

Proof. At time t = T, by (4.1.69) we have the terminal conditions given in (4.1.90)).
In the end game analysis in Section [1.1.3.1, we have shown that at time t = T' — 1,
the unique Nash equilibrium policy for each player is linear in his state estimate and

the corresponding value function is quadratic in the state estimate, with £X |, FE ||

IE_ TE |, P . and cZ_, given in [@.1.57), (.1.58), (#.1.63), (A.1.66), (A.1.64), and
(4.1.67).

At time t = 0,1,--- , T — 2, player P plays against the strategy 7Z(-) of player E.
By Theorem we have the DPP for player P

V (371: >Et 7%)

_ P P (=P
= minEp ¢ wh g we) [ Q7w+ u) Ry + Vi (ItJrlﬂ 2t+17 ’Vt+1> + dt+1

Ut

al

where

Ty = Ay + Byuy + Ct(”Yt (xt ) + Towy, (4.1.91)
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and according to (4.1.22))-(4.1.26)),

Ty =Ay + Boug + Co(0f (@ + )+ K5 (H] Towe + wly — HE Ae]) (4.1.92)
Hence
VI SEAf) = min{u] REu+ (@) QPEF + T (QFSF)

+Ewt ef wewf [%il(Atff + Biu + Gy (%‘/E(Egtp + {th))

+Ktljr1(Ht+1 Tywy +- wli—l - HtI-D‘rlAtet ); Eli—l’ 7t+1) + dt—l—l

i

(4.1.93)

where

of =7l v+, wi=ef —¢f. (4.1.94)

Similarly, the DPP for player E is

‘/tE(AtEu Zt 7’Yt )

_ TAHE T pE E (nE <\E ._P
= MINE(p o up [mt QFz; + v RPv, + VE, (%H,EW%H) +dt+1‘xt],
where

xt-{-l Atht + Bt(% ("L‘t )) + Ctvt + Ftwt, (4195)

and according to (4.1.22))-(4.1.26)),

ZL'H_I—AtZL't + Bt(’}/t ( 'l:i]/t>> + Ctvt+K£|_1 (Ht+1rtwt + th—;-l t+1Atet ) (4196)
Hence,

VE@E SE:AP) = min {vtTRtEvt—f- @E)TQFzE 4+ Tr (inf)

VUt

+Ewt el wewf [‘/til(Ati’\tE + Croy + Bt(/ytp(/‘r\tE - ﬁjt)))

]}

+K£{-1<H15-1 ['ywy + wfﬁ-l t+1At€t ), 415 %+1) + dt+1
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where

zf =77 — W, (4.1.97)

Similar to the end game analysis in Section 4.1.3.1, we can show that the optimal

strategies at t =T — 2, T — 3,...,0 are linear in the state estimate,
@) = FPR (4.1.98)
w @) = Fy, (4.1.99)

vi@h = @h'mlzl +cf, (4.1.100)
VE@E) = @F)TnFzl +cF, (4.1.101)

for some F', FE, 1IP, 11F, ¢I'| and cF to be determined. For player P, by substituting

(4.1.98)), (4.1.99), and (4.1.100) into the value function (4.1.93)), they minimise their

value function to find the optimal response to player E’s strategy v; = FFzE,

Vi @)
= (@) T +¢f
= min {u/ Bfu + @) TQPE! + T (QFEF) +Egy o o, (A + B

“‘OtF;sE(ZE\f + wy) + Kif—l(HtI-Ji-l Lyw, + wﬁﬂ - Htlj-lAtef)) : HEH :
(AZ] + Byuw + CFE @] + wy) + KL (HE Ty +wly — HE Avel))

el Hdla| T} (4.1.102)
Now we calculate the expectations in (4.1.102)),

Eg, o wwr, (CeFL (@) + @) T K HE L Avef |77
= EetE,ef[(CtFtE(/x\sz+esz_ef>)TH£r1K5rlH£1Atef]
= - Tr((FtE)TCtTHEHKt}j-IHﬁ-lAtif>

+Te(FPY el KE HE, A55D). (4.1.103)
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Substituting (4.1.103)) into (4.1.102)) gives

V(@)
= (@)'IE +cf
= min {u/ Rl + @) TQFF + T (QFSF) + @) A L, Acf
+ul BIIE B, + (D) T(FE)TC UL, C FFRP + T (FF)T Ol 1E G FES))
+Tr (T (HS) (K5 ' K HE L TLW) + T (K5 ' KL, G
+Tr (A (HE ) (KE )™ KE HE ASE) + 2D A TE B,
+2(z))T A/ CFFRD + 2u) B/ T, O FFay
+2 Tr((FtE)TOtTHijﬂKgrlHtilAtif) - 2Tr((EE)TO;H£1K5F1H£1A7§§§E’P))
+eb + df;l} (4.1.104)

Since the DPP correction term de is independent of the control wu;, the first order

condition leads to the following optimal response:
uj = FP'zl = —(R] + B/ 11 B,) ' B/ I, (A + C,FF)z . (4.1.105)

Similarly, player EE minimises his value function to find his optimal response to player

P’s strategy u; = FPZF. The optimal strategy v; of player E is given by
vf = FFEf = —(Rf + O/ TIE,C) ' C/ TIY, (A, + B.FD)Zy. (4.1.106)

Plugging u} = FFZF into (4.1.104) and after direct calculation, we can rewrite the

value function as
VP@ED) =@z +¢f, t=0,1,...,T -2

with TIF and ¢ given in (4.1.86)) and (4.1.88)). Similarly, player E’s value function can

be rewritten as

VE@y) = @))'Ufzy +¢f, t=0,1,...,T -2,

with TT¥ and ¢F given in (4.1.87) and (4.1.89).
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4.1.4 Experimental Result of the Bargaining Model

Recall that we have established a two-player bargaining model in Section [4.1.1] In this
section, we will further discuss the model and present some numerical results. We set
the penalty function in the model to be R! = 6; exp(—\;t) where 6; and \; are positive
constants. Thus, the penalty for concession decays over time, which allows both players
to be more flexible near the deadline in order to settle a deal. We also note that to
ensure the well-definedness of the LQGG, we also add a small observation noise with
mean zero and variance € (e > 0) to the players’ offers #” and z¥. Thus if we write

zy = (2B, 27, py) as the state, then each player observes

i i
Zp1 = Teg1 T Wyyy

for i = S, B where wi,; ~ N(0,G') with

e 0 O
G=10 ¢ 0
00 G

Set-up. We set up the model parameters and initial conditions as follows:

1. Parameters: T'= 10, W =5, ag = 60, ag = 60, Sg = 10, fs = 10, cg = ¢g =
0.05, e = 107%, GB = 10, G° = 0.01. For the penalty function we set §; = 5 and

2. Initial state: of ~ N'(10,3), 2§ ~ N(90,3), and py ~ N (50,5). We assume that

players’ belief of the initial state distribution are the same as the true distribution.

State estimates. We now plot the buyer’s and the seller’s state estimates obtained
by the Kalman filter in Figure [4.I] where both players play the Nash equilibrium
strategies. We can see that since the seller has a larger observation noise (G > G¥),

he has a less accurate estimate of the project value.
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90 —e— Real state 1 —e— Real state
-4- B's estimates -4- S's estimates

0 2 a 6 8 10 0 2 a 6 8 10
Time Time

(a) Buyer’s state estimates. (b) Seller’s state estimates.

Figure 4.1: The true state (solid black lines) and state estimates (dashed blue lines)
of the buyer and the seller. The top, middle, and bottom solid lines represent the true
seller’s offer, (the true) value of the project, and (the true) buyer’s offers; respectively.
The solid lines represent each player’s estimates of the three true state variables.

Effect of the Observation Noise. To study the effect of the observation noise on
the negotiation strategies, we fix G® = 0.01 and vary the variance of the buyer’s obser-
vation noise GZ. In Figure , we provide an example to show the difference between
the players’ actual offers (blue and black dashed lines) under partial information with
their offers under full information (blue and black solid lines). We can see that when
GP = 1, the buyer has a relatively accurate estimate of the project value (the red
dashed line is close to the red solid line), therefore the final agreement price is similar
to the case with full information; while when G” = 10, in this example, the buyer’s
estimated project value is higher than the actual value, and thus he proposes a higher
offer at the deadline. We also observe that in the case with full information the final
offers do not cross each other while with partial information, there is a cross due to
state estimation error and players may agree at the average of the two offers. In fact,
the buyer’s estimated value project could be either higher or lower than the actual
value, thus higher observation noise leads to more risk of not reaching an agreement in
the end and more variations in the final agreement price. In addition, we note that as
G increases, the seller’s cost J° will also increase, but in smaller increments. Hence

it is of everyone’s interest to be less uncertain about the project value.
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(a) GP = 1. The buyer’s cost is JZ = 968. (b) GB = 10. The buyer’s cost is JZ = 2854.

Figure 4.2: An example of state trajectories under the Nash equilibrium with full
information (solid lines) and partial information (dashed lines). The red dashed line
represents the buyer’s estimate of the project value. For comparison, the buyer’s Nash
equilibrium cost with full information is J? = 920.

4.2 The LQG Model with Reinforcement Learning

In Section [4.1 we have discussed an bargaining model under the assumption that the
model parameters are known to both players. In reality, each player usually does
not have access to his opponent’s information and thus needs to learn the optimal
negotiation strategies through repeated negotiations. In this section, we will cast the
bargaining problem with unknown model parameters as an LQG problem using the
framework discussed in Chapter [3. We will then show how, in a series of negotiations
with the same counterparty, the natural policy gradient method (Algorithm helps the

players to improve their bargaining strategies without access to the model parameters.

4.2.1 A Two-player LQG model

Similar to Section , we set the control of each player i (i = B,S), denoted by u,
and vy, to be change of the buyer’s and the seller’s offers, respectively, which measure
the concession they make at time ¢. The state variables are their offers x% and their
valuations of the project y!. The valuations can be considered as their reservation
prices, that is the upper or lower limit of what they are prepared to offer: on the
demand side, the reservation price is the highest price that a buyer is willing to pay;

on the supply side, it is the lowest price at which a seller is willing to sell. There
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is some uncertainty in their valuations due to both internal and external factors that
are inherent in the problem, e.g. change in the economic climate or internal company
policy. In contrast to the LQGG model studied in Section where both players’
target prices are linked to the true project value, here we allow each player to have a
different reservation price with correlated noise. Therefore, we construct the following
bargaining model with a four dimensional state variable z; = (22,27 yZ,y?)" and a
two dimensional control variable (u;,v;). The equations for the evolution of the state
variable are

B _ B B s _ .8 S
Ty = Ty twt €, Ty =T F Ut €

?/tE-gH = 7Bth + UBwtla yf+1 = VSyf + US(\/ﬁwtl +v1- pwf),

where ~; is the growth rate of ¢! and o; is the volatility parameter, which measures the
size of the uncertainty of y!; T is the finite deadline. Similar to the model considered
in Section here €Z and € serve as regularization terms with € ~ N (0, W?) and
e ~ N(0, W) to guarantee the well-definedness of the LQG. We note that the Nash
equilibrium strategies are still well behaved when W2 = W% = 0 (see Figure |4.3)). We
assume that {w}} ' and {w?} ' are i.i.d. standard normal random variables and
they are highly correlated through a constant p € (0.5,1), since we believe that the
players are likely to have a similar valuation of the product. We consider a simple

quadratic cost function for the buyer, given by

inf E
1

T—
{uthi S t=0

T—1
(e S 4 By +2R5<ut>2] |

and for the seller

T—1
Jnf B Jas(ef —2f)’ + Bs(af —yP)’ + >R w)*
Vtsi—0 t=0

where ; > 0 and 3; > 0 are weighting parameters. The function R! is the penalty
function representing the cost of control at time ¢. Therefore, when minimising the
cost function, each player tries to settle a deal with their counterparty, gradually con-

ceding toward their bottom line, while trying to make as little concession as possible.
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Therefore, in the LQG formulation which we discussed in Section [3.2] we have

10 0 0] 1] [0 ] [ B ]
01 0 0 .o , |1 e
At = 5 Bt = ) Bt = , Wy = ;
0 0 rg 0 0 0 o1w;
00 0 rg 0 | 0] _og(ﬁw% +v1- pw?)_
ap+ 0B —ap —fBp 0 og -ag 0 0
. . . —QapB ap 0 0 —as as+fBs 0 _BS
Qi =0, Ri = Ri(t), QF = ,QF =
—BB 0 B 0 0 0 0 0
0 0 0 0] 0 —Bs 0 Bs |

Note that in this model, Q! and Q% (i = B,S) are positive semi-definite but not
positive definite, Lemma still holds under this extended assumption [13].

4.2.2 Experimental Results

We first show the Nash equilibrium of the LQG model in an example given in Figure
.3l We then perform the natural policy gradient algorithm with known and unknown
parameters to the bargaining model. For each case we plot the the state trajectory
under the learned policies and the normalised error defined in (3.5.1). Note that al-
though Assumptions [3.2.1] and [3.2.2] are not satisfied under this set of parameters, the

algorithm will converge to the Nash equilibrium under proper conditions in both cases.

Set-up. We perform the natural policy gradient method under the following param-

eters:

1. Parameters: ap = 6, ag = 7, g = 4, Bs = 4, p = 0.8, o = 5, 05 = 5,
v8 =1, v =1, WB =W =0, T = 5. The penalty function is set to be
Rl = 0;exp(—\it), with 0 = 05 = 10 and A\g = A\g = 0.1. For the algorithm
with unknown parameters, the number of trajectories Ly = Lg = 500, and

smoothing parameters rg = rg = 0.5.

2. Initialisation: 25 ~ N(6,1), 25 ~ N(12,1.5), y& ~ N(8,1), and y5 ~ N (7,0.5).

The initial policy for the buyer: FZ ¢ R0 = (FPO ... POy with PO =
[0.1,—0.001, —0.1, —0.01] for all t. The initial policy for the seller: F¥ € R*?0 =
(FO o RO with £ = [0.0001, —0.1,0.05, 0.05] for all .
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Nash Equilibrium. The behavior of the buyer and the seller under their Nash equi-
librium strategies is shown in Figure £.3] The solution is calculated by solving the
Ricatti system ((3.2.5)).

Optimal Policies

124 ¢ —e— Buyer's offer
\:, —o— Seller's offer
11 \: —-= Buyer's valuation
\ —-= Seller's valuation

10 A

State
o

Time

Figure 4.3: State trajectory under Nash equilibrium strategies.

Algorithm with Known Parameters. In the case of known parameters, the state
trajectory (see Figure is very similar to the one under Nash equilibrium shown
in Figure [4.3] and the algorithm is very efficient as the normalized error falls below 0.1
within 10 iterations (see Figure [4.4D)).

124 ® —e— Buyer's offer 051 —— Player 1 (n=0.005)
\\ —o— Seller's offer —— Player 2 (n = 0.005)
111 o —-= Buyer's valuation « 044
—-= Seller's valuation g
10 N v 0.3
2 3"
© 9 N -
2 = N\,
] g 0.2 4 N\
8 : \
Z 01
R \
6 0.0 -
0 1 2 3 4 5 10° 10! 10?
Time Number of iterations
(a) State trajectory under learned policies. (b) Convergence.

Figure 4.4: Performance of the algorithm with known parameters for the bargaining
model.

Algorithm with Unknown Parameters. The state trajectory under the learned
policies (see Figure is very similar to the optimal one. However, it takes the
algorithm much longer to converge compared with the case of known parameter — the
normalized error falls below 0.1 within 2000 iterations (see Figure [4.5b). This indicates
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that with fully unknown parameters, it takes a lot more efforts to learn an accurate

strategy.
12 4 —e— Buyer's offer 05 _\ —— Player 1 (n=0.00001)
—o— Seller's offer —— Player 2 (7=0.00001)
114 —-— Buyer's valuation < 0.4
—-= Seller's valuation o
—
(O]
0.3 9
2 K
© N
b T 024
8o
—_
@]
Z 0.1
0.0 1
0 1 2 3 a 5 100 10! 102 10° 10°
Time Number of iterations
(a) State trajectory under learned policies. (b) Convergence.

Figure 4.5: Performance of the algorithm with unknown parameters for the bargaining
model.
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Chapter 5

Conclusion and Future Work

In this thesis we studied the convergence of policy gradient methods for L(Q problems
in the setting of finite time horizon and stochastic state dynamics. We started with
the single-agent LQR problem and proved that policy gradient methods enjoy linear
convergence to the optimal solution in the case of known and unknown parameters. We
also discussed the optimal liquidation problem and presented the experimental results
with synthetic data and real market data. We then studied the N-player general-sum
LQG and proved the global convergence of the natural policy gradient method to the
Nash equilibrium. The theoretical convergence is guaranteed provided that there is
a certain amount of noise in the system. We illustrated our results with numerical
experiments to show that the addition of noise helps the algorithm to learn the Nash
equilibrium strategy. Furthermore, we developed bargaining models using LQGs for
the case where players have partial information but know the model parameters, and

where players learn the optimal strategy with unknown model parameters.

It would be interesting to explore the following directions in the future:

e Convergence of (natural) policy gradient methods for N-player general-sum LQGs
in the case of unknown parameters. In Chapter |3| we provide a provable conver-
gence guarantee for the natural policy gradient method in the case of known
parameters. It is likely to extend this result to the case when model parameters
are unknown (Algorithm [3)) following Chapter .

e Convergence of policy gradient methods in mean-field games with a finite horizon.
We have studied L@ problems when N < oo as a starting point to analyse the

performance of policy gradient methods. Extending the convergence results to
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LQ or non-LQ mean-field games (N = 00) is a natural direction for this research.
Similar work has been done for the continuous-time L(Q mean-field control and

game [87] and discrete-time LQ mean-field control [21] problems.

Models for negotiation over multiple items among multiple players. The bargain-
ing model developed in Chapter [ can be further generalised in various ways. For
example, in reality there might be more than two players involved in a negotia-
tion. Players may also negotiate over several items, in which case an important
problem is how to design a cost function. We may also view this as an RL prob-
lem with multiple objectives. Other RL algorithms such as TRPO and PPO may

also be applied to improve the learning efficiency.

RL methods for LQGs with partial information. In Section we consider an
LQG model where each player knows the model parameters but has a noisy
observation of the true state. In the future we may combine RL methods with
the LQG and Kalman filter to learn the optimal strategy when model parameters

are unknown to the players and players do not have access to the true state.
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Appendix A

Appendix for Chapter 2

A.1 Market Simulator for Linear Price Dynamics

In the case of unknown parameters, the controller is assumed to have access to a
simulator, which generates the cost signals using equation with the estimated
parameters from the NASDAQ ITCH data taken from Lobstei] We give the details
of data we use in Figures and [A.2]

Now we show how we estimate each of those parameters in and summarize
the estimated parameters in Table [A.]]

Permanent Price Impact and Volatility. The model in (2.2.7) implies that prices
changes are proportional to the market-order flow imbalances (MFI). We adopt the
framework from [24], namely that the price change AS is given by

AS =yMFI + ok, (A.1.1)

with MFI = M® — M* where M* and M? are the volumes of market sell orders and
market buy orders respectively during a time interval AT = 5mins and € ~ N(0, 1).

We then estimate v and o from the data.

Thttps://lobsterdata.com/
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Figure A.1: Relationship between MFI and AS. (Example (from left to right): AAP,
FB, JPM, IBM and AAL, 10:00AM-11:00AM 01,/01/2019-08/31,/2019, AT = Imin)

Temporary Price Impact. We assume the LOB has a flat shape with constant
queue length [ for the first few levels. Figure shows the average queue lengths
for the first 5 levels so that our assumption is not too unreasonable. Therefore the

following equation, on the amount received when we liquidate u shares with best bid

price S, holds
S

u(S — pu) = /s ludv.

_ul
l

A

Therefore we have 8 = 7,

where A is the tick size and [ is the average queue length.

800 500 800 300 80

250
400
< 600 = £ 600 = £ 600
3 3 3 5 200 5
3 3 3 3 3
3 400 . o 400 o 150 g 0
2 3 3 3 100 3
9 200 ° O 200 ° S 200
EY

Figure A.2: Average queue length (volume) of the first five levels on the limit buy
side (Example (from left to right): AAP, FB, JPM, IBM and AAL, 10:00AM-11:00AM
01/01/2019-08/31/2019 with 5000 samples uniformly sampled with natural time clock
in each trading day.)

Parameter Estimation. See the estimates for AAPL, FB, IBM, JPM, and AAL in
Table [A1l

| Paramters/Stock | AAPL FB IBM JPM AAL |
3 1.03x 107 130x107° 265x10° 9.28x107% 327x107°
v 7271076 1.40x107° 4.60 x 107° 1.65x107° 1.33x107°
o 0.107 0.115 0.082 0.059 0.042

Table A.1: Parameter estimation from NASDAQ ITCH Data (10:00AM-11:00PM
01/01/2019-08/31,/2019).
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A.2 Comparison between the Policy Gradient Method

and Q-learning

The computational complexity of Q-learning is highly dependent on the size of the set of
the (discrete) states and actions. Therefore Q-learning is typically less suited to prob-
lems with continuous and unbounded states and actions. In order to apply Q-learning
for such problems, we need to discretize the continuous state and action space. Intu-
itively speaking, Q-learning suffers from low accuracy when the discretization scheme
is less refined (see Figures and . On the other hand, the computational com-
plexity grows quadratically when increasing the level of granularity of discretization
(see Figures and [A.F)).

To demonstrate this view point, we compare the performance of the Q-learning
algorithm with the policy gradient method on a one-dimensional LQR problem with
finite horizon as suggested by the reviewer. (We would expect the deep Q-learning

algorithm and the deep policy gradient method to have similar comparison results.)

Q learning update. We initialize the Q table {qt(o) (2, u)}zus with all zeros. In the
i-th iteration, we update the QQ table for t =0,1,--- T — 1,

a(z,u) = (1 —7) qt(i_l)(x, u) +1 |z, u) + H}},n ngi)l(xl7 Ul)] , (A2.1)

with terminal condition qéf) (z,u) = 22Qp. Here ci(z,u) = 22Q; + u*R; is the instan-
taneous cost at time ¢; 2’ is the next state simulated from the system when the agent

takes an action v in state x at time ¢; and 77 € (0,1) is the learning rate.

Model set-up. Weset d =k =1,T =5 A=10, B =02, Q;, = 0.2 fort =
0,1,2,3,4, Qr = 04, R, = 0.1(t + 1) for t = 0,1,--- ,4, wy ~ N(0,0.1), and g ~
N(0,0.1).

Parameter set-up. To perform Q-learning, we uniformly partition the states and
actions in [—1,1]. We set the learning rate for Q-learning as 7 = 0.1. For the policy
gradient method, we set the learning rate n = 0.2 and the number of trajectories in

the zero-th optimization as m = 50.
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Conclusion. From Figure we observe that

e For LQR with finite horizon, the policy gradient method outperforms Q-learning
algorithms (with the size of actions and states varying from 10 to 100) in terms

of both sample efficiency and accuracy.

e When increasing the size of the states and actions from 10 to 100, the accuracy
of the Q-learning algorithm improves, however, it requires many more samples

to converge.

To conclude, Q-learning is less suited to handling decision-making problems with con-

tinuous and unbounded states and actions. More advanced approximation techniques

may be needed in this case [83].

1.00 12 10 1.00 0.40
0.75 o 0.75 035
1.6
08
0.50 0.50 0.30
08
0.25 06 0.25 0.25
5 5 g
£ 000 06 5 £ 000 0.20
8 S g
-0.25 04 -0.25 015
04
-0.50 -0.50 0.10
02 02
-0.75 -0.75 0.05
-1.00 0.0 -1.00 0.0 -1.00 0.00
~1.00 -0.75 -0.50 —0.25 0.00 0.25 0.50 0.75 1.00 ~1.00 -0.75 -0.50 ~0.25 0.00 0.25 0.50 0.75 100 ~1.00 ~0.75 ~0.50 -0.25 0.00 0.25 0.50 0.75 1.00
state state state
Figure A.3: Q tables with 10 states and 10 actions: go(s,a), q4(s,a) and g5(s,a) (from
left to right).
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0.75 0.75 035
050 08 08 0.50 0.30
025 0.25 0.25
5 s s
g oo H £ 000 0.20
-0.25 0.4 04 -0.25 015
-0.50 -0.50 0.10
02 02
-0.75 -0.75 0.05
-1.00 ~ 0.0 =1. 0.0 -1.00 0.00
~1.00 -0.75 -0.50 ~0.25 0.00 0.25 0.50 0.75 1.00 ~1.00 -0.75 -0.50 ~0.25 0.00 0.25 050 0.75 1.00 =100 -0.75 -0.50 -0.25 0.00 025 050 0.75 100
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Figure A.4: @ tables with 100 states and 100 actions: qo(s,a), ga(s,a) and gs(s,a)
(from left to right).
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Figure A.5: Comparison between Q-learning and the policy gradient method (log-log
scale). (Average across 10 scenarios.)

A.3 Proofs of Technical Results

We now give the proofs that were omitted in Chapter [2]

A.3.1 Proofs in Section 2.3.1]

Proof of Lemma [2.3.2] Denote by {x;}L, the state trajectory induced by an arbi-
trary control K. By Assumption the matrix E[zox]] is positive definite. For

t > 1, we have
E[z2)] = (A — BK,_)E[z,.12] J(A— BK;_1)" + E[w;_ 1w, ,].

Now (A — BK; 1)E[z;_12; ](A — BK,_;)" is positive semi-definite and E[w; jw, ,]
is positive definite. Hence E[x;z;] is positive definite and as a result oy > 0. The
statement o > g4 holds by the fact that, for real symmetric positive semi-definite A
and B

Omin(A) + Omin(B) < omin(A + B),

which is a consequence of the Weyl’s inequality. O]

Proof of Proposition [2.3.4, This can be proved by backward induction. For t =T,
PX = Qr is positive definite since Q7 is positive definite. Assume Pf_fl is positive
definite for some t + 1, then take any z € R such that z # 0,

2T PKy=2TQ 2+ 2 KR K2 + 2" (A— BK,)" P, (A~ BK,)z > 0.
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The last inequality holds since 2" Q; 2 > 0, 2" K] R;K;2 > 0 and
2T (A-BK,)" PK (A— BK;)z > 0. By backward induction, we have PX positive
definite, Vt =0,1,--- ,T. O

To prove Lemma let us start with a useful result for the value function. Define

the value function Vg (x,7) for 7=0,1,--- ;T — 1, as
T-1
VK(‘T’ T) = Ew Z(xz—@txt + u:Rtut> + x’—lf—QTxT Tr = CL’] = xTPTx + LT?
t=T1

with terminal condition

VK(ZL‘7 T) = I‘TQTLL’,
where L, is defined in (2.3.10). We then define the @ function, Qg (x,u,7) for 7 =
0,1,---, T —1 as
Qr(r,u,7) =2'Q,x+u' Rou+ Ey, [Vk(Az 4+ Bu +w,, 7+ 1)],
and the advantage function

Ag(z,u,7) = Qr(x,u,7) — Vg (z, 7).

Note that C'(K) = E,,~p[V (20,0)]. Then we can write the difference of value functions

between K and K’ in terms of advantage functions.

Lemma A.3.1. Assume K and K' have finite costs. Denote {x}}L, and {u}}=} as
the state and control sequences of a single trajectory generated by K' starting from

xy = xo9 = T, then

T-1

Z AK@:;? U;, t)

t=0

VK/(QS, O) — VK(ZL’, O) = Ew (A31)

Y

and Ag(z,—K!z,7) =2z"(K.—K,)"E;x+2" (K. - K,)" (R, + B"P,;1B)(K. —
K.)x, where E; is defined in (2.3.11]).

Proof. Denote by ¢,(z) the cost generated by K’ with a single trajectory starting from
zh = w9 = x. That is, dj(z) = (2})"Qux} + (u}) "Ry}, t = 0,1,---, T — 1, and

/ o INT / . o T, / _ / / ;o
cp(x) = (o) Qrarp, with vy = —Kjx}, ) = Ax; + Bu, +wy, )= .
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Therefore,

Vir(2,0) = Vi (2,0) =By | ()| — Vi (,0)
=By | Y (ch(x) + Vi (2}, 1) = Vi(a1,1)) | — Vi (,0)

I
(]

~+
Il
(=)

~
L

(C;(:O + VK(x;Jrl’t + 1) - VK(xgvt))]
= Ey (QK(x:ﬁu;’t) - VK(:U:tvt)) Lo = .1‘]

where the third equality holds since ¢.(z) = Vi (2, T') with the same single trajectory.

N
Il
=)

=
L

=E, Ag (zy, uy, t)

t=

[e=]

For u = — Kz,

Ag(z,—K x,7)
=Qk(r,—Klz,7) — Vk(z,7)
=2'(Q, + (K)"R, Kz + K, [Vk((A— BK')x 4+ w,, 7 +1)] — Vg(z,7)
=2"(Q; + (KL)'R,K.)x + (2" (A— BK.)"Pry1(A— BK.)x + Tt(WP;i1) 4+ Ly41)
— (xTPTiL‘ + LT)
=2 (Qr+ (K. — K + K:) T R(K. — K, + K.))z
+2'(A— BK, - B(K, — K.)) " P-11(A - BK, — B(K, — K,))x
—2'(Qr + KR K. + (A— BK,)" P11 (A - BK.))x
=2z" (K, — K;)"((R- + B' P,nB)K, — BT P, 1 A)x
+2 (K. - K,)" (R, + BTP,1B)(K. — K,)x.
(A.3.2)
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Proof of Lemma 2.3.6. First for any K/, from (A.3.2),

Ag(x,— Kl x,7)
= Qx (v, —Klz,7) — Vg (,7)
=2Tr(ex " (K, — K;)"E;) + Te(ex (K, — K;)" (R, + B' Py B)(K; — K))
=Tr (22" (K, — K. + (R. + B'"P,1B)"'E;) (R, + B'P,11B)
(K. — K;+ (R + B"P,11B) 'E;)) — Tr(za E] (R, + B' P,11B) 'E;)

> —Tr(zz"E] (R, + B'P,.1,B)'E,),

(A.3.3)
with equality holds when K/ = K, — (R, + B"P,,1B)"'E,. Then,
T— T—-1
C(K)—-C(K") = Z k(aj,uf, t) <EY Tr (27 (2) E[ (R, + BT Py1B) ' E)
=0 t=0
S RS
< |8k Z Te(E] (R, + BTP..1B) 'E,) < UK Tr(EE,)
=0 =R -0
T—1
Yk
< 1=l S m(V.C(K) TV, CK)),

402 IR =
where oy is defined in (2.3.5) and op is defined in (2.3.6). For the lower bound,

consider K| = K; — (R; + B" P11 B) ' E; where the equality holds in (A.3.3). Using
C(K*) < C(K')

C(K) - C(K") > C(K) - Z K (@, up, 1)

T-1
= E Y THel(e]) BT (e + BT FissB) B

t=

v
IQ

T—
E'E)).
Z | R: + BTPt+1B|| Tr(E, £

(A.3.4)
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Proof of Lemma [2.3.7. By lemma we have

T-1
C(K')-C(K)=E ZA (2, — Ky, 1)
T—1 =
(2Tr(S)(K] — Ki) " Ey)
t=0

+Tr(Z)(K] — Ki) (R + B' P B)(K| — Ky))) -

Proof of Lemma 2.3.8. Fort=0,1,---,T,

C(K) 2 E[z/ Puwe] 2 || Pillowin(Elze, ]) > ox Bl

C(K) = i Te(Elwer, |(Qr + K, ReKy)) + Tr(Elrrar|Qr) > o Tr(Sk) > g 15k

Therefore the statement in Lemma [2.3.8] follows provided that ox > 0 and Assumption
2.2.1] holds. O]

Proof of Proposition [2 . Recall that ¥, = E [:ctxt ] Note that

21 = E [ZEllEI} =K [((A — B K[))l’o -+ w()) ((A — B KQ)ZEO + wo)T]
= (A= BE)Zo(A=BEy) +W =Gy(%) + W.

Now we first prove that
t—1
S =Gi-1(%0) + > Dy WD, 4+ W, Vt=23,--- T (A.3.5)
s=1
When t = 2,

22 = E [1’21‘;—] =E |:<<A — BKl)l‘l + w1> ((A — B Kl)Il + wl)T
= (A—-BK)YS, (A= BK,) + W =G,(%) + (A— BK;)W(A— BK,)T + W,
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which satisfies ((A.3.5). Assume ({A.3.5)) holds for ¢ < k. Then for t = k + 1,

E[vi7),,] = E [((A — BE)a +w) (A — BEK)z, + wtﬂ

t
= (A-BK)S(A-BEK) +W=G,(%)+>_ D, WD/, +W.

s=1

Therefore ((A.3.5) holds, V¢ =1,2,--- ,T. Finally,

Sk = ZT:zt % +th (o) +§iDtSWDtTS +TW = Tx(Z0) + AK,W).
=0 t=1 s=1
]
A.3.2 Proofs in Section [2.3.2]
Proof of Lemma 2.3.13l By direct calculation,
Gl < Y, and |G| < p*HY. (A.3.6)

Denote F; = F, and F| = Fg; to ease the exposition. Then for any symmetric matrix
Y eR™ and t >0,

1(Gis1 = Ger) (D) = [[F1 0 GiE) = Frra 0 G(B)]
= ||~7:t/+1 © gt(z) t+1 0 Gi(X) + ]:t/+1 0Gi(X) — Fry10Gi(B)]|
< H]:t/+1 0 Gi(X) — ]:t/—i-l © gt(Z)H"‘H]:{H 0 Gi(X) — Fry10G(X)]]
= |F10(G = GO + [[(Fiyq — Frar) 0 G(B)]
< N Fl G = GO + NGl 1F 1 — Ferall 1]
< P1G = G + PP INFy = FealllZ]-

Therefore,

Gl 1 — Gee) (D) < PII(G) = G)(E) + PV F oy — FeallIS] (A3.7)
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Summing (A.3.7) up for t € {1,2,--- T — 2} with |G} — Gol| = ||Fy — Fol|, we have

T-1 2T T
|G- o) < L= (D15 -F1)Is).
=0 P =0
]
A.3.3 Proofs in Section [2.3.3]
Proof of Lemma [2.3.15l Given (2.3.22)) and condition ([2.3.23)), we have | K] — K;|| =
n||V:C(K)| < %. Therefore,
0o 0 1
B|||K! - K|| < =2=% < - A3,
IBII; - Kl < 2955 < 3 (A38)

The last inequality holds since oy < &g) given by Lemma |2.3.8] Therefore, by Lemma

v

~
=

T-1
1 Fre = Frrll < (2o + DB (Z 15 — KZH) : (A.3.9)

t t=0

I
o

By Lemmas [2.3.5] and [2.3.7]

C(K') — CO(K)
T-1
_ 2Ty (z;(Kg - Kt)TEt) +Tr (EQ(K; — K)"(R, + BT P\ B)(K! — Kt)ﬂ
t=0
T-1
_ 4T (zgztEj Et) + 4 Tr (EgztEj (R, + BTBHB)EtZt)]
t=0
T-1
_ 4T ((z; — Y, + D) SE] Et> g Tr (Z;ZtEtT (R, + BTPtHB)EtZtH
t=0
T-1
< 4Ty (ztEj EtZt) A TE((S — SOSET B
t=0
g Tr (E;ZtEtT (R, + BTPtHB)EtEt)]
|
< [ 4Ty (ZtEtT Et2t> n 4nt—(2t) Tr (zztEj Et2t>
Omin t
t=0
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+4n?||SY(R, + BT Pyt B)|| T (ztEJ Et2t>]

T-1 T-1
AP DYAREDY
< (1o BB SR+ TR BY)
Ix t=0
T-1
[TrwtC(K)Tvtc*(K))} . (A.3.10)
t=0
By Lemma [2.3.6] we have
T-1 T-1
I DYDY
CK") ~ OK) < (1 - 2= 22y SR TR BY).
=X t=0
dox’op *
(o) (€ - )
(A.3.11)
provided that
T-1 T-1
DYDY
1— Zt:o (‘7 ¢ tH — UHEKIH Z HRt + BTPtJrlBH > 0. (A.3.12)
=X t=0

By ([£2.3.21), (£.3.22), and (A.3.9),

T-1 27T 1

I e S l) (n<2p+ 1>||B||Z||vtc<K)||)'

t=

Given the step size condition in (2.3.23]), we have

1o+ DIBIY INCE < 0o+ VIBI(T - max{|7:CH)|})
(p* =1 agox
27 = D(C(K) + 2g TIVI)

(A.3.13)

Then, by Corollary [2.3.14] and (A.3.9)),

Sk — 2 T Soll + T||W
Xk — Ykl _ p2 (ZHJ%—EqH) [Zoll + T[|W]]
Ox pe—1 \—= Ox
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oT T-1

< Sl (ZMWtC(KH)

t=0

CK) + 2 TIW| _

OQ0x

N | —

where the last step holds by (A.3.13). Therefore, the bound of |Xg| in (A.3.12)) is
given by

1 C 1 C(K
I < 5 — Sl + 15k < o+ S0 < 2l + S5, (aaag

oq oq

hich indi hat [|Sg|| < 22 Therefore, (A.3.12) gi
which indicates that ||Xg/|| < 2o erefore, (A.3.12)) gives

T-1 =
DA
Do IE ol _77||§]K,||Z||Rt+BTPt+1BH

=X t=0

oo W) <C(K)+THWH> <n<2p+1)|\B||§_j|\VtC(K>H>

(r* =1Dox \ gq —
20(K) =2
2NN R, 4 BTRLB
QQ

t=

1

=1 —0177,

where C) is defined in (2.3.24). So if n < 57, then,

T-1

T-1

SIS -2 1

1 — &t=0 1% = %l || Sk || § |R,+B"PB|>1—-Cin>=>0.
I9x i—0 2

Hence,C'(K") — C(K) < —1 (4%2%) <C(K) - C(K*)), and

- Xkl

C(K') - C(K") = (C(K') - C(K)) + (C(K) - C(K"))

A.3.4 Proofs in Section 2.4

Before proceeding to the proof of Theorem [2.4.5, we show two important Lemmas

which provide the intermediate steps. We first show the optimality condition for the
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projection operator in Lemma[A.3.2] We then show the one-step convergence result in
Lemma [A.3.3

Lemma A.3.2 (Optimality Condition). Fiz a policy matriz L' and write L* = Ts(L").
Then for any L° € S, we have

%Tf ((Z? = L)Ly = Ly)") = 0. (A.3.15)

t=0

Proof of Lemma[A.3.3. We show condition (A.3.15)) by contradiction. Assume condi-
tion (A.3.15]) does not hold, then there exist some L?* € S and some constant b > 0
such that

T-1
S T ((Lf - L)L = L)") = —b < 0. (A.3.16)
t=0
Let
M=1+ o Tr (L3 = L)L — L)) 14 o Tr (L3 = Ly) (L3 — L)) o1
—2 3 T (L3 — Li)(Ly — LY)T) 2b
and take . |

By the convexity of S, we have L € S. Hence from definition (2.4.3)), we have

ST (L - I - D) < ST (T IDE - L)) (A317)

On the other hand,

~
L

Tr (Lo — L) (Lo — L)) )

t=0
T—1 1 1 T
-3 ((M@? - - o) (5700 - 2+ (0 - 1) )
T-1 1 T-1
= D T (@ - L)@ = L)) + Y T (L) = L)L — L))
t=0 =0
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T-1

+Z%Tr((ﬂf’ L)Ly = L)'). (A.3.18)

t=0

By the definition of M we have,

ST (L - L)(EE — L)) + oM ST (2 — L)(2 — 1))

T—1
= > Tr (L — L) (L - L7)T) — 2Mb
t=0

T-1 T-1
= D T (L= LDy = L)T) = 20—y Tr((L§ — Ly)(Li — 7)) = —20 < 0.
t=0 t=0

Thus substituting this in (A.3.18]) contradicts (A.3.17) which completes the proof.

]

Lemma A.3.3. Assume Assumption 2.1 holds, ox >0, K € § and that
K, =K, —nV,C(K), where (A.3.19)
n < min {Cy, Cs}, with (A.3.20)

c — (p* —1)oqox
4dT? Vd + k(p*" —1)(2p + 1)(C(K) + o T||W )| Bl| max,{ || V. C'(K) ||}
(A.3.21)
Cy = 2Q (A.3.22)
8C(K) Y= | R+ BT Pt Bl
Take

K =TIs(K'), (A.3.23)

with K' = (K{,--- ,K}_,) and K| defined in (A.3.19) (t =0,1,---, T —1). Then we

have

2nZHGt HF—znzTr (Gu(K) G(K)) < C(K) - C(K).
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Proof. By

definition of K ,and as K € §, we have

T-1 T—1
S Tr ((Kt ~ KK, — K;)T> <3 Te (K, — K) (K~ K)T).  (A3.24)
t=0 t=0
Take L' = K’ and L° = K in Lemma [A.3.2] we have
T-1 _ _
S Tr <(Kt — K (K, - K;)T) > 0. (A.3.25)
t=0
Combining (A.3.24]) and (A.3.25) leads to
T—1 B T-1 _ _
S T <(Kt ~ K (K — Kt)T> >3 Tr ((Kt ~ KK, - Kt)T> . (A.3.26)

t=0 t=0

Given the definition (|A.3.23]), we have G(K) =

KQ_WK and G¢(K) = Ktz;nKt By Lemmas

2.3.5 and 2.3.7

C(K) - C(K)

S

-1

~+

=0
-1

~

I
1

47 Tr (S(Gu(K)) (Re + BT P B)GH(K) ).

[2 Tr <§t([?t — Kt)TEt> + Tr <§t([?t - Kt)T(Rt + BTPt—HB)([?t - Kt))}

[4n Tr ((it — (G, (K))TEt> S+ AnTr <Et(Gt(K))TEt>

(A.3.27)

with 3, := E[#,Z, ] and {Z,}7- is the trajectory under policy K.

First, we have

X_:TI' <Zt(Gt<K))TEt> — Z_:TI‘ ((Gt(K»TEtEt)
1 — ~ T !
— @tonr((Kt_Kt) (K — K)))
1 It _ - T
< Cup 3 Tr((K; — K) (K, — K)T)
= —Tr((Gy(K)) (G4(K))),



in which the last inequality holds by ({A.3.26|).
Second given (A.3.19)) and condition (A.3.21]), we have

0'
K| — Ki|| = nl|V:C(K o '
K= Kl =l V. CE < e s
Therefore,
_ ) _ ) T-1
BN =Kl < D IBIIR: — Killr < 31BN = Killr
t=0 =
1
< \/FHBHZHK/ KtH—QC(K)<§

The second inequality holds by ({A.3.26)) and the last inequality holds since gy < Cg)
given by Lemma [2.3.8, By (12.3.21)),

-1
Z 135 — 24|
=0

2T =
p 1 /[C(K K- K
— < (K) THVVH> <2p||Bl||||K K!H—FHBHQIH |||2)
pe— 99

P —1 (C(K)
<2 (% +T||W||) <2<2p+1>||B||Zn||Gt<K>||)

pr—1 t=0

IA

T-1
9x
< G.(K)|, A.3.28
_2dT2\/_d+_/<:~maxt||VtC(K)||;H (K] ( )

where the last inequality holds by step size condition n < C}. Hence

T—

d||2t
A327) <
ZO O min Zt)

472 Sl | Re + BT Pt B Tr ((Go(K)) T Gu(K) ) |

=t IGA(E)IV:CEK)| = 4n Tr((GH(K)) ' (G(K)))

T-1

o1 (3015 5) (X s (vt

t=0

IA

a0 (G (K)) T (GL(K)))

147



T-1
+472 > Skl 1B+ BT Py BI Tr ((Gi(K) Gi(K))

t=0

< ;(jz_éuet(muf—4an_§Tr<<Gt<K>>T<Gt<K>>>
+4772§ IS&ll|Re + BT Pra B Tr ((Gi(K) T Gr(K))

< [l G(K) 2 = 4n Te((GH (K ) T (GH(K)))
ISl 1R+ B BB T ((61K)) Gk

<

S0 (=3 4nll gl 1R + BT P B T ((Go(K)) Gu(K)),

where the third inequality holds by (A.3.28)) and the fourth inequality holds by Cauchy-
Schwarz inequality. By (A.3.26) we have Vd+ kY., |V.C(K)| > S IG(K)|
and thus (A.3.28) < =X and

Sell | CUK)

ol I
Il = [ =2+ 2| = 5+ Il < 55+ =

Thus ||Xz] < % Therefore when n < Cy, we have

< -2p)  Tr((Gu(K))T(Gi(K))).

t=0
[

Proof of Theorem [2.4.5l The key step in this proof is Lemma [A.3.3] and it suffices
to show that the projected policy gradient method enjoys sublinear convergence rate
in the setting of known paramaters. This is because moving from the analysis for the
case of known parameters to that for the case of unknown parameters follows the same
procedure of policy gradient descent (without projection). In particular, the zeroth
order estimation of the gradient term nV,C(K) in is the same for policy
gradient method and projected policy gradient method.

We now show that the projected policy gradient method with known parameters

enjoys a sublinear convergence rate. Since the step size conditions (A.3.20)-(A.3.22)
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are independent of the term G;(K), the existence of 1 follows the analysis in Theorem

. Hence when n € H(m) is an appropriate polynomial in m and model
parameters, by Lemma [A.3.3] we have for any N € N*,

> (i) s 2 I E) <UD EE (a2

Therefore {% SV (ZtT:_Ol |Gt(K")||%) }N>1 converges at rate O (4 ), which thus

completes the proof for the case of known parameters. n

Proof of Lemma [2.4.7. Under Assumption, we have E [zoz] | = WoE (207 | WOT :
and ||E [zozg ||| < o2||Wo||2. With the sub-Gaussian distributed noise, W = E [waw/ | =
WE [vv] ] W7, then we have W < o2 “W2“

Denote S; = Q; + K R;K;, Vt=1,---, T — 1. Thus, for t =0,1,--- ,T — 2,

Elz) Qi + uly Resruen] = Elz) Seviwe] = Tr(Elz2/4]Se1)

t
=Tr (gt(Eo)StH + Z Dt,SWDIsStJrl + WSt+1> .

s=1

The last equality holds by (A.3.5)). Therefore,

C(K') - C(K)
T-2
= Elzg (Kp) ' RoKgo — xg Ko RoKowo] + Y Tr (gg(zo) 1 — gt(zo)sm)
t=0

()

(1)

T-2
+) Tr (Z (DLSW(DQ,S)TSQH - Dt,sWDZSSm) + W(Spy1 — St+1))
=0

s=1

(IIT)
T-1
+ T(Gr-1(20)Qr—Gr 1 (20)Qr+Y_ (D1 W (Dr 1) Qr = Dro1,WDF Q1))

s=1

(v)

For the first term, (1) < Tr(E[zozg])||(K}) T RoK}) — Ky RoKo||. For the second term
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(I1), since

T-2 T—2
(Tr (Ge(X0)St41)) = E Z Tr Hf o(A — BK;)woz 1 ‘=0(A_BKt_i)TSt+1))]
t=0 t=0 ey
< Tr (E [a:oxﬂ) th(StJrl)
t=0

we have, (I1) < Tr (E [zoz{]) H tT:_OQ (G (S141) — Gt (Se1)) H .
We denote Gy := Y017 (G (Si11) — G (Si41)), then

T—
H%|g§]

t=0

Gl (Qu1 + (K1) "R K1) = G (Qraa + (K[ yy) T Ren K7y y) —

gt ( t+1Rt+1Kt+1 (Kt/+1)TRt+1K£+1)

oT T—
pt —1
S AT ( 2p+1 ||B||Z|!Kt—K£II> <Z”Qt TRtK’H>
t=0
+ Z G [[ (K ) T Rea Ky — K Resa K|
p2T 1 T—2
< =3 2p+ DB 1K, — K| ) -
P t=0
T-1
(le@ﬁ ) R K] — KJRth+KJRth||>
t=1
20 2T T L
PP (0" / s
p2—1 ;H (K)"R.K, — K R K|
2T
pt —1
s i 2o+ DIBIHIK - K| (Il + KNI (IR
20 2(T—1) _

P p*(p 1)
+(ﬁ 2o+ DIBIIK - K+ ).
T-1

|(K}) T RK] — K] RE|| - (A.3.30)

t=1

where the second inequality holds by Lemma[2.3.13[and (A.3.9)), and the third inequal-
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ity holds by (A.3.6). For the first term in (/11), we have

T—2 t
Tr <ZD (D)), — Dt,sWD;SM)

T T
b o

I
(]

T (ZD (D} (St~ st+1>+<Dz,sW<D;,s>T—Dt,sWngsm)

t=0
T-2 t T-1
< (ZZTr ) N () TRE — K] RK,
t=0 t=1
—2 t T—-1
£ [ DLW DL)T = DWW DL (30 (@) + K T (R))
t=0 || s=1 t=1
T -1 2(T-1) T-
< Tr(W)( )< Z KN"RK! — K R/ K,
p? =1

or T-1 T-1

+T—(pp2 __11) 2p+1)|B| WK — K| (Tr O -Q) +IEPT (D Rt)>,

where the last step holds by (2.3.20). The second term in (/17) is bounded by

T-2 T-1
SO (WSt = i) < Te(W) 3 [[(K) TR — K R |
t=0 t=1

Similarly, by (2.3.20) and (A.3.9), (V) is bounded by

~
-

(1V) < Te(Elaorg)) Y | (G - 6(Qn)|

t

<Z DT 1,s D%—I,S)TQT - DT—l,sWD;l:—l,sQT>

Il
=)

2T
P 1 /
< Te(Blaorg )5 — @+ DI BIIQr I IK ~ K|
2T

P -1 /
+ T (Qr) =7 Qe+ DIBIIWIHIKT = K.

Now we bound the term 23:11 (K} TRK, — K, R K|,
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in previous inequalities:

S

-1 T—
|(K)TRK] — K] R Ky || = Z (K] — K¢+ K) T Ry(K| — K; + K;) — K R K|

t=1 t=1

< Z LT — P Rel + 201 K[| Rl £7 — K|

< 3|IKII IR I&”— K1

The last step holds since || K] — K¢|| < || K}|| by assumption.
Therefore,

CUK") = C(K))
< Tr(Elroay ) {SIK A MIE - K]l +

~1
— o+ DIBlQr] K~ K|

2T
-1
Ho T Cot DIBIIE — K| (IQN + 1K [1RI)
Pt =1 , p’(1—p*T 1) ,
+(p D20+ DIBIIE — K| + 2 SIK IR I~ K1}
2 )_1 )
same(w) (U )+1)!HKH!H!RIIIHIK—KH!
(T - 1) S
+(Tﬁ<2p+1>||3u WK - K1) (T Z )+ IKIPT: (3 R))
t=1 t=1
pQT_l
FTHQN = 2o + DB W 1K~ K]

By (2.3.27] m, Lemma m and Lemma [2.3.16, p is bounded above by polynomials in
IAll, [|Bl, lIRIl, ==, == and C(K), or a constant 1 + £. Therefore, we rewrite the

70—7212

above inequality by
C(K') = C(K)| < hexl|K' = K|l + hex || K = K7, (A.3.31)

where heox € H(C(K)) and hp i € H(C(K)) are polynomials in C(K) and model
parameters. Given assumption (2.4.7), we have ||K’ — K|| < 1 and hence

K" — K| > |K' — K.
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Define heost = hox + himx, then (A.3.31]) gives
CK
|C(1<,) - C(1<)| S hcostml(/ K |||7

with Ay € H(C(K)). O

Proof of Lemma [2.4.8 Recall V,C(K)=2F,;%; and W=E [wtwt } WE [vtvt } wT.
We have,

IViC(K') = ViC(K)|| = (2B — 2E,5|| < 2||Ey — E||I5]] + 2[| E ][5 — 2],
(A.3.32)
For the second term, by Lemma and Cauchy-Schwarz inequality,

T—1 T—
max, ||R; + BT P,.B
1B < S IB] < S T E B < o7 RSB BTRABL ey ey,
t=0 t=0

Ox

(A.3.33)

By (A.3.7) and direct calculation, we have

s=0

t+1
1(Grs1 = Gern) (Bo)|| < p**+Y (Z [Fry = FK, HEoH> :

By (A.3.9) and (2.3.20), for t =1,2,--- T — 1,

t—1
IS5 = Sell < U1(G7 = G)(So)ll + || DecrsWD = D)y W(D, )"
s=0
< 2t Kl K (p2T B 1) B K/ K
< p”2p+ |B||1Z] [IK"— K| + ﬁ(2P+ DIB[WI K" — K-

(A.3.34)

Therefore the second term in (A.3.32) is bounded by the product of (A.3.33) and
(A.3.34]).

Next we bound the first term in (A.3.32). Similar to (A3.14)), |1 < || o1, 2| =

12k < IZ% —Zkll+ |12k < Cg(g) + ||Xk||. For ||E; — E||, we first need a bound on

153



|P/ — Py||. Since Py = So + 31— Gi(Si41) + Gr1(Qr), by (A3:30)), we have

1P = Pl < || P — Foll

oT T-1

ar_
< Slolll Rl — Kl + 16l + =20+ DBl (3 15 — )
t=0
p2T —1 / 2
< L= e+ DIBIIK - Kl (1911 + IKIFIR])
o 201 _ 2(T—1)
p -1 : pr(d—p*"Y)
1 2 D|B] ||IK"— K .
#3 (14 Lo DB K - K+ PO
I IR IK -~ K|
pQT -1 ,
+ o+ DIBIIQ K - K
(A.3.35)
Thus,
12 - B

= ||Ri(K} — K;) = B"(P{,; — Piy1)A+ B (Pl — P1) BK; + B' P B(K{ - K)) ||

< (IRl + IBIFILPoN) 1K — K|+ [1BIHF — Poll 1Al + 211 BI*155 — ol

. T—1 .
Given the bound on ||K|| = >,-, [[K}|| in Lemma [2.3.16/ and the bound on |[|F||
in Lemma all the terms in (A.3.32)) can be bounded by polynomials of related
parameters multiplied by || K’ — K[| and ||K’ — K||*. Similarly to the proof of Lemma
2.4.7, we have ||K' — K|| <1 and

IViC(K") = ViC(K)|| < hgraal | K" — K|,

for some polynomial hg..q € H(C(K)).
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A.3.5 Proofs in Section 2.5

» L4k kY . .
Proof of Proposition[2.5.3. Denote H; := . Since H; has two eigen-
k} 1+ k7
values 1 and vk} + k7 + 1, H, is positive definite when vk} + k2 > —1 (0 <t < T —1).
Then let us show the first claim by induction. Assume E[x,x/] is positive definite

for all s <t, then

E[xt+1x;r+1]

= E[(A - BK)z; +w,) (A — BK))z, +w,) | = E[(Hux, + wy) (Hyz, + wy) ']

= E[Htl'tLU;rHtT + wtw: + wtth + 2Htxtth] = HtE[ZEtZ';r]HtT +

Hence E[z;412/,,] is positive definite since E[z,z; | is positive definite and H; is positive
definite. Therefore oy > 0.

The second claim can be proved by backward induction. For t = T, PX = Qr is
positive definite since Q7 is positive definite. Assume Pfil is positive definite for some
t + 1, then take any z € R such that z # 0,

2 Pr2=2"Qu 2+ 2 K/ R K,z + 2" H PX H,z > 0.
Note that H; is positive definite when vk! + k2 > —1 and 1 + k! > 0. The last

inequality holds since Q; and H, PfilHt are positive definite, and K,” R;K; is positive

semi-definite. Hence we have PX positive definite for all t =0,1,2,--- ,T. O
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Appendix B

Appendix for Chapter 3

We now give the proofs that were omitted in Chapter [3]

B.1 Proofs in Section [3.3.1]

Proof of Lemma [3.3.6. We prove that the terms in the sequence {Ptff M., are posi-
tive definite for ¢ = 1,--- | N by backward induction. For t = T, Pffi = Q% is positive
definite since Q% is positive definite. Assume Pt{fu is positive definite for some ¢ + 1,
then take any z € R? such that z # 0,

N T N
2 PEy=2TQir+ 2T (K)) " RIK 2 + 2" (At -y B{K{) PK,, (At -y B{Kf) 2
j=1 j=1

> 0.

The last inequality holds since 2" Q!z > 0 and the other terms are non-negative un-
der Assumption . By backward induction, we have Pﬁ positive definite, V¢ =
0,1,---,T. O

To prove Lemma [3.3.8] let us start with a useful result for the value function. We
define the value function for player i, Vi (z,t) for t =0,1,--- , T — 1, as

T—1
View,t) =By | > (2] Qlws + (ul) T Ril) + 27Qhwy

s=t

T pK K
r=x|=x B+ N3,
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with terminal condition

where Ntfg is defined in (3.3.14)), and E,, denotes the expectation over the noise w. We

then define the Q function, Q% (z,u,t) for u = (u!,--- ,u) as
N .
Qi(ru,t) = 2" Qlx + (u') " Riu' + E,, |Vir (A + Z Blw/ 4wy, t +1)
j=1

and the advantage function
Al (z,u,t) = Qi (z,u,t) — Vir(z,1).

Here E,, denotes the expectation taken with respect to w;. Note that C'(K) =
E[Vi(20,0)]. We write

(Ki’,K_i) — (Kl7 o ,Ki_l,Ki',KiH, ce 7KN)7

and the control sequences under the policy (K, K~%) as {u""}L_! with

w! = —K'oK' KT and wl = —Kia KUK £ (B.1.1)
Then we can write the difference between the cost functions of K = (K*!,--- , K") and

(K", K~") in terms of advantage functions.
Lemma B.1.1 (Cost Difference). Assume K and (K", K~") have finite costs. Then

T—
Vicin g—i(,0) — Vie(, 0) Z oKOET iy | (B.1.2)
=0

where {u)" "' }=! is defined in (B.1.1)) with xé{i,’Kﬁ = x9 = x. For player 1,

Age (a0 = (@)Y = KD TR+ (BT P, BO(KY — K ay
+2(af (K — K TES 2K

Proof. Write z; = xf{ K™ for simplicity and denote by c¢/(z) the cost of player i
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generated by (K, K~') with a single trajectory starting from z} = ¢ = .

¢ (zy) = (z)) " Qi + (K)'a}) ' RiK}x), t=0,1,--- T —1,

That is,

:x]

and
() = (o) Qal,
with N
ul = —K{'z, |x,, = A, + By + Z Blul +wy;, zf= .
=1
Therefore
roT
View g—i(2,0) = Vig(2,0) = By | Y c(a})| = Vie(,0)
| =0
rT T
= E, Z(C;’(l’;) Vi (), 1)) +ZVIZ<($;7
| =0 =1
rT—1
= E, (Ct () +VK(xt+1’t+ 1) — Vi (a3, ))]
| =0
rT—1 o
= E, (Qie(f, wg" ™" 1) = Vi (f, 1)) | 2o
L t=0
rT—1
= E, A’K(:ct,u;' l,t) Zo :x] ,
=

where the third equality holds since ¢(z/.) = Vi (2%, T') with the same single

For player i, the advantage function is given by

Aj (mtvu;/ Zv ):Qé{(xbu;, 27 )—Vé(l’g,t)
N

trajectory.

— (@) (@i + (KT RUKY ), + B, |Vie((A = BIKY = " B{K])al+wi,t+1)

J=1,j#i
_VIZ((:U;? t)

= @)@+ (K Ry + (@) (Ae - BiK] — S BK])’
J=Lj#i
N

P (A BIKE— S B )t TV, ) 4 VL) — (1 B+ NE)

=1,
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(1) (@i + (K — Ki + KT R(K{ — K] + K))a;

=

N
(@) (4 = Bk} — k) = > BIK?) PE, (A Bi(K] - K)) = > BIKY )

j=1 j=1

el (@ TR+ (40 3 Biad) B4 3 B )
i=1 =1

(1) (K} — Kp) T (Ry + (BY) P BO(KY — Ky + 2(a1) T (K — K3) T Ef

Now we are ready to prove Lemma [3.3.8

Proof of Lemma [3.3.8. By Lemma [B.1.1| we have

>

AZ ( KY K~ Z,ui”_i,t)

(T () — KT (R + (BT PE B (K] — K] a5
+2(af KK — ) TEE 2

T (a5 (@K T (K] — K)T(R) + (B)T PK, B — K}))
+2Tr (KT (@K (K - KD)TEK)

T (a5 (2T (K] — K]+ (R + (B)TPE, B BE)T
(R + (B) TP B (K] — Ki + (R + (B)T P, ,B) " EX))

— T (a5 @ T(ER) (R + (B))T P, BT EK)

— T (o @) T(EE) (R + ()T PK, BT EE),

with equality holding when K" = K} — (R 4+ (B})" PK, ;B})"'EX. Then, by Lemma
B.1.1] letting {27} and u} = (u}*, - ,ulN*) with ul* = —K}*z} denote the state and

control sequences induced by the set of optimal policies K*, we have

IA

IN

Ci(K',K~™) — C{(K*) =

ZAZ LN ‘e xt?“tvt)

KzK 1% i i Ki,K—q',* iN— Kv',’K—i*
Z Tr <xt )’ ti ) (R + (Bt)TRH—l,i B) lEt,z‘ )]

Ki,K_i* i i Kt K i% i Ki,K_i*
HzK*HZTr((Et,Z- VTR + (BRI BT ST

HEK*

ORp

ZT < EtI(:K z*>TEt}§i7K7i*>
t=0
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_ S « KK\ 1o ifgei ge—ia\Txr i gei ge—ie) (s KHE T -1
= ZT (B IV O K ) T g CH K K ) (5 )
HDYSES
K* i i —i%\ T Wal) ) — ik
< Tonlay) ZO (Vi CHKY K )TV CH K K )).

For the lower bound, consider K" = K} — (R} + (B;)" PX, ;B}) ' Ef . Using
CY(K",K~™) > C"(K*) and letting {uK K }ZF denote the control sequence induced
by (K", K~*), we have

2 OZ(KI K—z*) o Cl(K“,K—Z*)
= ZAl ,LK ’L* K“K Z*’u{{i/7K7i*’t)
= ZTr< K“K % x{{i,’Kii*)T(Ef’ii’Kii*)T(Ri (Bz)'l'})t}iljl{ z*BZ) 1E§§i’K”>]
= Z e T (B TR
0 1R+ Bz)TR’il’f B
T-1m T o
T (Vi CU(K K )TV i CUK K
Z 4:||§] Z K 7 ) K’LI; 1*(1 ))
K, =0 ||R ( t) 1 B “
]
Proof of Lemma [3.3.9. By Lemma [B.1.1]
C"(K”,K )= C(K)
= E ZA’K AN ’,t)]
T—1 o
= Z Tr (E{{ K (KZ/_KZ)T(R?:‘F (Bz)TPﬁ_MBZ)(KZ/ _ KZ))
t=0
e Ky
]
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Proof of Lemma [3.3.10. It is straightforward to see that
C'(K) > Elz] PKxi] > || PE|| omin(Elzi2[]) > ox | P |

and

Ci(K) = ZTr [z |(Qh + (K})TRIK})) + Tr (Elzra]]QF)
Z tlg[lOHJl“] Umln(Qt) TT<EK)
> oo |Zk]|-

Then the statements in Lemma [3.3.10] follow since under Assumptions (3.2.1] and [3.2.2]
we have gy > 0 and gg > 0. O]

B.2 Proofs in Section 3.3.2

Proof of Proposition [3.3.11]. Recall that £ = E |2,z ] and note that

Z{{ - E[g;lxlT] = E[((AO — i BgKg):Eo + w0> <(A0 - iBéKS)xo + wo)T]
j=1 j=1
— (49— iBﬁK&) Zo (4o - f: BgKg)T + W = Go(So) + W.
j=1 Jj=1

We first prove that for t =2,3,--- T
t—1
5K =Gia(S0) + > Dt WD+ W (B.2.1)
s=1
We have the result for t = 1, so assume (B.2.1)) holds for ¢ < k. Then for t = k + 1,

E[$t+1$2—+1] = E[((At — iBgKg)ajt + wt) <(At - iBZKZ)xt + ’LUt)T]

j=1 j=1

N N
. .o\ T
= (A=Y BiKl ) (A4 =Y BIK]) +wW
=1 j=1
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t
= G(Zo)+ Y Dy WD +W.

s=1

Therefore (B.2.1]) holds, V¢t =1,2,--- | T. Finally,

T—1 t
Sk = Z K =5+ th So)+ Y > Dy WD/ +TW = Ti(S0) + Ax(W).
t=1 s=1
0
Proof of Lemma [3.3.14l For player ¢,
(Fe = F)(X)
N N\ T
- (At -y BgKg)X(At . ZB§K§>
j=1 j=1
N . . N . AT
—(At - BiK! - Y B,{K,{)X(At - BiK!— Y B§K§> ,
J=1j#i j=1,j%#i
Then (3-3.28) follows by letting Y=A,—~ Y% | B/K/ and Z=A,~ B{K]~>"" | ., BIK]
in
Y+ 2)X(Y-2)"+(Y - 2)X(Y +2)T
YXYT—ZXZT:( + 2)X( ) ;( XY +2) (B.2.2)
and using the norm bound ||[AX|| < [|A]] [|X]]- O
Proof of Lemma [3.3.15l By direct calculation,
1G]l < pr'ger’s i=1,--,N. (B.2.3)

Then for any symmetric matrix ¥ € R™? and ¢ > 0,

1(G1 = Ger) (D)l
141 0 GE'(2) = Ferr 0 G|
= 710G (2) = iy 0 Gi(E) + Fly 0 Gi(E) — Firr 0 Gu(D)|
) = (
(

< IIffil °G; ( Fri1 0 GO+ 171 0 Gi(X) = Firr 0 G(D)]
= |F10 (G = GO + (Fihy = Ferr) 0 G(E)]
< NFAIIG = GO+ NG F = Feall 12]
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< ok xllG = GO + P 1F e — FemllIZ])-
Therefore,
(G2, — G ) ) < Pk (G — GE) | + ppe 1Fiy — Feaa ISl (B.2.4)

Summing (B.2.4) up for t € {1,2,---,T — 2} with |G} — Go|| = ||F — Fol|, we have

S
-

|G- g < ”’”": (ant F)IEI

t Pk K’

Il
o
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