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Abstract

Reinforcement learning (RL) is a machine learning approach for sequential decision
making. Recently, in order to solve complicated decision making problems, RL
with DNNs, which is called deep RL (DRL), has attracted much attention thanks
to development of deep neural network (DNN) technology. DRL is also useful to
design optimal controllers of nonlinear systems in the case where it is difficult to
identify models of systems accurately and to design the controllers analytically since
we can obtain controllers through interactions with systems automatically. However,
in the real world, the application of DRL is restricted due to some problems other
than learning performances of DRL algorithms. In this dissertation, we tackle the
following four problems to extend the application range of DRL for optimal nonlinear
control problems.

Firstly, we propose a practical DRL algorithm with a simulator to mitigate high
sample complexity. In DRL, the agent needs many interactions with a system to
learn its policy. Then, using the simulator, we can collect many experiences more
efficiently than through interactions with the real system. In general, however, there
is a gap between the real system and the system modeled in the simulator, which
may degrade the performance of the learned policy. Thus, we propose the two-stage
deep Q-learning algorithm that takes the identification error into consideration.

Secondly, we apply DRL to design of networked controllers to stabilize a nonlinear
system at an equilibrium point. In a networked control system (NCS), we must
design a controller considering the characteristic of the network. Particularly, it is
important to take effects of network delays into consideration. Thus, in order to
learn the control policy considering network delays, we propose an extended state
consisting of the current system’s state and some previously determined control
actions. Additionally, we consider the case where a sensor cannot observe some state
variables of a system.

Thirdly, we apply DRL to design of a networked controller to complete a given
temporal control task with time bounds. We describe the temporal control task as a
signal temporal logic (STL) formula. In order to learn a policy to complete the task
considering the effect of network delays, we propose an extended Markov decision
process (MDP), which is called by a 7d-MDP. In the td-MDP, we regard not only a
current system’s state but also previous control actions and previous system’s states
as an environment’s state.

Finally, we propose a DRL algorithm to obtain an optimal policy with respect to
a given control performance index under a constraint described by an STL formula.
We formulate the control problem as a constrained MDP (CMDP), which has two
reward functions: one is the reward function for the given control performance
index and the other is the reward function for the given STL formula. We use the
Lagrangian relaxation method for solving the CMDP problem. By this method, the
CMDP problem is transformed into an unconstrained problem with a Lagrangian
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multiplier so that the standard DRL algorithm is utilized. Moreover, we introduce a
two-phase learning algorithm to collect experiences satisfying the given STL formula
efficiently.



Acronyms

CMDP
CPO
DDPG
DNN
DP
DRL
DQN
HJB
iLQG
iLQR
LTL
LQR
MC
MDP
MITL
ML
NAF
NCS
PILCO
PPO
ReLU
RL
RNN
SAC
STL
TD
TD3
TRPO

Constrained Markov decision process
Constrained policy optimization
Deep deterministic policy gradient
Deep neural network

Dynamic programming

Deep reinforcement learning

Deep Q-network

Hamilton Jacobi Bellman

iterative linear quadratic gaussian
iterative linear quadratic regulator
Linear temporal logic

Linear quadratic regulator

Monte Carlo

Markov decision process

Metric interval temporal logic
Machine learning

Normalized advantage function
Networked control system
Probabilistic inference for learning control
Proximal policy optimization
Rectified linear unit

Reinforcement learning

Recurrent neural network

Soft actor critic

Signal temporal logic

Temporal difference

Twin delayed deep deterministic policy gradient
Trust region policy optimization
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Chapter 1

Introduction

1.1 Background

Reinforcement learning (RL) [1,2] is a machine learning (ML) approach for sequential
decision making problems. ML is classified into the following three approaches [3].

e Supervised learning.
e Unsupervised learning.
e Reinforcement learning.

In supervised learning, we aim to learn a general rule that maps an input x to an
output y based on a training dataset {(x;, :)}:_,. On the other hand, in unsupervised
learning, we consider a set of inputs {x;}!" ; without corresponding target values {y;}"_,
as the training dataset. For example, we aim to discover groups of similar examples,
which is called clustering, to estimate the distribution generating x, which is called
probability density estimation, or to project high-dimensional data to a low-dimensional
data space, which is called dimensionality reduction. In RL, a learner, which is called an
agent, actually interacts with the outside of the learner, which is called an environment,
and learns its policy for sequential decision making based on the interaction data.
The interaction between the agent and the environment is often formulated by a
Markov decision process (MDP). At each time step k € {0, 1,2, ...}, the agent observes
the current state of the environment x; and then determines an action g, based on
its policy. As a result of the determination, the agent observes the next state of the
environment x;,; and receives an immediate reward ;. The goal of RL is to obtain
the optimal policy that maximizes sum of immediate rewards. Note that, in RL, the
agent must collect training data by actually taking actions unlike supervised learning
and unsupervised learning. Then, the exploration-exploitation tradeoff is an important
problem, where exploration means increasing training data by taking actions in order
to make better decision making in the future and exploitation means determining an
action based on the learned policy, respectively. Classically, the tradeoff problem has
been tackled in the multi-armed bandit problem [4].
In [1], Sutton et al. classified RL algorithms into the following three approaches.
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e Dynamic programming,
e Monte Carlo method,
e Temporal difference learning.

Dynamic programing (DP) was proposed by Bellman [5], which is utilized to solve
optimal control problems in the control system community. The framework of DP
is breaking a main problem down into several sub-problems to efficiently solve the
problem. However, DP requires a full knowledge about a mathematical model of
the environment, that is, we need to accurately identify the model beforehand. On
the other hand, the Monte Carlo (MC) method does not use the knowledge about the
environment’s model and relies on repeated random sampling. In the MC method,
we average the rewards for each state-action pair from different sample sequences.
Although the MC method is simple and useful to estimate the obtained rewards, the
variance of the estimation value tends to be large, which may lead a poor decision
making. Then, temporal difference (TD) learning is useful. TD learning is a method
including ideas of DP and the MC method and known as one of the significant ideas in
RL. Q-learning, which is a famous RL algorithm, is one of TD learning algorithms [6].

In classical RL studies, it is assumed that an environment’s state space and an
agent’s action space are discrete spaces, which have at most a finite number of
elements. We often solve problems with discrete state-action spaces using a tabular-
based algorithm such as the classical Q-learning algorithm [6]. On the other hand,
in the case where we consider problems with continuous spaces, we cannot directly
apply the tabular-based algorithm. Then, the function approximation is useful.
Particular, when the action space is continuous, we often parameterize an agent’s
policy and make the agent optimize the parameter vector of the policy using a
policy gradient method [7]. Recently, deep neural networks (DNNs) have attracted
much attention as function approximations [8]. It is known that DNNs can express
complicated models without hand-craft feature engineering. RL with DNNs, which
is called deep RL (DRL), can solve complicated decision making problems such as
Atari 2600 video games [9,10] and manipulation and locomotion tasks in the physical
simulator [11-19]. Furthermore, DRL has been applied in various fields such as
autonomous driving [20], robotics [21-24], chaos control [25,26], and finance [27,28].

DRL is also useful for control of nonlinear dynamical systems [29] in the case where
it is difficult to accurately identify the models of systems and to design controllers
analytically. For example, in optimal control methods, we solve a Hamilton-Jacobi-
Bellman (H]B) equation derived from a system’s model to compute the optimal control
inputs. In general, however, it is difficult to solve the equation analytically for a
nonlinear system even if we know its accurate model because the H]JB equation
is a nonlinear equation. Then, DRL is useful since we can obtain an optimal policy
through interactions with the system automatically. Using DRL, we can avoid to solve
the HJB equation. However, in the real world, the application of DRL is restricted
due to some problems other than learning performances of DRL algorithms. Among
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the problems, we mainly consider the following three problems. Firstly, in DRL, the
agent needs many experiences in order to learn its optimal policy. In addition, we
need a large number of trials to heuristically select appropriate hyper-parameters
such as learning rates. Secondly, we must properly specify a state space of an
environment for a given control problem. The states of the environment need to
include sufficient information in order to determine a desired action at each time.
Thirdly, we must design a reward function for a given control problem. If we do not
design it to evaluate behaviors precisely, the learned policy may not be appropriate
for the control problem.

In this dissertation, we tackle the expansion of the application range of DRL for
control of nonlinear systems by solving the four problems.

1.2 Outline and Contribution

The remainder of this dissertation is organized as follows. In Chapter 2, we review
standard frameworks of RL and DRL as preliminaries. In Chapters 3-6, we show
the main contributions of this dissertation. Finally, in Chapter 7, we conclude this
dissertation and discuss future works.

Chapter 3

Although DRL can solve complicated decision making problems such as playing
video games, applications of DRL to control of a dynamical system in the real world
are limited because the agent needs many interactions with the system in order to
learn its optimal policy. Furthermore, if we apply DRL to control of a safety-critical
physical system, an agent in an early learning stage may determine actions that cause
damage to the system during its exploration. Then, we often use a simulator that
predicts the behavior of a real system using a mathematical model with a system pa-
rameter vector. Using the simulator, we can collect many experiences more efficiently
and safely than through interactions with the real system. In general, however, it is
difficult to accurately identify the system parameter vector, and in the case where we
have an identification error, the experiences obtained by the simulator may degrade
the performance of the learned policy.

The contribution of this chapter is that we propose a novel DRL algorithm for
stabilization of nonlinear systems using multiple deep Q-functions learned with a
simulator. We use the simulator that predicts the behavior of a real system using
a mathematical model with a given system parameter vector. We call the system
simulated in the simulator a virtual system. Our proposed algorithm consists of two
stages in order to take the identification error into consideration. In the first stage,
multiple system parameter vectors are chosen from a premised set. The multiple vir-
tual systems with the chosen system parameter vectors are prepared in the simulator
and an approximated optimal Q-function is learned for each virtual system using
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the continuous deep Q-learning algorithm [15]. In the second stage, the Q-function for
the real system is represented as an approximated linear function whose basis func-
tions are approximated optimal Q-functions pre-trained in the first stage. Thanks to
pre-training, we can reduce interactions with the real system and mitigate the high
sample complexity of DRL. Additionally, we also apply our proposed algorithm to
a system whose system parameter vector varies slowly. This chapter is based on our
study [30].

Chapter 4

Network control systems (NCSs) have attracted much attention thanks to the develop-
ment of network technologies [31-33]. NCSs are systems with loops closed through
networks and have many advantages in various control problems such as smart
grid, process control, and automated highway systems. In NCS problems, we design
remote controllers considering the characteristics of the network. Particularly, it is
important to take effects of network delays into consideration. Many controller de-
sign methods considering network delays have been studied [31,34,35]. However, in
these methods, we need the knowledge of the system’s model to predict a future state
at a time when a determined control input is inputted to the system. If there exists
uncertainty about the system’s model or the network characteristic, we must design
the networked controller conservatively. In order to solve the problem, RL-based
controller designs are useful. In [36,37], Fujita and Ushio proposed the RL-based op-
timal networked control method for a linear system whose parameters are unknown
with uncertain fixed network delays. However, we cannot directly apply the method
to nonlinear systems. Thus, we apply the DRL algorithm to design of the networked
controller for nonlinear systems.

The main contribution of this chapter is that we apply a DRL algorithm to design
of a networked digital controller that stabilizes a nonlinear system at an equilibrium
point, where it is assumed that

e The system is nonlinear, where the mathematical model is unknown.

e Network delays fluctuate randomly, where the maximum value is known
beforehand as the worst case scenario.

e The sensor may not observe a part of system’s state variables, which is called
partial observation.

In this chapter, we regard a digital controller as an agent for DRL. Note that the agent
cannot determine an action based on a true current system’s state due to network
delays and partial observation. If we regard the latest observed system’s output
as an environment'’s state, the agent cannot determine an action based on sufficient
information to stabilize the system. Thus, we define an extended state space, whose
element consists of not only the latest observed output but also some previously
determined actions and some previously observed outputs, as an environment’s
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state space for DRL. We give the agent sufficient information to determine an action
considering network delays and partial observation. This chapter is mainly based
on [38] and related to [39,40].

Chapter 5

In the control system community, control problems completing temporal control
tasks such as periodic, sequential, or reactive tasks have been studied [41]. For the
problems, temporal logic [42], which is a branch of formal methods in the computer
science community, is useful to describe the tasks mathematically. Particularly, linear
temporal logic (LTL) is a standard temporal logic to describe temporal specifications
for systems. LTL has also been applied to RL for temporal control tasks [43,44], where
we transform a given LTL formula into an w-automaton that is a finite-state machine
and accepts all traces satisfying the LTL formula. On the other hand, LTL cannot ex-
press time bounds of temporal control tasks. In the real world, it is often necessary to
describe temporal control tasks with time bounds. Then, metric interval temporal logic
(MITL) and signal temporal logic (STL) are useful [45]. MITL is an extension of LTL and
has time-constrained temporal operators. Furthermore, STL is an extension of MITL.
Although LTL and MITL have predicates over Boolean signals, STL has inequality
formed predicates over real-valued signals [46]. The predicates of STL are useful to
specify dynamical system’s trajectories within bounded time intervals. Additionally,
STL has a quantitative semantics called robustness that evaluates how well a trajectory
satisfies the given STL formula. In the control system community, controller design
methods to complete tasks described by STL formulae have been proposed [47, 48],
where the control problems are formulated as constrained optimization problems.
Furthermore, RL-based controller design methods to complete STL tasks have been
proposed [49-52]. In [49], Aksaray et al. proposed a Q-learning algorithm for satis-
fying a given STL formula. The satisfaction of the given STL formula is based on a
finite trajectory of the system. Thus, as an environment’s state for RL, we use the
extended state consisting of the current system’s state and the finite-length sequence
of the previous system’s states. Additionally, we design a reward function using
the robustness for the given STL formula. In [50], Venkataraman et al. proposed a
tractable learning method using a flag state instead of the previous system’s states to
reduce the dimensionality of the environment’s state space. However, these methods
cannot be directly applied to problems with continuous state-action spaces because
they are based on the tabular-based Q-learning algorithm [6]. For problems with con-
tinuous spaces, in [51], Balakrishnan et al. introduced a partial signal and proposed
a DRL-based method to partially satisfy a given STL formula. In [52], Kapoor et al.
proposed a model-based DRL algorithm. The model of the system is learned using a
DNN, and the controller is designed using a nonlinear model predictive control method
with evolutionary strategies [53]. On the other hand, in these previous studies, the
effects of network delays are not considered.
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The contribution of this chapter is that we apply a DRL algorithm to design a net-
worked controller for completing a given STL task taking effect of network delays in
consideration. Our proposed algorithm is an extension of [49] and has the following
advantages in comparison with the previous study.

e We directly design a networked controller using a DRL algorithm instead of
discretization of continuous spaces.
e We take the effect of network delays in consideration.

In this chapter, we regard a networked controller as an agent for DRL. We propose
an extended MDP, which is called a td-MDP, and a DRL-based networked controller
design using the extended MDP. The 1d-MDP has an extended state space whose
element consists of a latest observed system’s state, some previous control actions,
and some previous system’s states. We regard the extended state space as an envi-
ronment’s state space to learn the policy that completes a given STL task considering
the effect of network delays. This chapter is based on our study [54].

Chapter 6

RL-based controller design methods for satisfying a given STL formula have been
proposed [49-52,54]. In these studies, we consider satisfying an STL formula as a
main objective. On the other hand, in some control problems, we aim to design a
policy that optimizes a given control performance index under a constraint described
by an STL formula such as [47,48]. For example, in a practical application, we should
operate a system in order to satisfy a given STL formula with minimum fuel costs. In
this chapter, we tackle to obtain the optimal policy for a given control performance
index among the policies satisfying a given STL formula without a mathematical
model of a system.

The main contribution of this chapter is to propose a DRL algorithm to obtain
an optimal policy for a given control performance index such as fuel costs under a
constraint described by an STL formula. Our proposed algorithm has the following
three advantages.

e We directly solve control problems with continuous state-action spaces.

e We aim to obtain the policy that not only satisfies a given STL formula but also
is optimal with respect to a given control performance index.

e We introduce a practical two-phase learning algorithm in order to make it easy
to learn a policy satisfying a given STL formula.

Our proposed algorithm is based on a DRL algorithm for problems with continuous
spaces. We formulate the constrained optimal control problem as a constrained MDP
(CMDP) [55], which has two reward functions: one is the reward function for the
given control performance index and the other is the reward function for the given
STL constraint. To solve the CMDP problem, we use the Lagrangian relaxation, which
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can relax the CMDP problem into an unconstrained problem using a Lagrangian mul-
tiplier to utilize a standard DRL algorithm. Additionally, in the CMDP problem, it
is important to satisfy a given STL constraint. The agent needs many experiences
satisfying the given STL formula in order to learn how to satisfy the formula. How-
ever, it is difficult to collect the experiences considering both the control performance
index and the STL constraint in the early learning stage since the agent may prioritize
to optimize its policy with respect to the control performance index. Thus, in the
tirst phase which is called pre-training, the agent learns its policy without the control
performance index in order to obtain experiences satisfying the STL constraint easily.
After obtaining sufficient experiences satisfying the STL constraint, in the second
phase which is called fine-tuning, the agent learns its optimal policy for the control
performance index under the STL constraint. This chapter is based on our study [56].

1.3 Related Works

In this section, we review studies related to this dissertation.

Model-Free DRL

Model-free DRL algorithms can solve complicated decision making problems [57,58].
Particularly, the deep Q-network (DQN) algorithm attracted much attention to learn
human-level policies for many video games from high dimensional visual inputs
[9,10]. Furthermore, the DQN algorithm has been improved using various techniques
such as double Q-learning technique [59], prioritized experience replay [60], hindsight
experience replay [61], distributional RL [62], noisy networks [63], and dueling network [64].

Unfortunately, the DQN algorithm cannot solve problems with continuous action
spaces due to its network architecture. To solve the problem, Gu et al. improved the
DON architecture with a quadratic form with respect to actions [15]. In addition, for
problems with continuous spaces, we often parameterize a policy using a function
approximator and directly optimize the parameter vector of the policy using the
policy gradient method [7]. Recently, many policy gradient-based DRL algorithms
have been proposed [11-14,16-19].

Model-Based DRL

Model-based DRL is related to Chapter 3. Model-based learning approaches are
useful to learn the optimal policy efficiently [65]. In the approaches, the agent learns
a model of the system and optimizes its policy based on the learned model in various
ways such as DP [5], the iterative linear quadratic requlation (iLQR) method [66,67], and
the probabilistic inference for learning control (PILCO) [68]. For safety critical systems,
model-based learning approaches with Lyapunov functions are useful [69]. However,
model-based approaches heavily depend on the accuracy of the system’s model. If the
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agent cannot learn an accurate model of the system, the policy learned by the model-
based approach may not perform well for a real system. Thus, RL algorithms that
integrate model-free and model-based approaches have been proposed [15,70, 71].
In [15], Gu et al. applied iterative linear quadratic gaussian (iLQG) [67] based on the
model learned by an iteratively refitted time-varying linear model [72] to accelerate
continuous deep Q-learning. In [70], Nagabandi et al. proposed a DRL algorithm
using a model predictive controller based on a learned DNN dynamics model to
initialize the model-free learner. In [71], Kurutach et al. proposed the model-ensemble
DRL algorithm, which uses an ensemble of DNNs to reduce the effects of model bias.
The agent collects experiences through interactions with the learned DNN models
and learns its policy using the trust region policy optimization (TRPO) algorithm [17].

On the other hand, in Chapter 3, it is assumed that a mathematical model of the
real system is known, while its accurate system parameter vector is unknown. Thus,
we use multiple virtual systems with premised system parameter vectors instead of
learning the real system’s model.

NCSs

NCSs are considered in Chapters 4 and 5. Recently, DRL has been applied to NCSs
[73]. Baumann et al. proposed a DRL-based event-triggered controller design [74].
Burak et al. proposed DRL-based scheduling methods for large-scale networked
control problem [75]. However, in these studies, the effects of network delays are
not considered. If there exist network delays, it is necessary for the agent to receive
sufficient information to learn its policy taking the effect of network delays into
consideration. Our proposed methods in Chapters 4 and 5 are related to [36,37],
which cannot directly deal with nonlinear systems. We extended the methods to
nonlinear control systems using DRL algorithms. In the RL community, the decision
making problems with delays have also been studied as delayed MDPs [76-78].

Partial Observation

Partial observation is considered in Chapter 4. For the partial observation problem,
DRL algorithms with recurrent neural networks (RNNs) have been proposed. In [79],
Hausknecht et al. proposed the DQN algorithm with a recurrent long short term
memory to solve the Atari video games using incomplete information. In [80], Heess
et al. proposed the policy gradient based algorithm with RNN for partially observed
continuous control problems. On the other hand, in order to deal with both network
delays and partial observation, we proposed the method using an extended state
consisting of the latest observed output, some previously determined actions, and
some previously observed outputs instead of using RNNSs.
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RL for Temporal Control Tasks

RL for temporal control tasks is considered in Chapters 5 and 6. Q-learning for
satisfying STL formulae [49] is most related to our proposed methods. Moreover, we
also use pre-processing to reduce the dimensionality of the environment’s state space
[50]. On the other hand, these methods cannot directly apply control problems with
continuous state-action spaces, because they are based on the classical Q-learning
algorithm [6]. Thus, we extend the previous studies using a DRL algorithm derived
from Q-learning and propose a pre-processing for the DRL algorithm.

Learning methods with demonstrations have also been proposed [81,82]. In the
methods, we design a reward function using demonstrate data. On the other hand,
in this dissertation, we do not use demonstrations to design a reward function for
satisfying a given STL formula. Alternatively, we design it using robustness like [49].

In addition, RL-based methods for temporal control tasks described by LTL for-
mulae have been proposed [43]. Hasanbeig et al. proposed a practical Q-learning
algorithm with a product MDP. In this algorithm, we transform an LTL formula into
a limit deterministic Biichi automaton [83], which is one of the w-automaton, and con-
structed a product MDP based on the original MDP and the automaton. Moreover,
the DRL-based method has also been proposed to solve problems with continuous
state-action spaces [44]. In [84,85], Li et al. proposed policy search algorithms using
truncated linear temporal logic that is an extension of LTL with robustness to evaluate
the satisfaction quantitatively.

Constrained DRL

Constrained DRL is considered in Chapter 6. The CMDP formulation is often used
for sequential decision making problems with constraints [55]. To solve the con-
strained problems, the Lagrangian relaxation is known as a standard approach [86].
In the approach, we relax a CMDP problem into an unconstrained problem. Some
algorithms with the Lagrangian relaxation have been proposed [87-90]. Other than
algorithms with the Lagrangian relaxation, Achiam et al. proposed constrained policy
optimization (CPO) based on the TRPO algorithm [91] and Chow et al. proposed an
algorithm using a Lyapunov function [92,93].

In Chapter 6, we consider completing a given STL task as a constraint of the
optimal control problem. As a related previous study, Kalagarla et al. proposed an
RL algorithm for an STL-constrained problem using an online learning method [94].
However, since it is based on the tabular-based RL algorithm, it cannot be directly
applied to continuous control tasks.
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1.4 Notation

Z is the set of all non-negative integers. IR is the set of the all real numbers. Ry
is the set of the all non-negative real numbers. IR" is the n-dimensional Euclidean
space. 0, is an n-dimensional zero vector. For a set A C R, max A and min A are the
maximum value and the minimum value in A if they exist, respectively. | - | denotes
an absolute value. || - ||, denotes a Euclidean norm. #S is the number of elements
in a set S. E..p[-] is an expected value with respect to the distribution p, where € is
a random variable generated from p. N(u,0?) is a normal distribution with a mean
parameter u and a variance parameter 0. U(a,b) is a uniform distribution over the
range [a, b].



Chapter 2

Preliminaries

This chapter reviews a standard framework of RL and DRL as preliminaries.

2.1 Reinforcement Learning

RL is an ML method for sequential decision making problems [1,2]. In RL, an agent
interacts with an environment and learns its policy through the interactions. To model
the interactions, we often use an MDP which is defined as a tuple (X, A, po, p, R),
where

e X is an environment’s state space,

e Ais an agent’s action space,

e p) is a probability distribution for an initial state,

® p(-|x,a) is a probability distribution for a transition from a state x € X under an
actiona € A, and

o R: Xx Ax X — Ris areward function.

If X and A are continuous spaces, pp and p are probability density functions.

As shown in Fig. 2.1, at the discrete-time k € Z(, the agent observes a state of
the environment x; and determines an action a; based on a stochastic policy 7(-|xy),
which is a probability distribution over A, or a deterministic policy u(xx), which is a
function of the state. At the next discrete-time k + 1, the agent observes a next state
Xi+1 ~ p(lxk, ax) and an immediate reward rx = R(xx, ax, Xk+1). A tuple (xk, ax, X1, )
obtained by the interaction is called an experience. The agent updates its policy using
past experiences.

It is assumed that the goal of RL is to obtain the policy that maximizes a return
leo ykrk, where y € [0, 1) is a discount factor to prevent its divergence. Actually, we

11
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a ~ (- |xk)

A\ 4

Agent

Next State x,; Action a
k

Reward r,

Environment [«——

Xer1 ~ PCo | X, @)

Te = RO, g, Xy 1)

Fig. 2.1: Illustration of an interaction between an agent and an environment.

consider the expected return of the policy n defined by

J() = Epo,p,n Z Vkrk
k=0
= Exo~p0,xk+1~p(~|xk,uk),uk~n(-|xk) [Z ykR(xk/ Ak, xk+1)‘ ’ (21)
k=0

where Ej, <[] (0 Exj<pg 01 ~p(lxa0),a~n(x) [1]) i the expected value with respect to the
initial state distribution xo ~ po, the transition distribution xx1 ~ p(-|xx, ax), kK > 0,
and the policy distribution a; ~ 7(-|xx), k > 0.

We define a value function V™(x) and a Q-function Q™(x, a) underlying a policy 7 as
follows:

Vi(x) = Ep,n [Z ykrk | xg = x}
k=0

= Exin~pChva acntin) {Z YRk, @y, Xi1) | %0 = x‘, (2.2)
k=0

Q"(x,a) = Eyn [Z Yerelxo = x, ag = a]

k=0

= Exy~pClvoan) ae~mi(lx) lZ V*R(xx, ax, Xp1) | X0 = X, ag = a} , (2.3)
=0

where E, «[-] (or Ex,, ~p(|xea0),a~n(1) []) is the expected value with respect to the transi-
tion distribution xx1 ~ p(-|xk, ax), k > 0 and the policy distribution ax ~ m(-|xx), k > 0.
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In addition, we define an optimal value function and an optimal Q-function as follows:

V*(x) = max V™ (x), Vx € X, (2.4)
Q*(x,a) = max Q™ (x,a), Yx € X, Ya € A. (2.5)

It is known that there exists at least one policy 7" that obtains Egs. (2.4) and (2.5),
which is called an optimal policy.

The value function and the Q-function underlying n satisfy the following equa-
tions.

V(%) = Expaya~ncio [R(x,a,x") + y V()] (2.6)
Q" (x,a) = Exp(irapa~n(vy [R(x,a,X") + yQ™(x',a")], (2.7)

which are called Bellman equations. Similarly, the optimal value function and the
optimal Q-function satisfy the following equations.

V*(x) = Expieaya~m (i [R(x,a,x7) + yVi(x)], (2.8)
Q*(x,a) = Ex <p(jxa) [R(x, a,x)+y ma;f Q (', a’)] , (2.9)
a’e

which are called Bellman optimal equations.
Furthermore, we define an advantage function underlying a policy 7 as follows:

A™(x,a) = Q™(x,a) — V™ (x). (2.10)

Intuitively, it describes how much better it is to determine an action a in the state x
than the action according to the given policy .

2.1.1 Value Based Algorithm and Policy Based Algorithm

RL can be classified into two categories: value based RL and policy based RL. In a value
based RL algorithm, an agent indirectly learns its policy through learning of a value
function or a Q-function such as the Q-learning algorithm [6]. The agent learns its
value function using a temporal difference error (TD-error) which is derived from the
Bellman equation. On the other hand, in a policy based RL algorithm, an agent
directly learns its policy such as the REINFORCE algorithm [95]. In policy based
RL, we parameterize the policy using a function approximation such as a neural
network. The agent updates its policy using a gradient of a return induced by the
parameterized policy, where we often use the MC estimation to estimate the gradient
since we cannot compute the gradient analytically. The policy based RL algorithms
are known as useful approaches in the case where X and A are continuous spaces.
Additionally, actor-critic is an important approach which has the strong points of
value based RL and policy based RL. In the actor-critic approach, an agent has two
components: an actor and a critic. The actor corresponds to the agent’s policy and
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the critic corresponds to the estimated value function (or Q-function) for the agent’s
learned policy, respectively. It is known that the variance of an estimated gradient
can be reduced by learning the value function instead of the MC estimation. The
approach has been also used in the adaptive dynamic programming method proposed
in the control system community [96].

2.1.2 On-Policy and Off-Policy Algorithm

In terms of how to use experiences for updates of an agent’s policy, RL can be classified
into two categories [97]: on-policy RL and off-policy RL as shown in Fig. 2.2. To explain
the difference between on-policy RL and off-policy RL, we define a target policy mr and
a behavior policy mp. The target policy mr is the policy that an agent is trying to learn
using past experiences. The behavior policy 7 is the policy that is used for collecting
experiences through interactions with an environment. In an on-policy RL algorithm,
the target policy must correspond to the behavior policy iy = 7. For example, TRPO
[17] and proximal policy optimization (PPO) [19] are on-policy algorithms. In general,
it is known that on-policy RL algorithms tend to make the learning performance
stable. However, on-policy RL algorithms result in poor sample efficiency since the
algorithms requires new experiences for every update of the policy. On the other
hand, in an off-policy RL algorithm, the target policy does not necessarily correspond
to the behavior policy, so that off-policy RL algorithms can reuse past experiences
induced by any behavior policy. In particular, sample efficiency is important for RL
algorithms with nonlinear function approximations such as neural networks. Mnih
et al. proposed a practical technique using past experience data for RL algorithms
with DNNs [10]. Additionally, RL using previously collected data only without
interactions has been studied as a novel approach, which is called offline RL [97]. The
approach is effective if we have large datasets. Nevertheless, it is known that there
exist some difficulties such as distribution shift [98].

In this dissertation, we utilize off-policy DRL algorithms to model-free optimal
control of nonlinear dynamical systems since these algorithms are more efficient
with respect to collecting experiences than on-policy DRL algorithms.

2.2 Q-Learning

Q-learning [6] is an off-policy value based RL algorithm. In a standard Q-learning
algorithm, it is assumed that both a state space and an action space are discrete
spaces, that is #X < +oco and #A < +co0. An agent learns an optimal Q-function
using experiences obtained through interactions with an environment. The agent
has a (#X x #A)-dimensional Q-table that consists of the estimated optimal Q-value
Qiap(x, a) for each tuple (x,a) € X X A. The Q-table is updated based on the following
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Experiences collected by r, Experiences collected by 7,

}

( v \ | Buffer \
B T Policy Update o T
Random
Agent Tiv1
Environment g”. 4 T il Environment Ag:nt o $ Sample
p d 3 i .
a | P | Policy Update
) it ity
L Interactions ~ / a Interactions
On-policy RL Algorithm Off-policy RL Algorithm

Fig. 2.2: Illustration of frameworks of on-policy RL and off-policy RL. Off-policy RL algo-
rithms are efficient with respect to collecting experiences because they can reuse past
experiences induced by any policy.

TD-error with an experience (x,a, x’, ).

Orp = ttp — Qap(x, a), (2.11)

where trp = 7 + y maxyeq Qup(x’,4’) is a target value. The agent updates the value
Quap(x, a) as follows:

Qtav(x,a) < Qrap(x,a) + ad1D, (2.12)

where a > 0 is a learning rate. After sufficient learning of the Q-table, the agent
greedily determines the action on the state x as follows:

a € arg max Qa(x, a). (2.13)
aeA
In the Q-learning algorithm, the agent often determines an action for exploration
based on the e-greedy policy defined by

€ .
1—¢e+ e if a = arg max Qyup(x, a),
Tte(alx) = e aeA (2.14)
— otherwise,
#A
where ¢ € [0,1] is a constant that is a probability of determining actions randomly.
However, in the case where states and/or actions are continuous values, such as
X = R™ and A = R™, we cannot make the Q-table. Thus, an optimal Q-function is
often parameterized using a function approximation. The following approximated
linear function is one of parameterized Q-functions.

Qoo (x,4) = 0,L(x, a), (2.15)
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where 0g € R™ is a parameter vector, and C = [{; p ... qu]T is a vector of the basis
functions (or the features) ¢; : X X A —» R, i = 1,2,...,n;. The agent updates the
parameter vector by

Qo (xx, ar)

96,
= Ogx + adrpxC(xx, ar), (2.16)

O0+1 < Ogx + adrpi

where a > 0 is a learning rate and Orpy is the TD error (2.11). The choice of basis
functions (;, i = 1,2, ..., n, is an important issue in applying the linearized Q-learning
algorithm. Itis desirable to choose basis functions that can be analytically maximized
with respect to the action because we must maximize the Q-function with respect to
the action in order to compute the target value t7p and determine the greedy action
by (2.13).

2.3 Deep Q-Network (DQN)

A linear approximated Q-function may be lack of function approximation capabilities
to solve complicated decision making problems. Then, Q-learning algorithm with
DNNs, which is called the DON algorithm, is useful [10]. The DQN algorithm can
deal with problems where X is a continuous space and A is a discrete space. We use
the DNN Qg, as shown in Fig. 2.3. The parameter vector of the DNN is denoted by
0g. The DNN outputs the estimated optimal Q-values Qg (x, a) for each actiona € A
on the inputted state x.

State
X —

(O— 2,210

A = {aqyap) - - - aqq)}

o0 O

Fig. 2.3: Illustration of a DNN for the DQN algorithm. The DNN outputs an estimated optimal
Q-value for each action based on the inputted state x.

The parameter vector is updated using the following two practical techniques:
the experience replay and the target network technique. In the experience replay, an
agent obtains experiences through interactions with an environment and stores the
experiences to a replay buffer O as shown in Fig. 2.4, that is, the agent does not
update the parameter vector 0 immediately after obtaining an experience. The agent
samples past experiences {(x™,a®, x'™, rM)N_ from the replay buffer O randomly
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and updates the parameter vector Op using the past experiences. The technique
reduces the correlation among experience data and prevents updates with biased
data. In the target network technique, we prepare another DNN, which is called
a target DNN, to compute a target value trp for updates of the parameter vector
0o as shown in Fig. 2.5. The parameter vector of the target DNN is denoted by
0y Actually, the parameter vector 6¢ is updated by decreasing the following loss
function derived from the TD-error.

](QQ) = E(x,a,x/,r)~2)

2
(r +y rﬂpeayzf Q% (', a") — Qo,(x, a)) ], (2.17)

where E ;v »~pl‘] is the expected value with respect to selecting past experiences
from the replay buffer ) randomly. There are two approaches for updates of : the
hard update and the soft update. In the hard update, 0 is periodically synchronized
with Og. On the other hand, in the soft update, the parameter vector is slowly
updated as follows:

05 « £0g + (1 - &)0;, (2.18)

where & > 0 is a sufficient small positive constant. It is important to update 6,
by tracking 0g slowly. If we do not use the target network technique, we need to
compute the target value trp using the current DQN, which is called bootstrapping.
If we update the parameter vector of the DQN 0 substantially, the target value trp
computed by the updated DQN may change largely, which leads to oscillations of
the learning performance. It is empirically known that the target network technique
can improve the learning stability.

Experience
(x,a,x',r)

( .

X r

Replay Buffer &

A\ 4
d Random Sample

e-gree , N
Environment 9 Y { (X(n), a("), X ("), r (n)) } n=1

i, Policy ‘\

a 2
R JOp) =E, ui e (r+ymaxQ_(x’,a’)—Q (x,a))
\ Interactions J o e aed 0 %

Update g, by decreasing the loss

Fig. 2.4: Illustration of the experience replay.
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Main DNN

seQQ
@ ©

For the experience

( (2) 4 2
x’ a 2 x 9 r 3 ’
)-\gr + Y max Qgé(x 3 al) - Qeg(x, a(z))>
a'ed

Target DNN

OO

—_— Qag(x, aw)

O—' Qo,%: (1))

O—» Qaé(x, a(l))

— Qsé(x, a(z))

Select the maximum output
O—’ Qeé(X, agq)

Fig. 2.5: Illustration of the target network.

In the DQN algorithm, the agent determines an exploration action based on the
e-greedy policy (2.14) like the standard Q-learning.

2.4 Continuous Deep Q-Learning with Normalized
Advantage Function (NAF)

The DQN algorithm cannot solve decision making problems with continuous action
spaces due toits DNN architecture shown in Fig. 2.3. The continuous deep Q-learning
algorithm is an extension algorithm of the DQN algorithm to solve the problems with
continuous spaces [15]. As shown in Fig. 2.6, we approximate the optimal Q-function
as a DNN. The DNN separately outputs a value function term V and an advantage
function term A, which is parameterized as a quadratic function of the action as
follows:

Qoy(x,a) = Vg, (x) + Ag,(x,a), (2.19)

Ag,(x,a) = —%(a = o, ()" Po, (x)(a — o, (%)), (2.20)

where Vg, (x) is a value function with a parameter vector 0y, g, (x) is an optimal
policy with a parameter vector 6, and Pg,(x) is a positive definite symmetric matrix
with a parameter vector of Op. Let Og = {0y, 0,,0p}, and 04 = {0, Op}. Pg,(x) is
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‘ O\ Value function Q-function
®. 0\
. 7V

O Vo > Qag(f’ a)

State Optimal Policy NAF

x —> Ho,(¥) > Ay (x,0)

A
O Lower-triangular
Matrix
LgP(X) — P g,,(x) = La,,(x)LaP(x)T

Action

a

Fig. 2.6: Illustration of a DNN with a normalized advantage function (NAF). The DNN sepa-
rately outputs a value function term Vj, (x) and a quadratic advantage function term
Ag,(x,a) to estimate an optima Q-value Qg (x, ).

a state-dependent matrix given by Pg,(x) = Lg,(x)Lg,(x)", where Lg,(x) is a lower-
triangular matrix whose entries come from an output layer of the DNN. Its diagonal
elements are set to be exponential to make the positive definite matrix. The advantage
function term (2.20) approximated by a quadratic form with respect to the actions
is called a normalized advantage function (NAF). Note that the approximated optimal
Q-function (2.19) is more restrictive than a general DNN because the function is
approximated by the quadratic form with respect to the action a. On the other
hand, the quadratic form has an advantage that we can analytically maximize the
approximated Q-function with respect to the action a.
The parameter vector 0 is updated by the following loss function.

2
](GQ) = E(x,u,x’,r)~@ l(i’ + Y ?E% QB& (x// lll) - QGQ (x/ 61)) ]

= Etaw-n |7+ Ve, &) = Qoyx, )| @21)

The parameter vector of the target DNN 0 is updated by (2.18).
In the continuous deep Q-learning algorithm, the agent determines an action for
an exploration based on the following policy.

' (x) = e, (x) + €y, (2.22)
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where €, is an adding noise sampled from a stochastic process such as the (discrete-
time) Ornstein-Uhlenbeck process [99].

2.5 Deep Deterministic Policy Gradient (DDPG)

In general, if we approximate an optimal Q-function using a nonlinear function
approximation such as a DNN, we cannot maximize the approximated optimal Q-
function with respect to an action analytically. To solve the problem, Gu et al.
approximated the optimal Q-function using a quadratic form [15]. On the other hand,
the quadratic form may be restrictive for complicated decision making problems.
Then, an actor-critic based approach is useful. In the deep deterministic policy gradient
(DDPQG) algorithm [11], Lillicrap et al. prepared two DNNs as shown in Fig. 2.7: an
actor DNN and a critic DNN. The actor DNN corresponds to an optimal deterministic
policy and the critic DNN corresponds to an approximated optimal Q-function. The
parameter vectors of the actor DNN and the critic DNN are denoted by 0, and 0,
respectively.

Actor DNN
State
X —l
Critic DNN
State O Q
x —» AN
Action \O_’ Q“’Q(x a)
a —>

Fig. 2.7: Illustration of an actor DNN and a critic DNN. The actor DNN determines an action

under the environment’s state x and the critic DNN estimates the optimal Q-value for
a tuple (x, a).

The parameter vector of the critic DNN 0g is updated by decreasing the following
critic loss function.

Ji(60) = Eqcas- |(r + 7Qoy (¥, g () = Qag(x,0)) |, 223)

where . and Qo,, are a target actor DNN and a target critic DNN, respectively. The
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parameter vectors 6, and 6, are updated by (2.18). The parameter vector of the actor
DNN 6, is updated by decreasing the following actor loss function.

Jao(B) = Even [~Qoq (x, 0, ()] (2.24)

In other words, we maximize the optimal Q-function approximated by the critic
DNN with respect to the parameter vector 0.

Moreover, Fujimoto et al. proposed the improved DDPG algorithm which is called
the twin delayed DDPG (TD3) algorithm [12]. In the algorithm, we apply the double
Q-network technique [59] to reduce overestimation bias for updates of a critic DNN.

We prepare two separate critic DNNs and two separate target critic DNN whose
@
Q

vectors of critic DNNs Qg) and Qg) are updated by decreasing the following loss
function instead of (2.23).

parameter vectors are denoted by 0, Qg), 98)’_, and Qg)’_. Then, the parameter

2
J{OD) = Egea-n [(r +yminQo-(v,8) = Qup (x, a)) ] ,i=1,2, (225

where we use the following target policy smoothing regularization.
i = g (x) + €, € ~ Clip(N(0,0%), —¢, 0). (2.26)

N(0,0?) is a normal distribution whose mean and standard deviation are 0 and o,
respectively. The sampled noise is clipped in [—c, c] to keep it close to the original
action pg; (x). The parameter vector of the actor DNN 0, is updated by decreasing

Ji(6,) = Ex-p | ~Qqo 3, o, ()| (2.27)

The updates of the target DNNs are same as the standard DDPG algorithm. Addi-
tionally, in the TD3 algorithm, we reduce the frequency for updates of the actor DNN
and the target DNNs, which is called the delayed update.

In both the DDPG algorithm and the TD3 algorithm, an agent determines explo-
ration actions by (2.22) like the continuous deep Q-learning algorithm [15].

2.6 Soft Actor Critic (SAC)

Soft actor critic (SAC) is an off-policy maximum entropy DRL [13,14]. In maximum
entropy RL, the actor aims to simultaneously maximize the expected return and the
entropy of the stochastic policy, that is, we aim to maximize

J(7) = Epy o | Y (R, @k, X1 + Qo H (1) | (2.28)
k=0
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where a,,; > 0 is an entropy temperature and H(mt(-[x)) = E;wn(n[—1log m(alx)] is
the entropy of the stochastic policy . The entropy temperature determines the
relative importance of the entropy term against the sum of rewards. It is known
that the approach leads to improvement in both performance and sample efficiency.
Additionally, the SAC algorithm is related to control as inference [100] from a theoretical
point of view.

In the SAC algorithm, we prepare an actor DNN and a critic DNN whose parameter
vectors are denoted by 0, and O, respectively. The actor DNN corresponds to a
gaussian formed policy as shown in Fig. 2.8. We represent the policy as follows:

a ~ 1o, (|x) = ue,(x) + 0g, (¥)€,

where € is sampled from the standard normal distribution N(0, 1), which is called
the reparameterization trick [101]. The critic DNN corresponds to an estimated soft

Actor DNN e~ #(0,1)

o,() ———> g () + Gy (e ——— pa ~ 1y (- | X)

Goﬂ(x) —T

Reparameterization Trick

Fig. 2.8: Illustration of an actor DNN with the reparameterization trick.

Q-function for the policy mg,. The soft Q-function underlying 7 is the function that
satisfies the following soft Bellman equation.

Qfoft(x, 1) = Exp(ixa) [R(x, a,x') + yV;ft(x’)] ,

where
V;E,ft(x/) = Ey~n(p) [Q;ft(x/z a') = Qept log n(a,lx/)] .
The parameter vector 0 is updated by decreasing the following critic loss.
2
Ji(60) = Etsaen-n | (1+ 7Voy ) = Qug(x,a)) |, 229)
where

Veé (x/) = Ea’~n9n(~|x’) [QG& (x// [1,) — Qent 10g Ttg, (a/|xl)] .
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0, is the parameter vector of the target critic DNN, which is updated by (2.18). The
parameter vector of the actor DNN 0, is updated by decreasing the following actor
loss function.

Ju(0r) = Ex-pe-no |aent 10g 0, (fo, (€ 1)) = Qoo (x, fo, (€52))] . (2.30)

where fg (€;x) = pg,(x) + 0g,(x)e. Moreover, the entropy temperature a,,; > 0 is
updated by decreasing the following loss function.

Je(@ent) = Ex~p,a~rmg, (1) [dent(— log T, (alx) — Ho)], (2.31)

where H) is a hyper-parameter. In [14], the hyper-parameter is selected based on the
dimensionality of the action space. Additionally, we utilize the double Q-network
technique [12].

Finally, we summarize the development of the Q-learning algorithm in Fig. 2.9.

TD3

Clipped Double Q-learning
Delayed actor update
Smoothing regularization

Q-learning 5 » DQN : » DDPG —
DNN ' - Actor-Critic " SAC
Target Network Policy EGradlent Maximum entropy RL
Experience Replay + NAF

Normalized Advéntage Function

Discrete state space : Continuous state space : Continuous state space
Discrete action space Discrete action space Continuous action space

Fig. 2.9: Illustration of development of Q-learning.
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Deep Q-Learning with a
Simulator for Stabilization

A simulator that predicts the behavior of a real system is helpful for DRL because
we can collect experiences more efficiently than through interactions with the real
system. However, we need a mathematical model to use the simulator. In the case
where there are identification errors, experiences obtained by the simulator may
degrade the performance of the learned policy for the real system. Thus, we propose
a two-stage practical DRL algorithm with the simulator. In the first stage, we prepare
multiple premised systems in the simulator and obtained approximated optimal Q-
functions for these systems with multiple DNNSs. In the second stage, we represent
a Q-function for the real system as an approximated linear function whose basis
functions are the approximated deep Q-functions pre-trained in the first stage. The
approximated linear Q-function is learned through interactions with a real system.
Additionally, we apply our proposed algorithm to systems whose system parameters
vary slowly.

This chapter is based on “Continuous deep Q-learning with a simulator for stabi-
lization of uncertain discrete-time systems” [30] which appeared in Nonlinear Theory
and Its Applications, © 2021 IEICE.

3.1 Problem Formulation

We consider the following discrete-time nonlinear deterministic dynamical system.

Xis1 = f(xx, ax 1E), 3.1)

where x; € X (€ R™) and g, € A (S R™) are the state and control input at the
discrete-time k € {0,1, ...}, respectively. f : X X A — X is a system dynamics. It is
assumed that the form of f is known while we cannot accurately identify the system
parameter vector & = [&1 &; ... £]T € E (C IRP), where E is a premised compact set and
known beforehand.
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In this chapter, we apply DRL to stabilization of the system (3.1) at the target state
x* € X that is one of the fixed points such that

X' = f(x",04,15).

Then, we regard the system and the controller as the environment and the agent,
respectively. To emphasize the DRL-based controller design, control inputs deter-
mined by the agent are called control actions. The reward function is defined as
follows:

R(x,a) = —(x —x")TRy(x — x*) —a'Roa, (3.2)

where R; € R™ and R, € R™*™ are positive definite matrices. The quadratic
reward function is a standard form to stabilize a dynamical system in the modern
control theory such as the linear quadratic regqulator (LQR) control [102]. It takes the
maximum value 0 at the target state x* witha = 0,,,.

If we have a mathematical model of a real system, a simulator would be useful for
the RL-based controller design. The simulator predicts the behavior of a real system
using a mathematical model (3.1) with a given system parameter vector £&. Many
experiences can be collected more efficiently than through interactions with the real
system. Thus, we consider a DRL algorithm with the simulator. In general, however,
we may have an identification error in the system parameter vector even if the
mathematical model is known. The experiences obtained by the simulator degrade
the performance of the learned policy for a real system and, in the worst case, the
policy may make the real system unstable. On the other hand, the identification error
is small, the policy learned in the simulator may stabilize the real system almost as
desired. Based on these points of view, we propose a practical DRL algorithm that
takes the identification error into account.

3.2 Practical Q-Learning with Pre-Trained Multiple
Deep Q-Networks

Although we can easily collect many experiences using a simulator, the experiences
obtained by the simulator may degrade the performance of the learned policy due
to identification error. To solve the problem, we propose a practical DRL algorithm
that consists of two stages, as shown in Fig. 3.1. In the first stage, we choose N
system parameter vectors {0, j = 1,2,..., N from the premised system parameter set
E. Then, for each chosen parameter vector ED | we have the mathematical model
f(x,alED), which is called a virtual system with £0). Using the simulator, we collect

experiences in order to learn an approximated optimal Q-function Q}‘.(x,aIGQ/) for

each virtual system with £ using the continuous deep Q-learning algorithm [15]. In
the second stage, we represent a Q-function for the real system as an approximated
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linear Q-function whose basis functions are approximated Q-functions learned for
virtual systems f(x,alé(f)), j = 1,2,..,N in the first stage. The agent learns the
parameter vector of the approximated linear Q-function through interactions with
the real system.

First Stage

Learning

[Virtual System 1 ] I:> Q;(x,alOQ‘)_\

Q-Function for the real system is represented by

N
Qx,alw) = Y w;Qj(x,al6%)
j=1

N

w; >0, w;=1
Learni j j
earning o

[Virtual System N ] |:> Q;\,(x,anN) ______ e = - e
— Second Stage

Learning

[

|

| [Virtual System 2 ] :> Q;(x,aIGQz)
[ , )

|

|

-—
y ——

The parameters wy, w», ..., wn are learned
through interactions between the real system.

Fig. 3.1: Illustration of our proposed method consisting of two stages. In the first stage,
we choose N system parameter vectors &, j =12,.,N from E and prepare N
virtual systems in a simulator. We obtain the approximated optimal Q-functions
Q,j=12..,N, for virtual systems using the continuous deep Q-learning algorithm.
In the second stage, we represent the approximated linear Q-function for the real
system with approximated optimal Q-functions for virtual systems as basis functions.
The agent learns the parameter vector w = [w; w, ... wy]" by interacting with the real
system.

3.2.1 The Q-Function for the Real System

In the first stage, we obtain the approximated optimal Q-function Q; (x,a|09) for each

virtual system with &) using the continuous deep Q-learning. In the second stage,
we approximate a Q-function for the real system as follows:

N
QUx,alw) = Y w;Q;(x,aloY), (3.3)
j=1
where w = [w; wp, .. wy]" is a parameter vector. It is assumed that

vj € {1,2,.,N}, wj > 0 and Z;\il w;j = 1. The basis functions are approxi-
mated optimal Q-functions Q;(X,Q|QQ1), j = 1,2,..,N learned for virtual systems
with £0), j=1,2,...,N. The agent learns the parameter vector w through interactions
with the real system, as shown in Fig. 3.1. In general, we can represent the Q-function
for the real system as an arbitrary function of the pre-trained optimal Q-functions.
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Nevertheless, the approximated linear form (3.3) has the advantage that we can
compute a greedy action analytically.
The greedy action u(x|w) maximizes Q(x, alw), that is,

p(xlw) € arg max Q(x, alw)
N
= arg max Z ij;(x,aIQQf)

= arg max Z w]V*(xIQVf) + Z w;A x (x,al0Y)]. (. (2.19))

j=1 j=1

Because the term Y =1 w;V3 (x|6 i) is independent of the action 4, we have

u(xlw) € arg maxZ w]A (x, a|0Y). (3.4)
j=1

To compute the action that maximizes the Q-function (3.3), we solve

N
% Z wjA(x,al0) = 0. (3.5)
j=1
From (3.5), we have
PR
= Z ) (=50 = 510 P07 e - 510 = 0

N
o - Zw (0" (@ — ri(xl0")) = 0

=

N
& Z{ w;P(|0")a = Zf WP (|0 ) (x10%). (3.6)
j= j=

Then, Z;\il w jP;(xIQP /) is a positive definite symmetric matrix because w; > 0 (there
exists at least one parameter satisfying w; > 0) and the parameter matrices of
NAFs P; are positive definite and symmetric. Hence, there is an inverse matrix
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(Z;il w;P; (x|677))~ and the stationary solution 4 of (3.5) is as follows:

N -1
a(x)=(ZPm(x|9Pm) Zw] (07 (x]OM)

N ( N -1
=) [Z Pm<x|ep"'>] w, P (0" ) (x0")
j=1 1

N
= ) Do), (3.7)

where

N -1
j(x) = [Z me:n(xler)) w;P5(xI6").
m=1

Note that Z -1 w]P*(xIQP ) is a positive definite symmetric matrix because the pa-

rameter matrices of NAFs P;(xIQP ), j =1,..,N are positive definite symmetric ma-
trices. Then, because the Hessian matrix

2 & N
> Y wiAi(x,aloh) = = ) wiP(do™)
= =1

is negative definite, Z;il w]-A;(x,a|6Af ) is concave with respect to a. The stationary

solution 4(x) is the global optimal solution, that is u(x|w) = d(x).

Remark: We consider the parameter vector a,w, @, > 0. Then, from (3.5), we have
the following equation to compute a greedy action.

N
% Z WA (x, al0%) = 0
j=1

The solution of the equation is same as the solution for the parameter vector w shown
in (3.7), that is, the greedy action does not depend on the size of the parameter vector.
Thus, we assume that Z wi=1

3.2.2 Q-Learning for the Real System with Deep Q-Networks
Learned for Multiple Virtual Systems

The agent learns the parameter vector w so as to reduce the TD-error, where the
parameters must satisfy the conditions that, for any j € {1,2,..,N}, w; =2 0 and
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At first, we consider the following loss function that evaluates the TD-error for an
experience e = (x,a,x’,1).

L) = 5 (- Q) @8)
where

t=r+yQ(,alw).

We regard the target value t as a constant value, where a’ is the greedy action
determined by (3.7) under x’. From the first-order approximation at w, we obtain

0L(w
L+ aw)— L) = 2D ng,
where the Euclidean norm [|Aw||, is small. We set Aw = aai, where « is a

sufficiently small positive value such that L(w + Aw) — L(w) < 0. Thus, we update w
based on the following rule to minimize the loss function (3.8):

o) o _ o 9L@) ) (3.9)

Jw w=w®
where w® and w**V are a current and a next parameter vector, respectively.
Remark: The update vector of the parameter vector w is
L IL@) 9Q(x, alw)
= —ad , 3.10
dw ¢ dw (3.10)
where 6 = r + y max, Q(x a’'lw) — Q(x, alw) for the experience (x,a,x’,r). The size of

8.6

the update vector a—=- depends on the approximated optimal Q-functions for the

virtual systems because aQ(nglw) = [Ql(x,aIGQl) . QN(x,aIGQN)]T. If we can obtain
these optimal Q-functions precisely, their outputs are close to zero near the target
state because of the reward function (3.2). Thus, the size of the update vector is small
near the target state.

Next, we consider an update rule of wj satisfying for any j € {1,2,...,}, w; = 0.
Then, we use the following loss function with a barrier term to keep all parameters
nonnegative.

L8w) = L(w) + nB(w), (3.11)

where 1 > 0 is a constant and B(w) is a barrier function. Let W = {w € RN| ¥n, w, +
€, > 0}, where €,, > 0 is an arbitrarily small constant. The interior and boundary of
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the set ‘W are denoted by int'W and dW, respectively. The barrier function is given
by

B(w) {> 0 w € intW, (3.12)

— 400 w— IW.

In our proposed method, we use the following update equation to learn the parameter
vector w:

oL (w
D o _ o L)

aw w=w®)
IL(w) IB(w)
_ o0 _ o[ L@ 9B(w)
! a( oW =it Er N (3.13)

Note that all elements of the parameter vector updated by (3.13) may not always be
nonnegative values. Thus, we reduce the update rate a« when at least one negative
element exists in the updated parameter vector w**!. In our proposed algorithm,
we continue reducing the learning rate by half until all elements of the updated
parameter vector are nonnegative. After updating the parameter vector using (3.13),
we normalize it to satisfy Z;\il w;j = 1 as follows:

1

N (k+1)
Z]’:l ZU]

w*D D

The agent indirectly learns its policy for the real system by adjusting the parameter
vector w.

3.2.3 Proposed Algorithm

Our proposed learning algorithm with multiple virtual systems is shown in Algo-
rithms 1. The outline is as follows: In line 1, we choose N system parameter vectors
&W, j=1,2,..,N from the premised set Z. In line 2, we obtain the approximated
optimal Q-functions Q;, j=1,2,..,N, for virtual systems using the continuous deep
Q-learning algorithm [15]. In line 3, we initialize the parameter vector w. In line
4, we initialize the state of the real system. From lines 5 to 20, the agent learns the
parameter vector w through interactions with the real system online. From lines
12 to 18, if some elements of the updated parameter vector are negative after one
update, we reduce the learning rate to keep all elements of the updated parameter
vector nonnegative. In line 19, we normalize the parameter vector after the update
to ensure that Z;\il w; = 1.
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Algorithm 1 Q-learning for the real system with multiple virtual systems

1: Choose system parameter vectors {£};_; 5y in the premised set E.

N
Q
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e
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continuous deep Q-learning algorithm.
Initialize the parameter vector w(® = [w(lo) wg\?)]T.
Initialize the state xg.
for Discrete-time k =0, ..., K do
Observe the state x;.
Determine the action a; = arg maxzea Q(x, alw®).
Add the exploration noise ax by (3.7).
Execute the action 4y to the real system.
10:  Receive the next state xx, and the reward r, computed by Eq. (3.2).
11: 1« 0.
12 while True do

13: Compute the next parameter vector w®*1:
WD p® _ 40l 3.[:;?;%)) + 8B,(;;]U(k>)).

14: if all elements of w**Y are positive then

15: break

16: end if

17: [ —1+1.

18: end while

19:  Normalize the parameter vector w*+D):

1 (k+1)'

k+1
wk) W
“j

N

j=1

20: end for

3.3 Example

We consider the following discrete-time system.

|x1,k+l] _ | X1k + dxok (3.14)
X2 f+1 Xp ) + d(gsin(xq k) — E1xox + Soax) | '

where ¢ = 9.81 and d = 27, The state and action spaces are X = R?> and A = [-1,1],
respectively. We assume an uncertain parameter vector of the real system & = [£1 &2]7
lies in a region E = {(£1,&2)| 0 < & <1, 5 < & < 50}. We prepare the following
virtual systems, as shown in Fig. 3.2:

virtual system-1 &) = (égl),ég)) = (0.0,5.0),

virtual system-2 £@ = (égz),ééz)) = (1.0,5.0),

virtual system-3 £® = (égs),éf)) = (0.0,50.0),
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virtual system-4 £® = &Y, 5(4)) (1.0,50.0),
virtual system-5 £ = (&2, 5(5)) (0.4,16.0),
virtual system-6 £© = (5(6) 5(6)) (0.6,16.0),
& (7> 5(7)) (0.4,32.0),
(& (8> 5(8)) (0.6,32.0).

virtual system-7 ) =
virtual system-8 £® =

&t
Virtual-3 Virtual-4
50\ J/
A
Virtual-7 1 Virtual-8
32
Virtual-5 i Virtual-6
16
Virtual-1 Virtual-2
5 N
hY
1
0 0.4 0.6 1 &

Fig. 3.2: Parameter region E where the real system parameter vector lies. The parameters of
the virtual systems are denoted by cross marks.

We use

1.0 O
Rl_[O 01], R, =10.0

as the positive definite matrices in the reward function (3.2). Let the target state be
the origin x* = 0, that is a fixed point of the system (3.14).

We use the same DNN architecture to learn the approximated optimal Q-functions
for all the virtual systems. The DNN has four hidden layers, all of which have
128 units, and all layers are fully connected. The activation functions are rectified
linear unit (ReLU) functions except for the output layers. Regarding the activation
functions of the outputlayers, we use hyperbolic tangent functions for units of greedy
actions u(-|0") and linear functions for the other units. The size of the replay buffer
D is 1.0 X 10° and the size of the mini-batch is [ = 128. The parameter vectors of
DNN s are updated by Adam [103]. In these simulations, the learning rate for virtual
system-1is 5.0 X 1074, the learning rates for virtual system-2, 5, 6 are 5.0 X 10, and
the learning rates for virtual system-3, 4, 7, 8 are 1.0 X 107. The update rate of the
target network is 7 = 0.005. The discounted factor is y = 0.99. We use the following
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Orenstein-Uhlenbeck process to generate exploration noise e,?U.
€U = €2V + pi(pr — €2Y) + pa€’,
€Y =0,

where (p1, p2, p3) = (0.15,0.0,0.3) and €’ is the noise generated by the standard normal
distribution NV(0,1). The approximated optimal Q-function and the optimal policy
for the virtual system with ) are denoted by Q and W respectively. In the first
stage, the agent learns its approximated optimal Q-function and policy through
2.0 x 10* ~ 4.0 x 10* interactions. The policies learned for the virtual systems are
shown in Fig. 3.3. Although their characteristics are different from each other, all
actions determined by the policies are close to zero around the target state x* = 0,
because it is a fixed point of the system (3.14).
We define the score

1000

G(ule) = ) Rixi, 1(x:) (3.15)
k=0

as the performance index of the policy u for the real system with & € E, where

X1 = f(X, axl&), xo = [ 0]".

In the following simulations, if the agent obtains a score that is smaller than —2000,
we consider that the agent’s policy y does not perform well for the real system
with £. To show the performance of the policy W, we plot the scores as shown
in Fig. 3.4. We show the scores for real systems with & = (&1,&2) € Eplor, where
Eplot = {0.05,0.15, ...,0.95} x {5.5,6.5, ...,49.5}. The policy y;. performs well for real

systems whose system parameter vectors are close to £). However, it is shown that
the policy learned with the simulator does not perform well for the real system if
there exists a large identification error. Thus, we apply our proposed method. The
barrier function (3.12) is given by

N
B(w) = — Z log(w; + €,), w € intW, (3.16)
j=1

where W = {w| ¥j € {1,2,..,N}, w; + €, > 0}. B(w) diverges as the parameter w
approaches the boundary dW as shown in Fig. 3.5. It is known as the log barrier
function. We set 1 = 1.0 x 1077 and €, = 1.0 X 1077, respectively.

All experiments were run on a computer with an Intel(R) Core(TM) i7-10700 @
2.9GHz processor and 32GB of memory and were conducted using Python software.
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Fig. 3.3: Illustrations of policies learned for virtual systems. The fixed points of the system
(3.14) are denoted by cross marks.
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(a) Policy p7. (b) Policy p3.
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Fig. 3.4: Scores of pre-trained policies for real systems with & = (&3, &;) € Epior, Where Epjor =
{0.05,0.15, ...,0.95} x {5.5,6.5, ...,49.5}. Each grid shows the score of the pre-trained
policy W, j=1,2,.,N, for the system with &.
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Fig. 3.5: Illustration of log barrier functions.
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3.3.1 Choice of Basis Functions

We discuss the relationship between the choice of basis functions and the performance
of the learned policy. The exploration noise for the second stage is generated by
max{400 — k, 0}

e =0.1 00 e, (3.17)

where noise €’ is generated by the standard normalized distribution N(0,1). We do
not add exploration noises after the 400th step. The initial state is [71 0] T. The learning
rate is @ = 5.0 X 107°. The maximum step is K = 1000. We set the elements of the
initial parameter vector, w; = %, j=1,2,..,N.

Table 3.1: Choice of basis functions for the Q-function.

Case number || Choice of basis functions |

Case-1 Q1 Q5 Q5 Qi)
Case-2 Qs Qs Q5 Q)
Case-3 Q1 Qs Q5 Q)
Case-4 {Q:, Q) Q;, Qg
Case-5 {Q1, Q5 Q5 Q)

First, we assume that N = 4 and consider the five cases summarized in Table 3.1 for
the choice of basis functions. For each case, Fig. 3.6 shows scores of policies learned
by our proposed algorithm for real systems with & € Epjt. The scores for Case-1
are shown in Fig. 3.6(a). The agent with {Q7, Q3, O}, Q;} learns policies that perform
well for real systems with (&1, &2) € Epjor. For example, we show the time response
for a real system with (&1, &2) = (0.95,5.5) in Fig. 3.7. It can be seen that the agent
stabilizes the real system around the target state. The scores for Case-2 are shown
in Fig. 3.6(b). The policy learned with {Qf, Q¢, Q5, Qz} does not perform well for a
system if its system parameter ¢&; is less than 10. For example, the time response of
the real system with (&1, &2) = (0.95,5.5) is shown in Fig. 3.8. It shows that the agent
cannot stabilize the real system. Intuitively, when the parameter &, is large, the effect
of parameter &; on the system (3.14) is small. On the other hand, when &; is small,
the effect is large, that is, the difference in ¢&; is sensitive. Thus, both Q7 and Q; are
necessary to represent the Q-function for a real system with a small &. We consider
Case-3 and Case-4 to confirm that Q] and Q; are necessary to stabilize a real system
whose system parameter &; is small. The scores for Case-3 and Case-4 are shown
in Figs. 3.6(c) and 3.6(d), respectively. They show that the learned policies do not
perform well for some real systems. Consequently, we need both Q] and Q;, as basis
functions. In Case-5 where we use both Q] and Qj, the agent learns its policy that
performs well for systems with & € E,jot, as shown in Fig. 3.6(e).
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Next, we consider an adequate number of basis functions chosen to achieve a good
performance. The learned policies u3, uj, uz, yg, 4y, and ug perform well for real
systems if &, is larger than 35, as shown in Fig. 3.4. If we choose at least one of
{Q5, Qy, -, Qg} as the basis functions, the agent may learn a policy that performs well
for such real systems. We then consider the case in which we choose {Q}, Q;, Q}} as
the basis functions. The scores of the policies learned for real systems with & € Epjo¢
are shown in Fig. 3.9(b). The agent with {Q], Q, Q;} learns policies that perform well
for systems with & € Epjot. On the other hand, if we choose Q7 and Q;, only, the agent
does not learn policies that perform well for real systems if &, is larger than 35, as
shown in Fig. 3.9(a). The results indicate that it is sufficient to choose Q7, Q5, and
at least one of {Q}, Q;, ..., Qg}. Moreover, we consider the case where we choose all
the approximated optimal Q-functions learned for virtual systems as basis functions.
The scores of the policies learned for real systems with & € &, are shown in Fig.
3.9(c). Although the agent performs well for most real systems, it does not learn the
policy that performs well for the real system with (&1, &2) = (0.95,5.5). If we choose
basis functions redundantly, the proposed algorithm may not perform well for the
real system.

In our proposed method, through interactions with the real system, the agent
learns the approximated linear Q-function whose basis functions are approximated as
optimal Q-functions learned for virtual systems. To achieve a good performance for a
set of system parameter vectors as large as possible, we choose a set of approximated
optimal Q-functions such that system parameter sets stabilized by the approximated
optimal Q-functions are complementary to each other. Moreover, it is desirable to
reduce the number of basis functions to the extent possible.

In general, the choice of basis functions depends on the characteristics of the
system. Therefore, we choose basis functions through trial and error. An important
direction of future work is to propose a method for the choice of adequate basis
functions that achieve the desired control performance.
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Fig. 3.6: Scores of policies learned by our proposed method online for real systems with & =
(&1, &2) € Eplor- Each grid shows the score G(u(-|w)|€) for the real system with &.
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Fig. 3.7: Time response of the real system with (&;, &,) = (0.95,5.5) controlled by the agent that
learns its policy with {Q], Q;, Q3, Q;} using our proposed method online, where w; is
the weight of the approximated optimal Q-function o
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Fig. 3.8: Time response of the real system with (&;, &;) = (0.95,5.5) controlled by the agent that
learns its policy with {Qz, Q;, Q7, Q;} using our proposed method online, where w; is
the weight of the approximated optimal Q-function Q]
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Fig. 3.9: Scores of policies learned by our proposed method online for real systems with & =

(61, &2) € Eplor- We consider three cases: {Q], Q3}, {Q],Q5,Q;}, and {Q3,Q;, ..., Qgl-
Each grid shows G(u(-|w)|&) for the real system with & = (&1, &) € Epjor.
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3.3.2 Adaptivity under Variation of the System Parameter Vector

We show that our proposed method can be applied to a real system whose system
parameter vector varies slowly. In the following, we choose {Q], Q5, Q;} as the basis
functions. The initial parameter vector of the Q-function is [1/3 1/3 1/3]T. We add
exploration noise to actions if [|x[[, > 0.05. The noise is generated from a standard
normalized distribution N(0,1) and multiplied by 0.1. The initial state is [t 0]". The
learning rate is @ = 5.0 X 107°. The maximum step is K = 1000.

First, it is assumed that the system parameter &, increases gradually from 5.0 to
50.0 until k = 200, where &; = 1.0. The time response of the real system is shown
in Fig. 3.10. Although the Euclidean norm of the system’s state becomes larger than
0.05 after k = 200, the agent adds the exploration noise to its action and learns the
parameter vector w.

Second, it is assumed that the system parameter &, decreases gradually from 50.0
to 5.0 until k = 200, where &; = 1.0. The time response of the real system is shown
in Fig. 3.11. Although the Euclidean norm of the state becomes larger than 0.05,
between k = 200 and k = 700, the agent can control the real system to the target state
by learning w online.

The above results indicate that the agent can adapt to a real system whose system
parameter vector varies within the premised set & by online learning the parameter
vector w.
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Fig. 3.10: The time response of the varying real system controlled by the agent that learns its
policy using our proposed method. It is assumed that & = 1.0 and &, varies from
5.0 to 50.0 slowly until k = 200.
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Fig. 3.11: The time response of the varying real system controlled by the agent that learns its
policy using our proposed method. It is assumed that & = 1.0 and &, varies from
50.0 to 5.0 slowly until k = 200.
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3.3.3 Effects of Pre-Training

We compare our proposed method with a standard continuous deep Q-learning algo-
rithm without pre-training. For the standard continuous deep Q-learning algorithm,
we use the same DNN architecture for the virtual systems. The size of the mini-batch
is I = 128, that is, the agent begins to learn its policy at k = 128. The parameter
vector of the DNN is updated by Adam, where its learning rate is « = 5.0 x 10™°. The
maximum step is K = 1000. The initial state is [z 0]T.

The time response of the real system with (&1, &2) = (0.95,5.5) controlled by the
agent that learns its policy by standard continuous deep Q-learning without pre-
training is shown in Fig. 3.12. Exploration noise is generated by (3.17). The parameter
vector of the deep Q-network 69 is initialized randomly. Although the agent can
stabilize the system for 1000 steps using our proposed method, as shown in Fig. 3.7,
the agent cannot stabilize it using the standard continuous deep Q-learning algorithm
without pre-training. It is shown that pre-training with the simulator accelerates the
policy learning.
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Fig. 3.12: The time response of the real system (&, &) = (0.95,5.5) controlled by the agent
that learns its policy using the standard continuous deep Q-learning without pre-
training. The agent cannot stabilize the system through 1000 interactions.
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Moreover, we apply standard continuous deep Q-learning to a real system whose
system parameter vector varies slowly, as in Section 3.3.2. We add exploration noise
to actions if |[x||, > 0.05. First, it is assumed that the system parameter &, increases
gradually from 5.0 to 50.0 until k = 200, where &; = 1.0. The DNN parameter vector is
initialized by 6. The time response of the real system is shown in Fig. 3.13. Second,
it is assumed that the system parameter &, decreases gradually from 50.0 to 5.0 until
k = 200, where & = 1.0. The DNN parameter vector is initialized by 992 . The time
response of the real system is shown in Fig. 3.14. We see that, in both the cases,
the agent cannot adapt to each varying system. In the standard continuous deep Q-
learning algorithm, the agent adjusts many DNN's parameters based on experiences
from the real system to learn its policy using a stochastic gradient descent method
such as Adam. Thus, the agent cannot quickly adjust its DNN parameter vector and
cannot adapt to variations in the system parameter vector. On the other hand, because
it is relatively easy to adjust the parameters of the approximated linear Q-function,
the agent can stabilize a real system whose system parameter vector varies.
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Fig. 3.13: The time response of the real system with the variation of the system parameter
vector controlled by the agent that learns its policy using the standard continuous
deep Q-learning algorithm. It is assumed that £; = 1.0 and &, varies from 5.0 to 50.0
slowly until k = 200.
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Fig. 3.14: The time response of the real system with the variation of the system parameter
vector controlled by the agent that learns its policy using the standard continuous
deep Q-learning algorithm. It is assumed that £; = 1.0 and &, varies from 5.0 to 50.0
slowly until k = 200.



Chapter 4

Application of DRL to NCSs
with Uncertain Network Delays

NCSs have attracted much attention thanks to the development of network technol-
ogy. On the other hand, there are network delays caused by data transmissions in
NCSs. These network delays may degrade control performances. In general, the
network delays may fluctuate randomly. Additionally, for nonlinear systems, it is
difficult to identify the models precisely and to design controllers analytically. Thus,
we propose a DRL-based networked controller design taking network delays into
consideration.

This chapter is mainly based on “Application of deep reinforcement learning to
networked control systems with uncertain network delays” [38] which appeared in
Nonlinear Theory and Its Applications, © 2020 IEICE.

4.1 Problem Formulation

We consider control of the following continuous-time nonlinear system through a
network as shown in Fig. 4.1.

() = flx(t), u(t)), (4.1)
yk = h(x(kA)), k€{0,1,2,..}, (4.2)

where

x(t) € X € R™ is the system’s state at the continuous time t € [0, o),

u(t) € U € R™ is the control input at the continuous time t € [0, c0),

A > 0 is the sampling period,

Yr € Y € R is the k-th output observed by the sensor,

o f: X XU — X describes the mathematical model of the system that is local
Lipschitz with respect to x, and

e 11: X — Y is the output function.

49
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It is assumed that the mathematical models f and / are unknown.

In the NCS, the controller computes control inputs from data sent by the sensor
and sends them to the actuator. Additionally, it is assumed that there exist two types
of network delays due to data transmissions. One is caused by transmissions of ob-
served outputs from the sensor to the controller. The other is caused by transmissions
of determined control inputs from the controller to the actuator. The k-th network
delays are denoted by 7y x and 7.k, respectively. These network delays randomly
fluctuate, where these delays are bounded by the maximum delays 702 (= ns.A) and
TO™(= neA), respectively. It is assumed that ., 1., € IN are known. In this chapter,
it is also assumed that the packet loss does not occur in the networks and all data are
received in the same order as their sending order.

Controller
(Agent)

a

\ 4

G\letwork Delay 1039 G\Ietwork Delay rsca

I “

Actuator Y

u(t)

v

System Sensor

A\ 4

x(kA)
(1) = fx (@), u@)) Vi = h(x(kA))

Fig. 4.1: Illustration of an NCS which consists of a system, a sensor, a controller, an actuator,
and a network. In this chapter, we regard the controller as an agent and design its
control policy using a DRL algorithm. Att = kA (k = 0,1,2,...), the sensor observes
the k-th system’s output vy, and sends it to the controller (agent). Att = kA + 74, the
controller (agent) receives the k-th output y,, computes the k-th control action a;, and
sends it to the actuator. At t = k + Tyt + Teak, the actuator receives the k-th control
action a; and updates the control input to the system u(t) = a.

In this chapter, we apply DRL to design of a digital controller for stabilization of
the nonlinear system without the system’s model. Then, we regard the controller as
an agent. The agent receives the k-th state x; or the k-th output y, and determines the
k-th control action a. The k-th control action gy, is held until the actuator receives the
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next control action a1, that is,
u(t) _ Ak, kA + Tsc k + Tecak <t< (k + 1)A + Tsck+1 + Tcak+1s (4 3)
Onu’ 0 S t < TSC,O + TC&,O/ .

where 0,,, is the zero vector in R"™. Note that the agent cannot observe the true current
system’s state and the control action determined by the agent cannot be inputted to
the system right away due to network delays.

4.2 Design of Networked Controller Using Deep

Reinforcement Learning

We propose a DRL-based controller design for stabilization of a nonlinear system (4.1)
at an equilibrium point. We consider the two types of learning methods: state-based
learning and output-based learning.

4.21 State-Based Learning

We consider the case where the sensor can observe all state variables of the system,
which is called full observation. For simplicity, it is assumed that h(x) = x. In an
RL (or DRL)-based controller design, we often regard a system as an environment.
However, in the NCS problem, there are uncertain network delays. If we ignore the
effects of network delays and apply RL (or DRL) to design of a networked controller
for stabilization, the learned policy may not stabilize the system. In RL, the state of
the environment must include sufficient information to determine desired actions.
We must appropriately specify the environment for the NCS problem with network
delays.

We consider the worst case, where, for any k € {0,1,2, ...}, Tscx = nscA and T i =
naA. The network delays in data transmissions are shown in Fig. 4.2. The sensor
observes the k-th observed state x; = x(kA) at t = kA. The k-th observed state xj is
sent to the agent through the network. The agent receives x; and determines the k-th
control action ay at t = (k + ns.)A. The k-th control action gy is sent to the actuator.
The actuator receives the k-th control action a; and updates the control input to the
system u(t) = ar at t = (k + 7)A, where T = ng + n,,. Then, the system’s state is
x((k + T)A) that is the future state at ¢t = kA. The agent must predict the future state
x((k + 7)A) and determine the k-th control action a; based on available information. If
we could identify a mathematical model of the system f, we would predict a future
state of the system based on the model f as follows:

(k+1)A
X((k + DA) = x(kA) + fk S, ue)r (4.4)
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Fig. 4.2: Illustration of the network delays in the worst case, where 7™ = 2A and 0™ = 3A
(nsc = 2and ne, = 3). Inthe case, att = (k+2)A, the agent should predict x((k+5)A) and
determine a; using the k-th observed state x; and the previously determined actions

A5, ooy A1 -

Note that, for kA < t < (k + 1)A, the previously determined control actions
Ak—1, Ok-1+1, -, Ak—1 are inputted to the system as shown in Fig. 4.2. Fortunately,
the agent can use the previously determined control actions ax_;, dk-7+1, ..., k-1 at
t = (k + nsc)A. Therefore, we use not only the k-th observed state x; but also these
previously determined control actions ax_r, ax—r+1, ..., -1 for the agent to learn its

control policy. We define the following extended state z; € X X U™ C R™*",

_ x -
-1
Zp = A2 . (45)

[ Gk~ |

In the state-based learning, we regard the extended state zj as the state of the envi-
ronment.

Network delays are not necessarily the maximum values nsA and ne,A. In the
case, the agent also learns the control policy adaptively using the extended state z;
that has sufficient information for the worst case.

4.2.2 Output-Based Learning

We assume that the sensor cannot observe all state variables of the system, which
is called partial observation. Then, the agent cannot directly use the system’s state
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x(kA) to determine an action. The agent must estimate the system’s state based on
available information. It is assumed that, if we could identify the models f and
h, we would predict the full state x; based on some previously determined control
actions and some previously observed outputs. Particularly, for a discrete-time linear
system which is controllable and observable, we can estimate the state x; based on
the past outputs yi—1, Vk—2, ..., Yk-c and the past control actions ay_1, ar—, ..., dk—c as
shown in Appendix A, where ¢ is larger than the observability index g of the linear
system. Aangenent et al. proposed a data-based optimal control method [104], Lewis
et al. proposed an RL-based method for a partial observable linear system [105], and
Fujita and Ushio applied the Lewis’s method to the design of an optimal networked
controller considering network delays [37]. On the other hand, in the previous
studies, we deal with linear systems. The estimation of the current state can be done
by solving a linear equation consisting of the previous control actions and outputs
whose number is larger than the observability index. However, for a nonlinear
system, it is difficult to derive a nonlinear equation whose solution is the current
system’s state. Thus, we design the approximated optimal controller for a nonlinear
system with partial observability using a DRL algorithm. Then, we select ¢ € IN
as a meta-parameter beforehand and give the agent previously determined control
actions ax_1, ax—», ..., k- and previously observed outputs yi, V-1, Yk-2, -, Yk—c as
the state of the environment. In general, if we set the meta-parameter ¢ to a small
value, the performance of the learned control policy may be limited. On the other
hand, if we set the meta-parameter ¢ to a large value, the agent may fail to learn its
control policy due to the large dimensionality.

Remark: In this chapter, we aim to stabilize a nonlinear system at an equilibrium
point. Although the system’s dynamics is nonlinear, we can linearize the nonlinear
model around the equilibrium point. Thus, we can select the meta-parameter ¢
with reference to the observability index as the condition around the equilibrium
point. However, if the system’s model is unknown, we cannot precisely obtain the
observability index. On the other hand, the observability index g satisfies g < n,.
In the worst case, we need the previously observed outputs vx_1, ..., Yk—pn, in order
to stabilize the system even around its equilibrium point. The dimension of the
system’s state 71, can be an index for selecting the meta-parameter c.

Additionally, we consider the effect of network delays. For simplicity, we con-
sider the worst case where all network delays are ns,A and n,A as shown in
Fig. 4.3. When we use previous outputs Vi1, Yik-2, ..., Yk-c, we must also con-
sider the control input u(t) for (k — ¢)A < t < (k+ 7)A. Actually, the previous
control actions ay_1, @, ..., Ax—(r+c) are inputted to the system as the control in-
put u(t), (k—c)A <t < (k+ 7)A. Thus, we define the following extended state
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In the output-based learning, we regard the extended state z, as the state of the
environment.

Vk,n,.=2,n,=3.
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Fig. 4.3: Illustration of the network delays in the worst case, where 75;®* = 2A and 3™ = 3A

sC

(nse = 2 and n, = 3). If we select the meta-parameter ¢ = 3, then we must consider
the control input u(t) for (k —3)A <t < (k + 5)A.

4.2.3 Learning Algorithm

We apply the DDPG algorithm [11] as a DRL algorithm. As shown in Fig. 4.4, we
regard the past control action list and the past output list as a part of the environment
to construct an extended state z°. The algorithm is shown in Algorithm 2. The
outline is as follows: From line 1 to 4, we select a meta-parameter ¢, initialize
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parameter vectors of main DNNs and target DNNSs, and initialize a replay buffer
D for the experience replay. From line 5 to 27, the agent learns its policy through
interactions with the environment that consists of the system, the past control action
list, and the past output list. From line 6 to 9, at the start of an episode, the agent
receives the initial output 1o, adds it to the past output list, constructs the initial
extended state zé =[yo --- ¥ 0 --- 0]", and sets a random process p, for generating
exploration noises. From line 10 to 26, the agent learns its policy and interacts with the
environment to collect experiences. From line 11 to 16, the agent receives the reward
71 for the transition (z,f_l, Ax_1, zli) and stores the experience (z,f_l, Ax_1, zf{, 7%—1) to the
replay buffer O. In line 17, the agent determines the control action a; based on the
actor DNN ‘u(zlile#), where the agent adds the exploration noise €, ~ p. to a. In line
18, the agent adds the control action a, to the past control action list and sends it to
the actuator. From line 19 to 25, the agent updates parameter vector of DNNs using
the DDPG algorithm stated in Section 2.5.

Foq = R(Z,f_l, a1, Z}f) Replay Buffer
Environment

(Zkg_l, ay_1, Z,fs rk_l) Agent

N
Yeg oo Ye—2 V-1
V4 <
Controller 3 Past output list

1
ak
t \l Gp—(r4¢) " G2 K1

L Past control action list
[Network Delay rcaB

I G\letwork Delay TSCB

Actuator

Y

[

u(t)

A\ J

Sensor

v

System

x(kA)
(8 = f(x(®), u(t)) Vi = h(x(kA))

Fig. 4.4: Illustration of the agent and the environment. The agent interacts with the environ-
ment to collect experiences. The experiences are stored to the replay buffer. The agents
updates parameter vectors of DNNss using experiences selected from the replay buffer
randomly.

Remark: In our proposed method, we can use another DRL algorithm, where we
should select an off-policy DRL algorithm with the experience replay such as contin-
uous deep Q-learning [15], TD3 [12], and SAC [13, 14].
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Algorithm 2 DRL algorithm for design of a networked controller under partial ob-
servation

1:
2:

10:
11:
12:
13:
14:

15:

16:
17:

18:

19:
20:
21:
22:
23:
24:
25:
26:
27:

Select the length of the past output list c.
Randomly initialize the parameter vectors of an actor DNN 0, and a critic DNN
0o.
Initialize parameter vector of target networks 6, < 6, and 6, < 6q.
Initialize the replay buffer D.
for episode = 1,2, ... do
Receive the initial observed output yp.
Add the observed output y to the past output list.
Generate the initial extended state z;, where u; = 0 (i < 0), y; = yo (i <0).
Initialize a random process p, for exploration.
fork=0,1,...,Kdo
if k > 0 then
Receive the k-th output y.
Add the observed output yi to the past output list.
Generate the extended state z; with past control actions and past outputs,
wherea; =0(<0), yi =yo (1 <0).
Receive the reward 7,y for the tuple (z;_,a4-1,z) and store
(z]i_l, Ax_1, zl‘i, 7k-1) to the replay buffer D.
end if
Determine the control action a; based on the actor DNN and add the explo-
ration noise € ~ pe to the action (ax < ax + €x).
Add the control action a; to the past control action list and send it to the
actuator.
for iteration=1,2,...,1 do
Select N experiences (zeM, g z7® My ' =1,2,.,N randomly.
Set ) = 1) 4 Q- (40, g ().
Update Og by decreasing the loss (2.23).
Update 6, by decreasing the loss (2.24).
Update target DNNs by soft update (2.18).
end for
end for
end for
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4.3 Example
We consider the following examples.

1. Pendulum

d [x1(t) _ xo(t)
a [xz(t)] B [g sin xl(t) — sz(t) + u(t)] / (4-7)

where ¢ = 9.81 and x = 0.05. The system’s state is x(f) = [x1(f) x2(t)]" €
[-7, 1] X R and the control input is u(t) € [-2,2]. The goal is the stabilization
of the pendulum at the unstable equilibrium point [0 0] .

2. Lorenz dynamics

T x(t) —x1(£)x3(t) + pox1(t) — x2(t)

x3(t) x1(t)xa(t) — paxs(t)

where p; = 10, p, = 28, and p3 = 8/3. The uncontrolled behavior is a chaotic
attractor as shown in Fig. 4.5. The system’s state is x(t) = [x1(f) x2(¢) x3(f)]" €
R? and the control input is u(t) = [ui(t) ua()]” € [-7,7]*. The goal is the
stabilization of the Lorenz dynamics at one of the unknown equilibrium points.

d x1(t)] { p1(xa(t) — x1(t))

10
+{2 o] [”18] (4.8)
0 3|L*

Fig. 4.5: Illustration of the Lorenz attractor.
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We assume that both 7. and 7. are generated by the uniform distribution
U(3A,5A), where we cannot identify the distribution beforehand while these maxi-
mum values 70 = 5A and 2% = 5A are known. Thus, in all simulations, 7 = 10
unless otherwise noted. It is assumed that the sampling period is A = 27 and the
terminal of a learning episode is at time t = 25.0, that is, K in Algorithm 2 is the
number of interactions with the system during 0 < t < 25.0. We use the Runge-Kutta
method [106] to solve the differential equation for all simulations stated in Appendix
B. We use exploration noises generated by the discrete-time Ornstein Uhlenbeck
process [99]

€ = €x—1 — 0.15€x-1 + pyen, €0 =0,

where €y is a noise generated by the standard normal distribution N(0,1). For the
pendulum, we set pyy = 0.3. After 400 episodes, we weight the generated noise as
follows:

400
6;( — e—ek, (49)

where ep (> 400) denotes the current episode number. For the Lorenz dynamics, we
set py = 0.5 before the 50th episode. After that, we set pyr = 0.3. We double the size
of generated noise €, before the 400th episode. After that, we weight the generated
noise as follows:

6;( &~ —€x. (410)

All experiments run on a computer with an Intel(R) Core(TM) i7-10700 @ 2.9GHz
processor and 32GB of memory and were conducted using Python software. The
implementation for the experiments is shown in Appendix C in detail.

In order to evaluate the learned policy, we utilize the learning curve that shows
the average reward Y, x obtained by the learned policy for an episode, where
for the pendulum, let the initial state be [t 0] and, for the Lorenz dynamics, let the
initial state be [9 — 9 18]".

4.3.1 State-Based Learning

We assumed that the sensor can observe all state variables of the system, where the
k-th observed state is x; = x(kA).

Pendulum

In the experiment, we use a critic DNN and an actor DNN with two hidden layers,
where all hidden layers have 128 units and all layers are fully connected. The
activation functions are ReLU functions except for the output layers. In regards to the
activation functions of the output layers, we use a hyperbolic tangent function, where
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the output is doubled, for the actor DNN and a linear function for the critic DNN.
The size of the replay buffer D is 1.0 X 10° and the mini-batch size is N = 128. The
parameter vector of the actor DNN and the critic DNN are updated by Adam [103],
where learning step sizes are set to 1.0 X 107 for the actor DNN and 1.0 x 1072 for the
critic DNN, respectively. The soft update rate of target networks is & = 0.001. The
discount factor y is 0.99. The initial state is randomly selected for each episode, where
-1 < x1(0) < mand -3 < x(0) < 3. We input xx = [—sinx(kA) cosxi(kA), x2(kA)]T to
DNN s instead of [x1(kA), x2(kA)]™ such as pendulum-v0 in Open Al gym [107].

At first, we design a policy using the latest observed system’s state only. The
reward function Rpendulum,0 : X X U — Ris given by

Rpendulum,O (X, ll) = _Rpendulum,x (X) - Rpendulum,u (a)/ (4 1 1)

where

2 2
Rpendulum,x(x) = max {lxlll xl} + 0.1 max {|X2|, xz} ’
2
Rpendulum,a (El) = max {lal |/ al} ’

x = [x1 x2]", and a = [a1]7. As shown by the blue curve in Fig. 4.6, in the case where
for all k, Tsck, Teak = 0, the agent can learn its policy. However, as shown by the red
curve in Fig. 4.6, in the case where, for all k, Tg.k, Tcar ~ U(3A,5A), the agent cannot
proceed with its policy learning because it cannot deal with network delays using a
latest observed state only.

To solve the problem, we utilize the extended state z as the state of the environment.
The reward function Rpendutum : (X X UY) x U — Ris given by

Rpendulum (Z/ El) = _Rpendulum,z (Z ) - Rpendulum,a (61), (4 12)

where

12

Rpendulum,z(z) = max {Izll,zf} + 0.1 max {Izzl,zg} + Z 0.05 max {Izll, zlz} ,
1=3

2
Rpendulum,ﬂ (a) = maX {lal |/ ‘11} ’

z =[z1 2o ... z12]", and a = [a1]". Note that [z1 z,]" is the latest observed state and
z3, ..., Z12 are previously determined control actions.

The learning curve is shown in Fig. 4.7. Itis shown that the agent can learn a control
policy that obtains a high average of rewards using the extended state z. Moreover,
the time response of the pendulum controlled by the learned policy is shown in Fig.
4.8. It is shown that the agent that sufficiently learned its policy by our proposed
algorithm can stabilize the pendulum at the equilibrium point [0 0]".
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Fig. 4.6: Learning curves for a pendulum using the latest observed system’s state only as the
state of the environment. The blue curve shows the result in the case where there
are no delays. The red curve shows the result in the case where there are random
delays. The solid curves and the shades represent the average results and the standard
deviations over 10 trials with different random seeds, respectively.
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Fig. 4.7: Learning curve for a pendulum using the extended state z as the state of the environ-
ment. The solid curve and the shade represent the average results and the standard
deviations over10 trials with different random seeds, respectively.
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Fig. 4.8: Time response of the pendulum controlled by the learned policy.
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Lorenz
In the experiment, we use a critic DNN and an actor DNN with two hidden layers,
where all hidden layers have 128 units and all layers are fully connected. The
activation functions are ReLU functions except for the output layers. In regards to
the activation functions of the output layers, we use a hyperbolic tangent function,
where the output is multiplied by 7, for the actor DNN and a linear function for the
critic DNN. The size of the replay buffer D is 1.0 x 10° and the mini-batch size is
N = 128. The parameter vector of the actor DNN and the critic DNN are updated
by Adam, where learning step sizes are set to 1.0 X 107 for the actor DNN and
1.0 X 107 for the critic DNN, respectively. The soft update rate of target DNNs is
& = 0.001. The discount factor y is 0.99. The initial state is randomly selected for each
episode, where —15 < x1(0) < 15, =15 < x(0) < 15, and 10 < x3(0) < 50. We input
xr = [x1(kA) x2(kA) 0.1x3(kA)]" to DNNs instead of [x71(kA) x2(kA) x3(kA)] T because the
size of x3 tends to be larger than x; and x,.

At first, we design a networked controller using the latest observed system’s state
only. The reward function Ry renz0 : X X U X X — R is given by

RLorenZ,O (X ,a,X ’ ) = _RLorenZ,x (X ;X ’ ) - RLorenZ,a (ll), (4 1 3 )

where

RLorenZ,x(x/ x,) = max {lx,l - xll/ (x,1 - xl)z} + max {lxé - x2|; (xé - xZ)z}
+8.0 max {ng — x3l, (x} — x3)2} ,

Riorenzqa(a) = 1.5 max {|a1|, a%} + 2.5 max {|a2|,a§} ,

x =[x1 x2 x3]", a = [a1 a2]", and x" = [x] ¥, x}]7. As shown by the blue curve in Fig.
4.9, in the case where for all k, 75, Tcax = 0, the agent can learn its policy. As shown
by the red curve in Fig. 4.9, in the case where, for all k, Tock, Tcar ~ U(3A,5A), the
agent cannot proceed with its policy learning.

We use the extended state z as the state of the environment. It is assumed that the

reward function Rporenz : (X X U)X U X (X X U®) - Ris given by

RLorenz (Z/ a, Z/) = _RLorenz,z (Z/ Z/) - RLorenz,a (11), (414)

where

Riorens,2(2,2') = max {2} — z1l, (2} — z1)*} + max {Iz; - zal, (2} - 22)’}

23
+8.0 max {Izg — 23], (25 — 23)2} + Z 0.15max {Izll,zlz} p
I=4

Riorenz,q(a) = 1.5 max {|a1 |, a%} + 2.5max {Iazl,ag} ,



4.3 Example

63

0
=
2 —10
o —— No Delay
%—20 —— Delay
o
< 30
0 200 400 600 800 1000

Episode

Fig. 4.9: Learning curves for the Lorenz dynamics using the latest observed system’s state as
the state of the environment. The blue curve shows the result in the case where there
are no delays. The red curve shows the result in the case where there are random
delays. The solid curves and the shades represent the average results and the standard
deviations over 10 trials with different random seeds, respectively.
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Fig. 4.10: Learning curve for the Lorenz dynamics using the extended state z as the state of the
environment. The solid curve and the shade represent the average results and the
standard deviations over 10 trials with different random seeds, respectively.

z=[z122...23]",a =[a1a2]", and 2’ = [2] 2] ... Z,]". Note that [z1 2, z3]" is the latest
observed state and [z4 z5]7, ..., [z22 z23]" are previously determined control actions.
The learning curve is shown in Fig. 4.10. It is shown that the agent can learn
a control policy that obtains a high average of rewards using the extended state z.
Moreover, the time response of the Lorenz dynamics controlled by the learned policy
is shown in Fig. 4.11. It is shown that the agent that sufficiently learned its policy by
our proposed algorithm can stabilize the Lorenz dynamics at the equilibrium point.
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Fig. 4.11: Time response of the Lorenz dynamics controlled by the learned policy.
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4.3.2 Effectoft

We discuss the effect of 7. In this section, we show simulations using the pendulum
(4.7), where Ty and 7., are generated by the uniform distribution U(3A,5A). The
experimental setting other than the number of 7 is same as Section 4.3.1. The reward
function Rpendutum : (X X UT) X U — Ris given by

Rpendulum (z,a) = _Rpendulum,z (z) - Rpendulum,ﬂ (@), (4.15)

where

T+2

Rpendulum,z(2) = max {Izll,zf} + 0.1 max {Izzl,zg} + Z 0.05 max {Izll,zlz} ,
=3

Rpendulum,a (a) = max {lal l, Ll%} ’

z=1[z1 20 ... 2e420]", and a = [a1]". Note that [z1 z]" is the latest observed state and
z3, ..., Zr+2 are previous control actions. The results of 7 = 4,6,8,16 are shown in
Fig. 4.12. If the number of previous control actions is not sufficient to learn a policy
considering network delays such as 7 = 4, 6, the agent cannot proceed with its policy
learning as shown in Fig. 4.12(a) and (b). On the other hand, although the number
of previous determined control actions is less than 10 in the case with 7 = §, the
agent can learn its policy as well as the case 7 = 10 as shown in Fig. 4.12(c) since the
mean of Tgcx + Teax is 8A. Moreover, even if we set a large number for the worst case
scenario such as T = 16, the agent can learn its policy as shown in Fig. 4.12(d). From
these results, if we know the worst case delay roughly, we can design a policy using
a DRL algorithm with our proposed extended state.
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Fig. 4.12: Learning curves for the pendulum in the cases 7 = 4, 6, 8,16, where 7., and 7., are
generated by the uniform distribution U(3A,5A). The solid curves and the shades
represent the average results and the standard deviations over 10 trials with different
random seeds, respectively.
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4.3.3 Output-Based Learning

Pendulum
The output is given by

w=[1 0] l’;gﬁi; . (4.16)

In the experiment, we use a critic DNN and an actor DNN with two hidden
layers, where all hidden layers have 256 units and all layers are fully connected. The
activation functions are ReLU functions except for the output layers. In regards to
the activation functions of the output layers, we use a hyperbolic tangent function,
where the output is doubled, for the actor DNN and a linear function for the critic
DNN. The size of the replay buffer D is 1.0 X 10° and the mini-batch size is N = 128.
The parameter vector of the actor DNN and the critic DNN are updated by Adam,
where learning step sizes are set to 1.0 x 107 for the actor DNN and 1.0 x 1072 for the
critic DNN. The update rate of target networks is & = 0.001. The discount factor y is
0.99. The initial state is randomly selected for each episode, where -1t < x;(0) < 7
and -3 < x(0) < 3.

We use the extended state z¢ as the state of the environment, where we consider
the cases ¢ = 0,2. The reward function R; (YD x YN x U — Ris given

endulum
by
¢ ¢ a) = —-R° ¢y _ RS
pendulum(z ,IZ) - Rpendulum,z< (Z ) Rpendulum,a(a)’ (4.17)
where
ctl (c+1)+(c+10)
c 2 5
R}C)endulum,zi (ZC) = Z max {lziﬂlr (an) } + Z 0.05max {lzlglr (Zlg) } ,
m=1 I=(c+1)+1
c - 2
Rpendulum,a (ll) = maxX {lalll ‘11} .

z¢ =z] z; ... zgg .11]",and a = [a;]". Note that z;, z5, ..., zg ., are previously observed
outputs and z_ ,, z_ ;..., Z;_,,, are previously determined control actions.

The learning curve for ¢ = 0 is shown in Fig. 4.13(a). The agent cannot proceed
with its policy learning. On the other hand, the learning curve for ¢ = 2 is shown in
Fig. 4.13(b). The agent can learn the policy that obtains a high average of rewards.
The time response of the pendulum controlled by the learned policy with ¢ = 2 is

shown in Fig. 4.14. The policy can stabilize the pendulum at [0 0] .
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with different random seeds, respectively.
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Lorenz
The output is given by

x1(kA)
(k)

In the experiment, we use a critic DNN and an actor DNN with two hidden layers,
where all hidden layers have 128 units and all layers are fully connected. The
activation functions are ReLU functions except for the output layers. In regards to
the activation functions of the output layers, we use a hyperbolic tangent function,
where the output is multiplied by 7, for the actor DNN and a linear function for the
critic DNN. The size of the replay buffer D is 1.0 x 10° and the mini-batch size is
N = 128. The parameter vectors of the actor DNN and the critic DNN are updated
by Adam, where learning step sizes are set to 1.0 x 10~ for the actor DNN and
1.0 x 107 for the critic DNN. The soft update rate of target networks is & = 0.001.
The discount factor y is 0.99. The initial state is randomly selected for each episode,
where —15 < x1(0) < 15, =15 < x,(0) < 15, and 10 < x3(0) < 50.

We use the extended state z¢ as the state of the environment, where we consider the
cases ¢ = 0,3. Thereward function Ry : (Y x U)X Y x (YD x Y1) —
R is given by

¢ c 'y — _pc ¢ <"y _ p¢
RLorenz(Z 1,z )_ RLorenz,ZC (Z ,Z ) RLorenz,a(a)’ (419)
where
c+1
< ¢ ¢y — ¢’ _C ¢’ _C 2
RLorenz,zC (Z 1z ) - Z (max {lZZm—l ZZm—ll’ (ZZm—l ZZm—l) }
m=1
¢’ c ¢ ¢ \2
+8.0 max {|sz -z |, (25, —25) })
2(c+1)+2(c+10)
+ Y 0a5max{if), z)),
1=2(c+1)+1
2 2
Riorenzlﬂ(a) = 1.5 max {|111|,ﬂ1} + 2.5max {Iazl,az},
¢ _ ¢ ¢ ¢ T _ T < ¢ ¢ ¢ T
z¢ = [z; ,ZZ z4g+22] ,a = [a a]', and z¢= = [z z; .. z4g+22] . Note
that [z; z]7, [z3 z]", .., [Z;c " zgg ,,]" are previously observed output and
C C T c c T c C T : :
[ZZ; +3 Zoc e [z2C 15 Zoc ) L [z4g w21 Zac ] are previously determined control
actions.

The learning curve for ¢ = 0 is shown in Fig. 4.15(a). The agent cannot proceed
with its policy learning. On the other hand, the learning curve for ¢ = 3 is shown in
Fig. 4.15(b). The agent can learn the policy that obtains a high average of rewards.
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The time response of the Lorenz dynamics controlled by the learned policy with ¢ = 3
is shown in Fig. 4.16. The policy can stabilize the Lorenz dynamics at an equilibrium
point.
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Fig. 4.15: Learning curves for the Lorenz dynamics in the cases with ¢ = 0,3. The solid curves
and the shades represent the average results and the standard deviations over 10
trials with different random seeds, respectively.
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Fig. 4.16: Time response of the Lorenz dynamics controlled by the learned policy with 7 = 10

and ¢ = 3.
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Chapter 5

DRL for STL Tasks under
Uncertain Network Delays

We apply DRL to design of a networked controller to complete a temporal control
task described by an STL formula. STL is useful to specify a temporal control task
with a bounded time interval mathematically. In general, an agent needs not only
the current system’s state but also the past system’s behavior to determine a desired
control action for completing the given STL task. Additionally, in an NCS, we need
to consider the effect of network delays. Thus, we propose an extended MDP using
some past system’s states and control actions, which is called a td-MDDP, so that
the agent can evaluate the satisfaction of the STL formula considering the effect of
network delays. Thereafter, we apply a DRL algorithm to design of a networked
controller for completing the STL task using the td-MDP.

This chapter is based on “Deep reinforcement learning based networked control
with network delays for signal temporal logic specifications” [54] which appeared in
Proceedings of IEEE 27th International Conference on Emerging Technologies and Factory
Automation (ETFA), © 2022 IEEE.

5.1 Signal Temporal Logic (STL)

In this chapter, the desired behavior of a discrete-time system is described by an STL
formula with the following syntax.

@ := Go1,1¢ | Flo1.19,
Pu=P APV | G1@ | Fir 1, (5.1)
pu=yl-plerpleVe,

where T, t;,t, € N3o are nonnegative constants for the time bounds. ®, ¢, ¢, and

Y are STL formulae. 1 is an inequality-formed predicate such as h(x) < y, where
h : X — Ris a function of the system’s state, and v € R is a constant. X denotes the

73
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system’s state space. The Boolean operators —, A, V are negation, conjunction, and
disjunction, respectively. The temporal operator Gy and Fy refer to Globally (always)
and Finally (eventually), respectively. 7 denotes the time bound of the temporal
operator. ¢; = Gy iy@i (O Fpyi iypi), i =1,2,..., M are called STL sub-formulae.

For a finite trajectory xox;x;...xr whose length is T + 1, x; and x;,;, denote the state
at the discrete-time t and the partial trajectory for a discrete-time interval [t;, t,],
where 0 < t; <t < T, thatis, x4, = Xt X¢,+1..-Xt,-1X1,. The Boolean semantics of STL is
recursively defined as follows:

xer E P o h(x) <y,

xer FE Y © —(xer E ),

Xt E @1 A P2 © xer E 1 and xpr E o,

XeT E @1V Q2 © X1 FE @1 OF X7 E P, (5.2)
Xer E G © xpr EQ, VP €[t +t5,t + 1],

X1 E Flepp © A € [t + 15, + 1], st xp.r E O

The quantitative semantics of STL, which is called robustness, is recursively defined
as follows:

p(xer, ) =y — h(xy),
p(xer, —¢) = —p(xeT,P)
p(xeT, 1 A ) = min {P(xt:T/ ¢1), p(xe., ¢2)} ,

p(xer, @1V ¢2) = max {P(xt-T/ 1), p(xet, ¢2)}, (5.3)
p(xet, Gl p®) =  min  p(xp.1, ),

¥ e[t+ts, t+te]

p(xer, Fii 1) = max  p(xp.r, ),

tE[t+ts, t+t,]

which quantifies how well the system’s trajectory satisfies the given STL formulae.
If the robustness p(x:.r, ¢) is positive, the trajectory x;r satisties the formula ¢.
The horizon length of an STL formula is recursively defined as follows:

hrz(y) =
hrz(¢) = t., for ¢ = Gy, 1,1 or Fie. 1,19,
hrz(—¢) = hrz(¢),
hrz(¢1 A ¢2) = max {hrz(¢), hrz(o)} , (5.4)
hrz(¢1 V ¢2) = max {hrz(¢1), hrz(¢)},
hrz(Gy, 1,1¢) = t. + hrz(¢),
hrz(Fy, 1,1¢) = t. + hrz(¢).

hrz(¢) is the length of the state sequence which is required to verify the satisfaction
of the STL formula ¢.
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Fig. 5.1: Illustration of an NCS with a stochastic discrete-time system. (Copyright © 2022
IEEE)

5.2 Problem Formulation

We design a networked controller for the following stochastic discrete-time dynami-
cal system as shown in Fig. 5.1.

Xer1 = f(xp, Ue) + Aywy, (5.5)

where x; € X, u; € U, and w; € W are the system state, the control input, and the
system noise at the discrete-time t € {0,1, ..., T}. X = R*, U € R™, and ‘W = R™ are
the state space, the control input space, and the system’s noise space, respectively.
The system’s noise w; is an independent and identically distributed random variable
with a probability density p,, : W — Ryg. Ay is a regular matrix that is a weighting
factor of the system’s noise. f : X X U — X'is a function that describes the system’s
dynamics without a system’s noise. Then, we have the transition probability density

P, ) = 1A o (AL (¢ = f(x, u))).

The initial state xo € X is sampled from a probability density py : X — Ryo. The goal

is to design a control policy such that xj,. F ©, where x7 . is a system’s trajectory

controlled by a control policy 7, @ is a given STL formula, and T = T, + hrz(¢).
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Additionally, in an NCS, there exist two types of network delays: a sensor-to-
controller delay di. € IN caused by the transmission of an observed state and a
controller-to-actuator delay d., € IN caused by the transmission of a control input
computed by the controller. In this chapter, it is assumed that these delays are
unknown constants, where they are bounded by the maximum delays d;;** € IN and
Ao € IN, respectively. Then, the controller computes the k-th control input 4 at
t = k + ds.. Actually, the control input g; is inputted to the system as follows:

a, t=k+ds +de,
Uy = (56)

0y, 0<t<ds+de,

where 0, is a zero-vector of the Euclidean space R™, that is, the actuator does not
input a control input until receiving a9. The controller computes control inputs
ag, a1, ..., AT—d..—d., to satisfy the given STL formula ¢.

In this chapter, we assume that the mathematical models f and p,, are unknown.
Thus, we apply RL to design of a networked controller for satisfying an STL formula
®. We regard the controller as the agent and call a control input determined by the
agent a control action. In addition, we need to identify the environment’s state space
for a temporal control task described by an STL formula beforehand and to design a
reward function to evaluate the satisfaction of the given STL formula appropriately.
Aksaray et al. introduced an extended MDP, which is called 7-MDP, and proposed the
classical Q-learning based algorithm for satisfying an STL formula [49]. However,
the classical Q-learning algorithm cannot be directly applied to the problem in this
chapter due to the following problems.

(i) The classical Q-learning algorithm cannot deal with a continuous state-action
space directly.
(ii) There are uncertain network delays in the NCS.

5.3 Q-Learning for Satisfying an STL Formula Using a
-MDP

In this section, we review the Q-learning algorithm to learn a policy satisfying an STL
formula [49]. Although we often regard the current system’s state as the environ-
ment’s state for RL, the current system’s state is not enough to determine an action
for satisfying a given STL formula ®. Thus, Aksaray et al. defined the following
extended state using some previous system’s state.

T T T T1T T
Xy = [xt—'[+1 g4 - X ] €X ’

where 7 = hrz(¢) + 1 for the given STL formula ® = Gjor,1¢ (or Fjo1,1¢) and X*
is an extended state space. We show a simple example in Fig. 5.2. We operate a
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one-dimensional dynamical system to satisfy the STL formula

o= G[Q/lo](F[olg](—z.S <x< 0) A F[Q/g](o <x< 25))

At any time in the time interval [0, 10], the system must enter both the blue region and
the green region before 3 time steps elapsed, where there is no constraint for the order
of the visits. Let the current system’s state be x; = 1.5. Note that the desired action for
the STL formula @ is different depending on the past system’s states. For example,
in the case where x;_3; = —0.5, 0.5, 1.0, 1.5, we should operate the system to the blue
region right away. On the other hand, in the case where x;_3; = —1.5, =2.5, -0.5, 1.5,
we do not need to move it. Therefore, we regard not only the current system’s state
but also some previous system’s states as an environment’s state for RL.

\ 4

Case 1 Case 2
X3 X2 X1 X X3 Xp o X1 X
—-051 05110115 —-15]1-2.5]-05] 1.5

Fig. 5.2: Illustration of a simple example of a temporal control task described by an STL
formulae.

Additionally, Aksaray et al. designed the reward function Rsr; : X* — R using
robustness and the log-sum-exp approximation. The robustness of a trajectory xo.r
with respect to the given STL formula @ is as follows:

min{p(xOZ’[—l/(P)l oo P(XT—41:T, qb)} for @ = Gjo,1,19,

maX{P(XO:T—L(P), e POXT—r41T, (P)} for ® = Fio 1,19,

_ min{p(xz_l,qb), e P(XT, qb)} for ® = Gjo,1,10,
max{p(x;_l,qb), e P(XT, qb)} for @ = Fjo1,1¢.

We consider the following problem.

P(XO:T/ q)) = {

(5.7)

max Pr [x(’;T E CD] = mnaxE [1(p(x(’;T, CD))] , (5.8)
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where x7 .. is the system’s trajectory controlled by the policy 7 and the function

1: R — {0,1} is an indicator defined by
1(y) = 1 ity>0, (5.9)
=0 ify<o. '
Since 1(min{y;, .., y»}) = min{l(y1), .., Wy,)} and I(max{y;, .., y.}) =
max{l(yl)l ceey 1(]/71)};

maxy E[minci<<r pf, $)] i @ = G119,

max E |1(p(x.., D)) | = [ i
2 (1o )] {maan Umaxcicer paf, 0))| i @ = For19),

_ |maxz E :minf—lstsT 1(P(xf,<i5))] if @ = Gyo,1,19, (5.10)
max, E [ max;—1<<r l(p(xtT,qb))] if @ = Fo1,10.
Then, we use the following log-sum-exp approximation.
. 1.y
min{yy, ..., Yn} = _E logz exp(—Byi), (5.11)
i=1
1 n
max{yi, ..., Yn} = Elogz exp(BYi), (5.12)
i=1
where § > 0is an approximation parameter. We can approximate min{- - - } or max{- - - }

with arbitrary accuracy by selecting a large 5. Then, (5.10) can be approximated as
follows:

max; E| -} log NI, exp(—B1(p(xf, §))|  if @ = Gor.19),
max, E [% log ZtT:T_l exp(B1(p(x], ({))))] if @ = Fo1,10.
(5.13)

max E[1(p(x{.r, P))] = {

Since the log function is a strictly monotonic function and 1/ > 0 is a constant, we
have

arg max, E [—% logY L., exp(—p1(p(x}, QD)))] if © = Gyo,1,1¢,
arg max, E [% log Y11 exp(BL(p(x7, <P)))] if ® = Fo,,19-

o, Jargmax. E[- T exp(-pLp(x], o)) if @ = Giorag,
argmax E[LL, 5 exp(Bl(p(xf, )|  if @ =For,9.

Thus, we use the following reward function Rsrr, : X* — R to satisfy the given STL
formula ®.

(5.14)

— exp(—BL(p(, ) if B = G119,

_ (5.15)
exp(BL(p(x®, P))) if ® = Fo1,10-

Rsrr(x") = {
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Remark: Note that the agent cannot determine a control action untilt = 7 — 1. If a
partial trajectory x¢..—; does not satisfy ¢, where hrz(¢) = 7 —1, then the agent cannot
satisfy the STL specification ® = Gjo1,j¢. Thus, we assume that x.o = xo, that is, the
system keeps an initial state xo before t = 0. The agent can also operate the system at
t=0,1,...,t—1.

To design a policy satisfying an STL formula ® using the Q-learning algorithm [6],
Aksaray et al. proposed a -MDP as follows:

Definition 5.1 (7-MDP)

We consider an STL formula ® = Gjo1,1¢ (or Fjor,j¢), where hrz(®) = T and
¢ consists of multiple STL sub-formulae ¢;, i € {1,2,..., M}. Subsequently, we set
T = hrz(p) + 1, thatis, T = T, + t — 1. A 7-MDP is defined by a tuple M, =
<XT, 7/[, pg, pT, RSTL>/ where

e X%isan extended state space which we regard as an environment’s state space
for RL. The extended state x* € X* is a vector of multiple system’s states
xT = [xXT[0]T x7[1]T .. x" [t —1]"]T, x"[i] e X, Vi€ {0,1,..., T —1}.

e U isan agent’s control action space.

e p; is a probability density for an initial extended state xj with x([i] = xo, ¥i €
{0,1, ..., — 1}, where x is generated from py.

e p"isatransition probability density for the extended state x*. In the case where
the system’s state is updated by x” ~ p(-|x, a), the extended state is updated by
X" ~ p*(-|x7, a) as follows:

XUl =x"[i+1], Vie{0,1,...,7 -2},
x"[t = 1] ~ psCIx’[t - 1],a).

Fig. 5.3 shows an example of the transition. We consider the sequence that
consists of states x;_4+1, Xi—4+2, -++, X; as the extended state at t. In the tran-
sition, the head system’s state x;_..1 is removed from the sequence and other
system’s states x;_r42, - -+, x; are shifted to the left. After that, the next system’s
state x;,1 updated by p(-|x;, a;) is inputted to the tail of the sequence. The next
extended state x},, depends on the current extended state xj and the agent’s
control action a;.
e Rgrp : X' — Ris areward function defined by (5.15).

5.4 DRL for Satisfying an STL Formula under Network
Delays

Aksaray et al. introduced a T-MDP using a finite past state sequence and designed
a reward function (5.15) to satisfy a given STL formula ®. However, the previous
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=3

Environment Agent

T
X = P2 |Xe—1| X

0] KT x[2)

A\ 4 ]
* _Exrﬂ pr(' |xf[2]:at)+_ a, ~ n( - IxtT
Policy

Y System

T j—
X1 = =1 X [ K1

2 [0 X, 111, (2]

Fig. 5.3: Illustration of an extended state’s transition. We show the case 7 = 3 as an example.
The (t + 1)-th extended state x},, depends on the t-th extended state xj and the t-th
control action 4;.

learning algorithm cannot directly handle control tasks with continuous state-action
spaces since it is based on the classical Q-learning algorithm. To resolve (i) in Section.
5.2, we extend the previous learning algorithm using a DRL algorithm. We apply
DRL algorithms derived from Q-learning for problems with continuous state-action
spaces such as TD3 [12] and SAC [13,14].

Remark: The standard DRL algorithm based on Q-learning is the DQN algorithm
[10]. However, the DON algorithm cannot handle continuous action spaces due to
its DNN architecture.

Additionally, we consider the effect of network delays. In Chapter 4, we proposed
an extended state that consists of the latest observed state and previously determined
control actions to design a policy for stabilization of a nonlinear system considering
network delays. Thus, to solve (ii) in Section. 5.2, we use not only the extended
state proposed in [49] but also previously determined control actions. For simplicity,
we consider the worst case scenario, that is, dsc = d2%, d, = d2® as shown in
Fig. 5.4. Letd = d®™ +d2®. Att = k, the sensor observes the k-th system state
xx and sends it to the agent. At t = k + d32™, the agent receives x;, determines
the k-th control action a;, and sends it to the actuator. Att = k + d, the actuator
receives a; and updates the control input u; = a;. Note that the k-th control action
ar is actually inputted to the system at t = k + d. The k-th control action a; must

be determined to satisfy the given STL formula, that is, the agent needs the partial
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trajectory Xiir—1+d, .-, Xk+d—-1, Xk+d to determine a desire control action at t = k + do®*.
However, Xy41, ..., Xk+d—1, Xk+4 are not available. The agent should predict these states.
In order to predict them, the agent needs control inputs u; for t € [k, k + d], which are
control actions ax_g4, x—g+1, ..., Ak-1, even if the mathematical model of the system is
known. Thus, we include the previously determined actions ax_g4, ..., k-2, ax—1 to the
extended state x7 =[x ., -+, x[]" as follows:

— T T . T T T . T T T d
zk = (X1 Gepn X Mg Me—gi a_ ] € X' XU

We consider zx as an environment’s state for RL in the NCS problem.

Network delays ds. and d., are not necessarily maximum values dg:** and d%*,
respectively. Then, the agent learns its policy adaptively using z; that has sufficient
information for the worst case scenario. Although the dimensionality of the extended
state received by the agent becomes large due to the extension with previous control
actions, it is not problematic in our proposed method because DRL are effective for
high dimensional tasks.

u s
(A [ , . . . . a . . .
i s | i [ g ki i P Oy3
| % Ay %1 s
A7 i3 gyt
Actuator = q : : . . . . >
Agent : // : -
(Controller) : § /' :
Sensor = : ’ ’ ’ i i : i Ly
k-3 k-2 k-1 k k+1 ¥ k+3 k+4 k+5 k+6 k+7 k+8 k+9

The agent must determine g, based on x,_,_ .5, ***, Xy Xpys-
The agent needs the following predictions.
Xep1 ~ Pr( | % a_s) Xz ~ Pr( | Xp 1 Gg) Xeps ~ PR | X @3)

Xeps ~ P | Xy @) Xeps ~ P | X Gt)

Fig. 5.4: Illustration of the network delays in the worst case, where d3™ = 2 and d2* = 3. In
the case, at t = k+2, the agent should predict the states Xi11, Xki2, Xkt3, Xks4, Xir5 USING
the k-th state x; and the previously determined control action ay_s, k-4, k-3, k-2, k-1
and determine the k-th control action a; based on the previously observed states and

the predictions of Xi.1, X2, Xk43, Xksa, Xkss for satisfying the given STL formula @.

Remark: In the worst case ds. +dc. = d, the agent does not need Xx_r11, Xk—r42, .., Xk—r+d
because it determines a desired control action based on Xy_ii14d, Xk—r42+d, -+r Xktd,
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where the agent needs to predict Xji1,---,Xk+q. In general, however, ds. + de,
may not be the maximum delay d. As shown in Fig. 5.5, when true network
delays are ds. + dea(< d), the agent needs Xi—_ri1+dy+de, s Xk—t+2+detdens s Xkbdootdeg- 1N
other words, the agent also needs Xi_ri1+d, +d.,, Xk—t+2+de+deys ---r Xk—r+4 Other than
Xk—r+1+ds Xk—t+2+ds ---r Xktdy+d.,- 10 adapt the unknown network delay 0 < dgc +de, < d
using sufficient information, we construct the extended state z using the partial
trajectory Xx_r+1, Xk—r+2, ..., Xx and the previously determined actions ay_1, ax—o, ..., Ax—q.

7=8,d=5 State sequence for the given temporal control task
(Md.+d,=5 X2 Xk-1 Xk Xyl Kiw2 X3 Xkra Xias
L= Hs B3 G2 F-1
(2) d +d,=4 X3 X2 X1 Xk Xl K2 Kia3 K
F—s -3 G2 %1

(3)d+d,=3 Xt X3 X2 %1 Kk Xl Hag2 X3 \

%3 %2 %l Prediction

(4) d.+d,=2 X-5 X4 X3 X2 X1 Kk X1 Xag2
2 A1
(5) d +d,=1 Xe—6 K-35 Xk—d4 X3 X2 K1 Kk Kt
[
(6) d.+d,=0 X7 X6 K5 Xpa K3 X2 X1 K

Considering (1)-(6), '

Xe=7  Xk—6 Xk-5 Xp—d4 Xp—3 Xg—2 X1 Xx Hs G4 K3z Gy G

Fig. 5.5: Illustration of the state sequences for the given temporal control task in the cases
dee +ds = 0,1,2,3,4,5, where 7 = 8 and d = 5. In the worst case scenario, we need
Xk—2, Xk—1, Xk, Ax—5, Ax—4, Ax_3, Ak—2, Ax—1. On the other hand, in the case where dy. + d., <5,
we need Xi_7i4 +de,, " » Xk-3 Other than x;_», xi_1, xx. To adapt the uncertain network
delay 0 < d +d.. < d using sufficient information, we construct the extended state z;
using X7, Xx—6,* ** , Xk, Ak-5, Ak—4,* ** , Ak-1-

5.4.1 td-Markov Decision Process (td-MDP)

To solve the problem formulated in Section. 5.2, we model the interactions between
the agent and the system as the following extended MDP, which is called a td-MDP.

Definition 5.2 (7d-MDP)

We consider an STL formula ® = Gjor1,1¢ (or Fjo,j¢), where hrz(®) = T and
¢ consists of multiple STL sub-formulae ¢;, i € {1,2,..., M}. Subsequently, we set
T = hrz(¢p) + 1, thatis, T = T, + 7 — 1. It is assumed that d2™> + 2> = d. A 1d-MDP is

defined by a tuple M., = <Z, U, s, v, RSTL>, where
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o Z (= X" XU is an extended state space. An extended state is denoted
by z = [(x")T (@¥)T]T, where x* = [x7[0]" x*[1]7 ... x*[t = 1]7]" and a? =
[a%[0]T a[1] ... a’[d — 1]7]" are a previous system’s state sequence and a
previously determined control action sequence, respectively, that is, x*[i] €
X, Vie{0,1,..,t—1}and a’[jl € U, Vj€{0,1,...,.d - 1}.

e U is an agent’s control action space.

e p; is a probability density for an initial extended state zp = [(x)" (ag)T]T with
xpli] = xo, Yi € {0,1,...,7 — 1} and ag[j] =0,,, ¥j€10,1,..,d— 1}, where xj is
generated from py.

e pis a transition probability density for the extended state z. In the case where
the system’s state is updated by x” ~ p(-|x, a), the extended state is updated by
z' ~ p*(-|z, a) as follows:

a’[jl=a’[j+1], Vj€{0,1,....d -2},
alld-1]=a,
X“[i] =x[i+1], Vie{0,1,...,7 -2},

, prCIc[t —11,a%[d = 1 —dsc — del), d # ds +dea
xU[t-1] ~ ;
pf('le[T —1],a [O])/ d=ds +de

where z = [(x)T (a)T]T and 2’ = [(x*)T (a¥)T]" are the current extended state
and the next extended state, respectively. Fig. 5.6 shows a transition of an
extended state of the 7d-MDP.

e Rgrr : Z — Ris areward function defined by

—exp(—pL(p(x", §))) if ® = G119,

. (5.16)
exp(BL(p(x*, P))) it ® = Fjo1,10,

Rst(2) = {

where z = [(x)T (@)"]".

We apply a DRL algorithm derived from the Q-learning algorithm to design of a
control policy satisfying a given STL formula ® using the td-MDP.

5.4.2 Pre-Process

If 7 is a large value, it is difficult for the agent to learn its policy due to the large
dimensionality of the extended state space Z. Then, pre-process is useful in order to
reduce the dimension, which is related to [50]. In the previous study, a flag state
for each sub-formula is defined as a discrete state. The discrete flag state space is
combined with the discrete system’s state space as a pre-processed state. On the
other hand, in this chapter, it is assumed that the system’s state space is continuous.
If we use the discrete flag states, the pre-processed state space is a hybrid state space
that has discrete values and continuous values. Thus, we consider the flag state as a
continuous value and input it to DNNs as shown in Fig. 5.7.
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d=3,d,+d,=2
Environment

Agent

Z = Paeort] oee Xk | -3 | A—2| Fg—1

501 - xlr—11af[0] afl1] af[2]

rd i 4
A2 |A-1| O a ~ 7+ | z)
alf+1[0]al‘ci+l[1] altci+1[2] PO"Cy
v | ¥ | l
Xp—z42| ooe x‘1+1
v 4 v
[xk+1 ~pf( - xgle — 1],ak+1[d— 1-d,- dm])]

System

L B R IR S § (U (S |

GOl - xi,[e — 1 af, (014, (1] af,,[2]

Fig. 5.6: Illustration of an extended state’s transition. We consider the case where the true
delays are dsc = 1, d, = 1. It is assumed that d = 3. The (k + 1)-th extended state zj44
depends on the k-th extended state z; and the k -th control action ay.

At first, we consider the case without network delays d = 0. We introduce a flag
value f' for each STL sub-formula ¢;.

Definition 5.3 (Pre-Processing)
For an extended state x7, the flag value f’ of an STL sub-formula ¢; is defined as
follows:

(i) For ¢; = G[t;,tg](Pir

, £—1+1 , , ‘
fi= max{ﬁ ‘ Le{t, EY AN efl,.. £, xT[I'] E (pi)}, (5.17)

(ii) For (Pi = F[té,ﬁ;]goi,

: -t +1 o
"=max{ ———— |l e {t, .., L} AX"[] it 5.18
f {t;—t;+1‘ {ts, - L} []l=(P} (5.18)
where max() = —co. The flag value represents the normalized time lying in (0,1] N

{—oo}. Intuitively, for ¢; = G[t; H1Pis the flag value indicates the time duration in which

¢; is always satisfied, whereas, for ¢; = Fyi iyis the flag value indicates the instant

when @; is satisfied. The flag values fi, i €1{1,2,.., M} calculated by (5.17) or (5.18)

are transformed into f* as follows:

N Ll f i —oo,
{f 7 Aff1# e (5.19)

fi=
% otherwise.
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@—7 Xk—6 /’Ek—s Xg—4 Xg—3 Xg—2 Xk—1 xk\

e (0D (1o (2] x5 (31 (41 [51x,[61 x5 (7]

Current system state

x,f= 03]04f02]0.15| 0.1 |-0.1]1-0.3]1-0.5
\_ \_ J 2= [ka A »-

¢y =Fonx202) —p 2=

Fig. 5.7: Example of constructing a pre-processed state. For simplicity, we show the case
without network delays d = 0. We consider the 1-dimensional system and the two
STL sub-formulae: ¢; = Fjp7(x > 0.0) and ¢, = Fjo7)(x > 0.2). For the sub-formulae ¢,
and ¢,, we compute the transformed flag values f;l and fE using the extended state
Xy, which are regarded as continuous values in [-0.5,0.5]. After that, we construct the

pre-processed state using x{[t — 1](= xx), f;l, and f;z and input it to DNNs.

The transformed flag values fl, i=1,2,..,M are actually used as inputs to DNNs to
prevent positive biases of the flag values f i i=1,2,..,Mand inputting —oo to DNNs.
We compute the transformed flag value for each STL sub-formula and construct a
flag state f = [f* f? ... fM]7, which is called pre-processing. In this definition, it
is assumed that £, = 7 — 1, Vi € {1,2,..,M}. Then, we use the pre-processed state
2 =[x"[t-1]" fAT]T instead of the extended state x*. Although fl, i=1,2,..,Mare
actually discrete values, we can regard the values as continuous values since 7 is a
large value.

Remark: It is important to ensure the Markov property of the pre-processed state
2 for the agent to learn its policy. If t = 1-1, Vi € {1,2,..,M}, then the pre-
processed state Z satisfies the Markov property. Let the current pre-processed state
and the next pre-processed state be 2 = [x"[t — 1]T fT1"and 2 = [x"[t = 1]7 f]7
respectively. xT [t —1]is generated by ps(-|x*[t — 1],4), where a is the current control
action. Therefore, x™ [t — 1] depends on x*[t — 1] and the current control action a. For
each transformed flag value fi, i€({l,2,..,M},itis updated by

L ¢i= G[t;,f—l](Pi

~,
+

A

L [

=

N——

R\
T
S

(5.20)
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Table 5.1: Dimensionality (Dim.) of extended state spaces.

Without With Pre-processing 2 With Pre-processing 2
Pre-processingz | (£ =1-1, Vi€ {1,2,..,M}) (tmax — pmin > 1)
Dim. ™, + dn, ne + M +dn,, (tmax — fminyg + M+ dn,
2. ¢i=F [,7-11Pi
1, X E @i,

f=T(x)= (5.21)

max{f’ - ﬁ, %}, x' ¥ @i,
where x" ~ ps(|x*[t — 1],a). The transformed flag values are updated by the next
system state x". Therefore, the next transformed flag values f* depend on f%, x*[t—1],
and the current action a.

On the other hand, in the case where 73 — Mt > 1 for an STL sub-formula ¢;
with £ < 7%, the transformed flag value f' is updated by

L. ¢i = G )i
i Ai+ 7 11' /l}/ xT ti+1 ir
—%, X[+ 1] # @i,
2. ¢i = Fyi i
o DA . %/ xT[té + 1] |: ©i,
F=TI(f, [ +1]) = 1 N (5.23)
{f t’+1' E}/ X [tg+1] #(Pl

Then, we must include x*[t — M@ + ¢min] _ xT[t — 1] to the pre-processed state
Z in order to ensure the Markov property, where '™ = maXic12,. M té =1t-1
and MM = minep o, m ti. For example, as shown in Fig. 5.8, there may be some
transformed flag values that are updated with information other than [x"[t —1]" f 1"
and the current action 4. Note that, in the case ;" = tg + 1 as shown in Fig.
5.9, the transformed flag value f/ is updated by [x*[t — 1]7 f]7, that is, the agent
with DNNSs can learn its policy using [x"[t — 1]T f |” when tMa = ¢min 4 1. As the
difference M3 — 1N increases, we need to include more previous system’s states in
the pre-processed state. For simplicity, in this chapter, we focus on the case where
th=1-1, Vi € {1,2,..,M}. Then, the pre-processing is most effective in terms of
reducing the dimensionality of the extended state space as shown in Table 5.1.

Next, we consider the case with network delays d # 0. Then, we also need the
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¢ = Gpy(x 20.0)

x[0] X,f[l](;,f[;] x[3] x[41ix 151 xg[6] x;[7]
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X 00 U (2137 30, B [, 6157, 17)
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=
- xs<oo0

) { fird xi1512 00

Fig. 5.8: Example of a sub-formula ¢b; with #7® > #i + 1. We consider the 1-dimensional system

and £ =7 (1 = 8). For the sub-formula ¢; = Gpp4;(x > 0.0), x,Z+1[7](: Xr+1) depends
on x;[7](= xx) and ar. However, fz ., depends on fz and x{[5]. If the pre-processed
state is given by [x{[7] ﬁ]T, the agent with DNNs observes the environment partially.

Then, the agent also needs x;[5] and x;[6] as parts of the pre-processed state.

previously determined control actions. We define the pre-processing considering the
effect of network delays as follows:

Definition 5.4 (Pre-Processing with Network Delays)

For an extended state z = [(x")7 (a%)T]7, the flag values f', i € {1,2,.., M} of
STL sub-formulae ¢;, € {1,2,..., M} are defined by (5.17) or (5.18). The flag values
fi, i €{1,2,..,M} are transformed into f’ by (5.19). Then, we construct a flag state
f=1f'f2... fM]". We use the pre-processed state 2 = [x7[t — 1]7 fT (a¥)T]T instead
of the extended state z, where it is assumed that t. = 7 — 1, Vi € {1,2,..,M}. The
pre-processing is presented in Algorithm 3.

As shown in Fig. 5.10, in the case where there exist network delays, the agent
needs the future state x;,; and the future transformed flag values fZ+ " ief{l,2,..,M}
to determine a desired control action for satisfying the given STL formula ®. If
we know the mathematical models, xi,; and fz+ s 1 €1{1,2,.., M} can be predicted
based on x, fz, i€({l1,2,..,M}, and a4, ak-g+1, ...,ar-1. Thus, we give the agent not
only the pre-processed state for the case without delays [x[7 — 177 f;T]T but also the
previous control actions ax_g4, k—4+1, ..., Ak-1. Actually, although the agent cannot use
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#; = Gp(x 2 0.0)

x[0] x,f[l]%[;] x (3] x[4] x[5] x,j[a‘ x:[7]

x;=103|04}-02]03]|01]01]03]-05

ﬂc = Xe+1 pr( : |x1:[7],ak)
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Fig. 5.9: Example of the sub-formula ¢; with £ = t/ +1. We consider the 1-dimensional
system and " = 7 (tr = 8). For ¢; = Gpg(x > 0.0), that is ™ — t/ = 1, the
transformed flag value can be updated by [x{[7] ﬁ]T only.

the mathematical model since the model py is unknown, it learns its policy through
interactions with the system using sufficient information [x*[t — 1] fAT @],

5.4.3 Proposed Algorithm

We propose a DRL-based algorithm to design a policy for satisfying an STL formula
shown in Algorithm 4. From lines 1 to 3, we initialize the parameter vectors of DNNs
and a replay buffer O. In line 5, we initialize the state of the system xo ~ pg. From
lines 6 to 18, the agent interacts with the system and learns its policy for an episode.
Inline 7, at t = k + d,, the agent receives the k-th state x;. In line 8, the k-th extended
state z; is constructed using xi, z¢-1, and a,_1. In line 9, the k-th pre-processed state
Zx is computed by Algorithm 3. In line 11, if t > d, the (k — 1)-th reward r_; is
computed by (5.16). In line 12, the agent stores the experience (2x—1, k-1, 2k, 7x-1) to
the replay buffer . In line 14, the agent determines the k-th exploration action aj
based on the k-th pre-processed state Z. In line 15, the agent sends 4y to the actuator.
From lines 16 to 19, the agent updates the DNNs based on a DRL algorithm. In line
16, the agent samples I past experiences {(2"),a®,2’®, rO)}_ from the replay buffer
O randomly. In line 17, the agent updates the parameter vectors of the DNNs based
on the DRL algorithm such as TD3 [12] and SAC [13, 14].
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d=73 X
I

2 =[Oz — 17 fe al_y al, a1

Yot ~ P X @s)  fryy = T Xiyr)
Xz ~ P | X1 ) k+2 = T(f, ket 1 X r2)

X3 ~ P | Xy, ) f 3 = T(f k+29 Xiy3)

\ 4
Xiey3s Sras

Fig. 5.10: Example of the prediction of a future pre-processed state x;.; and ﬁ+d considering
network delays. We show the case where d = 3 and the number of sub-formulae
is M = 1. The agent needs xy,3 and ﬁ+3 to determine a desire control action a; for
satisfying a given STL formula. The states can be predicted based on xx, ai_3, ax—», and
i1 if the transition models are known. Although the agent cannot actually predict
the states using the models, we give the agent sufficient information and make the
agent learn its policy through interactions with the system.

5.5 Example

Consider a two-wheeled mobile robot as shown in Fig. 5.11. A discrete-time model
of the robot is given by

xgi)l x ) + Au(o) cos(x(z)) w(o)
51)1 — x(l) + AM(O) Sll’l(x(z)) + Ay w(l) ) (5.24)
(e (2) M (2)
t+1 + AI/[ t
where x; = [x” 2" xP1T e R3, 4y = [ "7 € R?, and w; = [0 @ wP]T € R.

(Z) , 1€{0,1,2} are sampled from a standard normal distribution N(0, 1) We assume
that A =0.1and A, = 0.0113, where I3 is the 3 X 3 identity matrix. The initial state of
the system is sampled randomly in the region 0 < x® <25, 0 < x) <25, —n/2 <
x@ < 1/2. The region 1is {(x©@,x1)]3.75 < x©® < 5, 3.75 < M < 5} and the region
2is {(x©@,x1)]3.75 < ¥ < 5, 1.25 < xV < 2.5}. We consider the following temporal
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Algorithm 3 Pre-processing of the extended state z

1: Input: The extended state z = [(x7)" (2?)"]™ and the STL sub-formulae {¢i}f£1.
2. fori=1,..,Mdo
3: if sz' = G[t;,T—l](Pi then

4 Compute the flag value f' by (5.17).
5. end if

6: if Qbi = F[té,’(—l](Pi then

7. Compute the flag value f' by (5.18).
8: end if

9: end for

10: Set the flag state f = [f! f>... fM] by (5.19).
11: Output: The pre-processed state 2 = [x"[7 — 1]" fAT @)T]".

control task.
Recurrence: At any time in the time interval [0, 900], the robot visits both the region 1 and
the region 2 before 99 time steps are elapsed, where there is no constraint for the order of the
visits.

We describe the recurrence task as the following STL formula.

D = Go,9001(F[0,99191 A Fl0,99192), (5.25)

where

¢1 = (375 < x9 < 5) A (3.75 < xV < 5)),
@2 = (375 <2 <5) A (1.25 < xV < 2.5)).

The length of x* is T = 100. We conduct simulations using the TD3 algorithm [12]
and the SAC algorithm [13,14].

TD3-based learning: The actor and critic DNNs have two hidden layers, all of
which have 256 units, and all layers are fully connected. The activation functions
for the hidden layers and the outputs of the actor DNN are the ReLU functions and
hyperbolic tangent functions, respectively. The size of the replay buffer D is 1.0 x 10°
and the size of the mini-batch is I = 64. We use Adam [103] as the optimizers for all
main DNNs. The learning rates of all optimizers multiplier are 3.0 X 107, The soft
update rate of the target network is £ = 0.01. The discount factor is y = 0.99. We use
the following Ornstein-Uhlenbeck process for generating exploration noises.

€k+1 = € — p1(€x — P2) + P3EN,

where €y is a noise generated by a standard normal distribution N(0,1). We set the
parameters (p1,p2,p3) = (0.15,0,0.3). The target policy smoothing regularization is
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Algorithm 4 DRL-based policy design for satisfying an STL formula taking network
delays in consideration

1: Initialize the parameter vectors of main DNNSs.
2: Initialize the parameter vectors of target DNNS.
3: Initialize a replay buffer D.

4: for Episode =1, ..., MAX EPISODE do

Initialize the system state xp ~ po.

6: fork=0,..Tdo

7: Receive the k-th observed state xj.

8

9

o

Construct the extended state z.
: Compute the next pre-processed state Zx by Algorithm 1.
10: if k > 0 then

11: Compute the reward r,_1 = Rs71(2k-1)-
12: Store the experience
(2](—1/ k-1, 2k/ rk—l)

in the replay buffer D.
13: end if
14: Determine the action a; based on the pre-processed state 2.
15: Send the k-th control action a; to the actuator.
16: Sample I experiences

{(2(1)/ a(i)/ 2,(i)/ r(i))}i—l I

.....

from the replay buffer O randomly.
17: Update the DNNs (and the entropy temperature) based on the DRL algo-

rithm.
18: end for
19: end for

implemented by adding noises sampled from the normal distribution N(0, 0.2) to the
action determined by the target actor DNN, which is clipped to [-0.5,0.5]. The agent
updates the actor DNN and the target DNNSs every 2 learning steps.

SAC-based learning: The actor and critic DNNs have two hidden layers, all of
which have 256 units, and all layers are fully connected. The activation functions
for the hidden layers and the outputs of the actor DNN are the ReLU functions and
hyperbolic tangent functions, respectively. The size of the replay buffer D is 1.0 x 10°
and the size of the mini-batch is I = 64. We use Adam as the optimizers for all
main DNNs and the entropy temperature. The learning rates of all optimizers are
3.0 X 107%. The soft update rate of the target network is £ = 0.01. The discount factor
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Fig. 5.11: The agent learns the policy for the two-wheeled mobile robot to satisfy the given
STL formula considering the effect of network delays. (Copyright © 2022 IEEE)

is y = 0.99. The target for updating the entropy temperature H, is —2. The initial
entropy temperature is 1.0.

The STL-reward parameter is § = 100. The agent learns its policy for 6.0 x 10°
steps. We normalize x¥ and x) as ¥ — 2.5 and ¥ — 2.5 before inputting to DNNs,
respectively. In order to evaluate learned policies, we introduce the following two
indices:

¢ a learning curve shows the mean of returns Z,{ZO V¥R, (zx) for 100 trajectories,
and

e asuccess rate shows the number of trajectories satisfying a given STL formula
for 100 trajectories.

We prepare 100 initial states sampled from py and generate 100 trajectories using the
learned policy for each evaluation. All simulations run on a computer with AMD
Ryzen 9 3950X 16-core processor, NVIDIA (R) GeForce RTX 2070 super, and 32GB of
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memory and are conducted using the Python software.

5.5.1 Result

We demonstrate the effect of using previously determined control actions as a part
of an extended state, where we use pre-processing introduced in Section 5.4.2. It is
assumed that ds. = 3 and d.; = 4 (4; = a;_7), where these values are unknown, but we
know that dsc < 5 and d., < 5 beforehand. Then, the length of the past control action
sequence a? is d = 10.

The learning curves and the success rates for the T-MDP case (without previously
determined control actions) and the td-MDP case (with previously determined con-
trol actions) are shown in Figs. 5.12 and 5.13, respectively. If we do not use previously
determined control actions, the success rate of the learned policy is not increasing as
shown in Fig. 5.13 for both the TD3-based algorithm and the SAC-based algorithm.
On the other hand, if we utilize previously determined control actions, the agent can
learn the policy such that obtained returns and success rate are higher than the policy
learned without previously determined control actions. The result concludes that the
agent should use not only previous system’s states but also previously determined
control actions to learn its policy considering the effect of network delays.

Additionally, we compare the TD3-based algorithm and the SAC-based algorithm.
The results in Figs. 5.12 and 5.13 show that the TD3-based algorithm is better than the
SAC-based algorithm regarding both the learning curves and the success rates. This
is because, in the SAC-based algorithm, the agent learns its policy based on not only
sum of rewards but also the entropy. On the other hand, in the SAC-based algorithm,
we need not choose a model of exploration noises and the agent can learn how to
generate exploration noises. If it is difficult to choose how to generate exploration
noises beforehand, the SAC-based algorithm may be more helpful than the TD3-
based algorithm. Furthermore, it is known that a maximum entropy algorithm such
as the SAC algorithm improves explorations by acquiring diverse behaviors and has
the robustness for estimation errors.
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Fig. 5.12: Learning curves for the -MDP case and the 7d-MDP case. The solid curves and the
shades represent the average results and the standard deviations over 10 trials with

different random seeds, respectively.
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different random seeds, respectively.
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5.5.2 Ablation Study for Pre-Processing
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Fig. 5.14: Learning curves for the cases with and without pre-processing. The solid curves and
the shades represent the average results and the standard deviations over 10 trials
with different random seeds, respectively.

We show the improvement in the learning performance by pre-processing. In the
case without pre-processing, the dimensionality of the extended state is 320 and,
in the case with pre-processing, the dimensionality of the extended state is 25. As
shown in Fig. 5.14, the agent cannot improve the performance of its policy without
pre-processing. Then, the learned policy has a low success rate as shown in Fig. 5.15.
Conversely, in the case with pre-processing, the learned policy has a high success
rate. The result concludes that pre-processing is necessary in our proposed method
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for satisfying the STL formula ® with a large 7.
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Fig. 5.15: Success rates for the cases with and without pre-processing. The solid curves and
the shades represent the average results and the standard deviations over 10 trials

with different random seeds, respectively.
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5.6 Application to a Problem with Random Delays
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(a) Learning curve for the environment with random delays. The solid curve and the shade represent the
average results and the standard deviations over 10 trials with different random seeds, respectively.
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(b) Success rate for the environment with random delays. The solid curve and the shade represent the
average results and the standard deviations over 10 trials with different random seeds, respectively.

Fig. 5.16: Results for the problem with random delays.

In this section, we apply our proposed method to a problem with random delays.
Except for network delay setting, we consider the same problem setting in Section
5.5. It is assumed that dg. and d., are random values, where these values are natural
numbers and bounded by d;}** = 5 and d3;** = 5, respectively. On the other hand,
in our proposed method, we need previous state’s sequence to evaluate satisfying
STL sub-formulae. In the case where ds. is a random value, we may not obtain the
previous state’s sequence in order. Thus, we assume that dy. always is do®™*. d.
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is an independent and identically distributed random variable with the following
probability function:

Pda=1)= %, Pda =2) = %, Plda =3) = %, Pda =4) = %, P(d, =5) = %
If the actuator receives ax before receiving a; (I < k), it does not input the control
action a; to the system as a control input. If the actuator does not receive a new
control action at time ¢, it keeps the latest received control action as a control input
Us.

The length of the previous control action sequence is d = 10. In the example, we
apply the SAC-based algorithm, where DNN architectures and hyper parameters
are same as Section 5.5. The learning curve and the success rate are shown in Figs.
5.16(a) and (b), respectively. Our proposed method is also useful to design a policy
for satisfying a given STL formula ® with random network delays.
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DRL under STL Constraints
Using Lagrangian Relaxation

DRL has attracted much attention as an approach to solve optimal control problems
without mathematical models of dynamical systems. On the other hand, in general,
constraints may be imposed on optimal control problems. In this chapter, we consider
the optimal control problems with constraints to complete temporal control tasks.
The constraints are described by STL formulae. To deal with the STL constraints,
we introduce an extended CMDP, which is called a 7-CMDP. We formulate the
STL-constrained optimal control problem as the T-CMDP and propose a two-phase
constrained DRL algorithm with the Lagrangian relaxation.

This chapter is based on “Deep reinforcement learning under signal temporal logic
constraints using Lagrangian relaxation” [56] which appeared in IEEE Access.

6.1 Problem Formulation

We consider the following discrete-time stochastic dynamical system.

Xir1 = f(Xk, ax) + Apwy, (6.1)

where x; € X, g € A, and wy € W are the system’s state, the control action, and
the system noise at k € {0,1,...}. X = R", A C R™, and W = R™* are the system’s
state space, the control action space, and the system noise space, respectively. The
system noise wy is an independent and identically distributed random variable with
a probability density p, : W — Ryo. Ay is a regular matrix that is a weighting factor
of the system noise. f : X X A — Xis a function that describes the system dynamics.
Then, we have the transition probability density

pr(xlx,a) = 1AL (AL (¢ = f(x,)).

The initial state xop € X is sampled from a probability density py : X — Ryo. For a
finite system’s trajectory whose length is K + 1, x, x, denotes the partial trajectory for
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the time interval [k, k»], where k1, k, € {0,1, ...} and 0 < k; <k, < K.

In this chapter, we consider an optimal control problem with a constraint to com-
plete a given temporal control task. The constraint is described by an STL formula
®, where we consider the syntax (5.1) and the semantics (5.2) and (5.3) in Chapter 5.
We formulate the optimal control problem as follows:

K
k
Z Y R(xk/ ak)] ’ (62)

maximizey Ep, p,n
k=0
subject to  xo.x E @,

where y € [0,1) is a discount factor and R : X X A — R is a reward function
for a given control performance index. Ep, ;. ['] is the expected value with respect
to the initial state probability density xo ~ po, the transition probability density
X1 ~ PrClxk, a), k = 0, and the policy ax ~ 7m(|xx), k = 0. In this chapter, it is
assumed that the mathematical model of the system is unknown. Thus, we apply
a DRL algorithm to design of the STL-constrained optimal policy, where we regard
the controller as the agent. The agent needs not only a current system’s state but
also a previous system’s behavior to determine a desire control action at each step
for satistying the STL formula @. Thus, a finite sequence of previous system’s states
is regarded as an environment’s state like Chapter 5. In order to design the STL-
constrained optimal policy using a DRL algorithm, we introduce a -CMDP derived
from a T-MDP [49] and a CMDP [55].

6.2 Constrained Markov Decision Process (CMDP)

A CMDP is a standard formulation for a sequential decision making problem with
some constraints [55]. It is defined by a tuple CM = <X, A, po,vs, R, {C,'}f:1 >, where

e X € R is an environment’s state space.

e A€ R™ is an agent’s action space.

e po : X — Ry is a probability density for an initial state.

e pr(-lx,a) : X — Ry is a probability density for a transition under a state x € X
and an action a € A.

e R: X XA — Risareward function.

) {C,'}ZI‘:1 is a set of cost functions for constraints. C; : X X A — R is the i-th a cost
function.
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For the CMDP CM, we consider the following problem.

4

max Epopsin {Z VR (xk, a)
k=0

subject to  Epyp;n

Zykci(xk/ak):| < li/ S {1/2/ Y I}/
k=0

where [;, i € {1,2,...,I} are given thresholds.

6.3

t-Constrained Markov Decision Process (t-CMDP)

To solve an optimal control problem with a constraint to satisfying an STL formula
®, we introduce the following extended CMDP.

Definition 6.1 (t-CMDP)

We consider an STL formula @ = Gy, j¢ (or ® = Fjg,1¢) as a constraint for
the system (6.1), where hrz(®) = K and ¢ consists of multiple STL sub-formulae
¢i, 1 €1{1,2,...,M}. Subsequently, we set T = hrz(¢) + 1, thatis, K = K, + 7 — 1.

To solve the optimal control problem with the STL constraint, a T-CMDP is defined
by a tuple CM; = <Z, A, p,p°, RstL, RZ>, where

Z is an extended state space which we regard as an environment’s state space
for RL. The extended state z € Z is a vector of multiple system’s states z =
[z[0]T z[1]" ...z[t = 1]"]", z[i] € X, Vi€ {0,1,..., T = 1}.

A is an agent’s control action space.

p; is a probability density for the initial extended state zo with z[i] = xo, Vi €
{0,1, ..., T — 1}, where x; is generated from py.

p* is a transition probability density for an extended state. When the system’s
state is updated by x” ~ p(-|x, a), the extended state is updated by z’ ~ p*(-|z,a)
as follows:

Z[i]=z[i+1], Vie{0,1,..,1 -2},
Z'[t = 1] ~ ps(lz[t — 1], 2).

Rsrr : Z — Ris an STL-reward function* defined by (5.15) for satisfying the
given STL formula ©.
R, : Z XA — Ris areward function as follows:

R,(z,a) = R(z[t — 1], a),

*1 Tn the standard CMDP formulation, the functions for constraints are defined as cost functions. On

the other hand, in this chapter, we define the function for an STL constraint as a reward function
different from the main reward function R,.
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where R : X X A — R is a reward function for a given control performance
index.

We design an optimal policy with respect to R, under satisfying the STL formula
® using a model-free constrained DRL algorithm [86]. Then, we define the following
functions.

[ K
](T() = Epg,pf,n Z ykRZ(Zk/ ak)“ 7
| k=0

F K
JstL(Tt) = Epgpy Z VkRSTL(Zk)] ,
=

where y € [0, 1) is a discount factor close to 1. To apply a constrained DRL algorithm,
we reformulate the problem (6.2) as follows:

7" € arg max J(m), (6.3)
n€l sy
st = {m | Jsro(m) = IsTe}, (6.4)

where Is7; € R is a lower threshold. In this chapter, Is7;, is a hyper-parameter for
adjusting the satisfiability of the given STL formula ®. The larger /7, is, the more
conservatively the agent learns a policy to satisfy the STL formula ®. We call the
constrained optimal control problem with (6.3) and (6.4) a -CMDP problem. In the
next section, we propose a constrained DRL algorithm with the Lagrangian relaxation
to solve the -CMDP problem.

6.4 Deep Reinforcement Learning under an STL

Constraint

We propose a constrained DRL algorithm with the Lagrangian relaxation to obtain
an optimal policy for the 7-CMDP problem. Our proposed algorithm is based on
the DDPG algorithm [11] or the SAC algorithm [13,14], which are DRL algorithms
derived from the Q-learning algorithm for problems with continuous state-action
spaces. In both algorithms, we parameterize an agent’s policy 7t using a DNN, which
is called an actor DNN. The agent updates the parameter vector of the actor DNN
based on J(rr). However, the agent cannot directly use () since the mathematical
model of the system p is unknown. Thus, we approximate J(rr) using another DNN,
which is called a critic DNN. Additionally, we use the experience replay and the
target network technique stated in Section. 2.3 in order to reduce correlations among
experience data and improve the learning stability.

On the other hand, we cannot directly apply the DDPG algorithm and the SAC
algorithm to the 7-CMDP problem since these are algorithms for unconstrained
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problems. Thus, we consider the following Lagrangian relaxation [108].

m>i(€1 max L(7, k), (6.5)

where L(7, k) is a Lagrangian function given by

L(n, %) = J(11) + k(Jsto() — IsTL), (6.6)

and x > 0 is a Lagrange multiplier. We can relax the constrained problem into the
unconstrained problem. To solve the unconstrained minimax problem, we use the
iterative primal-dual approach where, in each learning step, we update the policy ©
and the Lagrangian multiplier x in turn.

6.4.1 DDPG-Lagrangian

We parameterize a deterministic policy p using a DNN as shown in Fig. 6.1, which
is an actor DNN. Its parameter vector is denoted by 6,,. In the DDPG-Lagrangian
algorithm, the parameter vector 6, is updated by maximizing (6.6). However, [(u¢,)
and ]STL(‘UQN) are unknown. Thus, as shown in Fig. 6.2, ](‘ugy) and ]STL(‘LLQ“) are
approximated by two separate critic DNNs, which are a reward critic DNN and an
STL-reward critic DNN, respectively. The parameter vectors of the reward critic DNN
and the STL-reward critic DNN are denoted by 0, and 0, respectively. The parameter
vectors are updated by decreasing the following critic loss functions.

Actor DNN

Z
7 —> [Pre-process]—>

Fig. 6.1: Illustration of an actor DNN for the DDPG Lagrangian algorithm. Actually, we input
a pre-processed state Z stated in Section 6.4.4 to the DNN instead of an extended state
z.

Jre(0r) = Ezazy-n | (Qe,(z.0) = )], (6.7)
Jsc(05) = Ezazy-0 [(Qa,(z.0) - )], (6.8)

where Qg, (-,-) and Qg (-, ) are the outputs of the reward critic DNN and the STL-
reward critic DNN, respectively. E(, ,.~p|'] is the expected value under the random
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Reward Critic DNN

:] b4
z — | Pre-process ¢

a —¢

Fig. 6.2: Illustration of the two-type critic DNNs (the reward critic DNN and the STL-reward
critic DNN). In the DDPG-Lagrangian algorithm, the reward critic DNN and the STL-
reward critic DNN estimate the terms J(uo,) and Jsr1(uo,) in (6.6), respectively. In the
SAC-Lagrangian algorithm, the reward critic DNN and the STL-reward critic DNN
estimate the terms J..+(7o,) and Js71(7te,,) in (6.13), respectively. Actually, we input a
pre-processed state Z stated in Section 6.4.4 to the DNN instead of an extended state
z.

sampling of the experiences (z,4,z’) from D. The target values ¢, and ¢, are given by

ty = RZ(ZI ﬂ) + )/Q@; (le [J@; (Z,))/

ts = Rsr(2) + yQo; (', plo; (2'))-
Qo-(+,+) and Qg-(-, -) are the outputs of the target reward critic DNN and the target
STL-reward critic DNN, respectively, and pg,(-) is the output of target actor DNN.
0., 05, and 6; are parameter vectors of the target reward critic DNN, the target

STL-reward critic DNN, and the target actor DNN, respectively. Their parameter
vectors are slowly updated by the following soft update.

0, < <0, +(1-9)06;,
0; « <0, +(1-9)06;,

0, « £0,+(1- )0, (6.9)

where & > 0is a sufficiently small positive constant. In the standard DDPG algorithm
[11], the parameter vector of the actor DNN is updated by decreasing

Ja(O) = Ez~p[—Qo,(2, 1o, (2))],

where E, . p[-] is the expected value with respect to z sampled from O randomly.
However, in the DDPG-Lagrangian algorithm, we consider (6.6) as an objective
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instead of J(up,). Thus, the parameter vector of the actor DNN 6, is updated by
decreasing the following actor loss function.

Ja(O) = Ez~p[—(Qo, (2, 1o, (2)) + kQo,(2, to,(2)))]- (6.10)

The Lagrange multiplier k is updated by decreasing the following loss function.
J1() = Ezopz [K(Qo, (20, 16, (20)) = Isr1)] (6.11)

where E; .z [-] is the expected value with respect to pj.

6.4.2 SAC-Lagrangian

Actor DNN G 200

O

1,(2) —> 4y (D) + 0y ()¢ —— a~m(-]2)

Z
z — | Pre-process |——>

Fig. 6.3: Illustration of an actor DNN with a reparameterization trick for the SAC Lagrangian
algorithm. The DNN outputs the mean pg,(2) and the standard deviation oy, (2)

0,(2)

Reparameterization Trick

parameters. We use the reparameterization trick to sample an action a, where €
is sampled from a standard normal distribution N(0,1). Actually, we input a pre-
processed state Z stated in Section 6.4.4 to the DNN instead of an extended state z.

The SAC algorithm is a maximum entropy DRL algorithm that obtains a policy to
maximize both the expected sum of rewards and the expected entropy of the policy.
It is known that a maximum entropy algorithm improves explorations by acquiring
diverse behaviors and has the robustness for estimation errors [13,14]. In the SAC
algorithm, we design a stochastic policy . We use the following objective with an
entropy term instead of J(m).

]ent(n) = Epg,pf,n

K
Z yk(Rz(Zk/ ak) + aentw(n('lzk)))} ’

k=0

K
= J(m) + Epo,pf,n [Z Vkaentﬂ(ﬂ('|zk))] ’ (6.12)
k=0

where H(7t(-|zx)) = Eson[—logm(alzi)] is an entropy of the stochastic policy 7 and
Qent > 0is an entropy temperature. The entropy temperature determines the relative
importance of the entropy term against the sum of rewards.
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We use the Lagrangian relaxation for the SAC algorithm such as [88-90] to solve
the 7-CMDP problem. Then, a Lagrangian function with the entropy term is given

by
L(11,%) = Jent(10) + K(Js7L(70) — IsTL)- (6.13)

We model the stochastic policy using a Gaussian with the mean and the standard
deviation output by a DNN with a reparameterization trick [101] as shown in Fig.
6.3, which is called an actor DNN 7 . The parameter vector is denoted by 0.
Additionally, we need to estimate J.(7g,) and Jst(mp,) to update the parameter
vector O like the DDPG Lagrangian algorithm. Thus, [..(me,) and Jsrr(me,) are
also approximated by two separate critic DNNs as shown in Fig. 6.2. Note that, in
the SAC-Lagrangian algorithm, the reward critic DNN estimates not only J(7g,) but
also the entropy term. The parameter vectors are also updated using the experience
replay and the target network technique. 0, and 0, are updated by decreasing the
following critic loss functions.

Ji0)) = Bz |(Qa ) = (r+ Ve )|, (6.14)

Ji02) = Bz |(Qa.(z0) = (s + Ve @), (6.15)

where r = R;(z,a) and s = Rs71.(2). Qp,(,-) and Qp, (-, -) are the outputs of the reward
critic DNN and the STL-reward critic DNN, respectively. The target values are
computed by

V@; (Zl) = Ea’~ngn [QQ; (Z// Cl/) — Uent 10g T, (a’lz’)] ’

VQ; (Z’) = Eﬂ/~770n [Q@; (Z,, a/)] ,

where Qg- (-, -) and Qpg- (-, -) are outputs of the target reward critic DNN and the target
STL-reward critic DNN, respectively. Ey ., []is the expected value with respect to
1tg,. Their parameter vectors 0;, 0 are slowly updated by (6.9). In the standard
SAC algorithm, the parameter vector of the actor DNN 0, is updated by decreasing

Ja(0r) = Ez~2),n~7t9n [ent 10g(716n (alz)) — QG, (z,a)],

where E,.p4-n, ['] is the expected value with respect to the experiences z sampled
from O and mg,. However, in the SAC-Lagrangian algorithm, we consider (6.13) as
the objective instead of (6.12). Thus, the parameter vector of the actor DNN 0, is
updated by decreasing the following actor loss function.

]a(en) = Ez~2),a~n@n [aent 10g(719,7 (alz)) - (QG, (Z/ [Z) + KQGS (Z, LZ))] (616)

The Lagrange multiplier k is updated by decreasing the following loss function.

JL(K) = Ezpi ammg, [€(Qo,(z,8) — IsTL)], (6.17)
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where EZNP[zyaNn@n [] is the expected value with respect to pf and mg,. The entropy
temperature a,, is updated by decreasing the following loss function.

]temp(aent) = Ez~D,a~ngn [aent(_ 10g(719n (alz)) — 7_[0)] ’ (6.18)

where H) is a lower bound which is a hyper parameter. Actually, in [14], the parame-
ter H is selected based on the dimensionality of the action space. Additionally, in the
SAC algorithm, to mitigate the positive bias in updates of 0,, the double Q-learning
technique [12,59] is adapted. Thus, in the SAC-Lagrangian algorithm, we also adopt
the technique.

6.4.3 Pre-Training and Fine-Tuning Method

In this chapter, it is important to satisfy the given STL constraint. In order to learn a
policy satisfying the constraint, the agent needs many experiences satisfying the STL
formula @. However, it is difficult to collect the experiences considering both the
control performance index and the STL constraint in the early learning stage since the
agent may prioritize to optimize its policy with respect to the control performance
index. Thus, we propose a two-phase learning algorithm. In the first phase which is
called pre-train, the agent focuses on learning a policy satisfying a given STL formula
® to store experiences receiving high STL-rewards to a replay buffer D, that is, the
agent learns its policy considering only STL-rewards.

Pre-Training for DDPG-Lagrangian
The parameter vector of the actor DNN 6, is updated by decreasing

Ja(0y) = Ez-p [~Qo, (2, 1o, (@) (6.19)
instead of (6.10). On the other hand, 6, is updated by (6.8).

Pre-Training for SAC-Lagrangian
The parameter vector of the actor DNN 0, is updated by decreasing the following
function.

]a(en) = Ez~2),a~7'(9ﬂ [aent 108(71971 (alz)) - QGS (Z/ L‘l)] (620)

instead of (6.16). On the other hand, 0; is updated by (6.15), where V is computed
by

VGS‘ (Z,) = Ea’~n9ﬂ [QQS‘ (Z,/ a/) — Qent 10g(776n (allzl))]'

In the second phase which is called fine-tune, the agent learns the optimal policy
constrained by the given STL formula ®. In the DDPG-Lagrangian algorithm, the
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actor DNN 60, is updated by (6.10). In the SAC-Lagrangian algorithm, the actor DNN
0 is updated by (6.16).

Remark: The two-phase learning may become unstable temporally because it dis-
continuously changes the objective functions. In such a case, we may start the sec-
ond phase with changing the objective functions from those used in the first phase
smoothly and slowly.

6.4.4 Pre-Process

We also use pre-processing (Definition 5.3 in Section 5.4.2) to reduce the dimension-
ality of the extended state z such as Chapter 5. For simplicity, we focus on the case
where kf;. = 7 — 1 for all STL sub-formulae ¢; = G[kf;,k{,](Pi (or F[ké,k:;](pi), iell,2,..,M},
which is the most effective case in terms of reducing dimensionality as shown in
Table 6.1.

Table 6.1: Dimensionality (Dim.) of the extended state spaces.

Without With Pre-processing 2 With Pre-processing 2
Pre-processingz | (ki =t-1,i€{1,2,..,M}) (kmax — fmin > 1)
Dim. Thy ny + M (kmax — fminyy + M

6.4.5 Algorithm

Our proposed algorithm to design an optimal policy under an STL constraint is
presented in Algorithm 5. In line 1, we select a DRL algorithm such as the DDPG
algorithm and the SAC algorithm. From line 2 to 4, we initialize the parameter vectors
of the DNNSs, the entropy temperature a. (if the algorithm is the SAC-Lagrangian
algorithm), and the Lagrange multiplier x. In line 5, we initialize a replay buffer D. In
line 6, we set the number of the repetition of pre-training K. Inline 7, we initialize a
counter for updates. In line 9, the agent receives an initial state xyg ~ pp. From line 10
to 11, the agent sets the initial extended state zp = [x; ... x; | and computes the pre-
processed state Zy. One learning step is done between line 13 and 25. In line 13, the
agent determines an action a; based on the pre-processed state Z; for an exploration.
In line 14, the system’s state changes depending on the determined action a; and
the agent receives the next state x;.1, the reward r;, and the STL-reward s;. From
line 15 to 16, the agent constructs the next extended state zi41 using xx41 and z; and
computes the next pre-processed state Zi,;. Inline 17, the agent stores the experience
(2k, Ak, Zk+1, Tk, Sk) In the replay buffer O. In line 18, the agent samples I experiences
(2D, g0, 20 4O s(i))}f:1 from the replay buffer D randomly. If the learning counter is
¢ < Ky, the agent pre-trains the parameter vectors of DNNs in Algorithm 7. Then,
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the parameter vectors of the reward critic DNN 0, and the STL reward critic DNN
O, are updated by (6.7) and (6.8) (or (6.14) and (6.15)), respectively. The parameter
vector of the actor DNN 6, (or 0r) is updated by (6.19) (or (6.20)). In the SAC-based
algorithm, the entropy temperature a,,; is updated by (6.18). On the other hand, if
the learning counter is ¢ > K., the agent fine-tunes the parameter vectors of DNNs
in Algorithm 8. Then, the parameter vector of the actor DNN 6, (or 0y) is updated
by (6.10) (or (6.16)) and the other parameter vectors are updated same as the case
¢ < Kpre. The Lagrange multiplier x is updated by (6.11) (or (6.17)). In line 24, the
agent updates the parameter vectors of target DNNs by (6.9). In line 25, the learning
counter is updated. The agent repeats the process between lines 13 and 25 in a
learning episode.

6.5 Example

We consider STL-constrained optimal control problems for a two-wheeled mobile
robot shown in Fig. 6.4, where its working area Q) is {(x©, xM) 05 <x0 <45, 05 <
xV < 4.5}, Let x® be the steering angle with x? € [-mt, 7t]. A discrete-time model of
the robot is described by

Region of initial states
two-wheeled mobile robot

Fig. 6.4: Control of a two-wheeled mobile robot under an STL constraint. The working area is
0.5 <x® <45, 0.5 < x® < 4.5 colored gray. The initial state of the system is sampled
randomly in 0.5 < x@ < 2.5, 05 < x® <25, —7/2 < x® < 7/2 colored red. The
region 1 labeled by ¢; is 3.5 < x©@ < 4.5, 3.5 < x < 4.5 and the region 2 labeled by
2835 <x® <45, 1.5 < x < 2.5. These regions are colored blue.
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Algorithm 5 Two-phase DRL-Lagrangian to design an optimal policy under an STL
constraint.

1: Select a DRL algorithm such as DDPG and SAC.
2: Initialize parameter vectors of main DNNs.
3: Initialize parameter vectors of target DNNs.
4: Initialize an entropy temperature and a Lagrange multiplier a,,;, k.
5: Initialize a replay buffer D.
6: Set the number of the repetition of pre-training K.
7. Initialize learning counter c « 0.
8: for Episode =1, ..., MAX EPISODE do
9:  Receive an initial state xo ~ po.
10:  Set the initial extended state zy using xo.
11:  Compute the pre-processed state Z; by Algorithm 6.
122 fork=0,.. Kdo
13: Determine an action a; based on the state Z;.
14: Execute a; and receive the next state x;,; and the reward r, and the STL-
reward sy.
15: Set the next extended state z;.1 using xx.1 and z.
16: Compute the next pre-processed state Z,1 by Algorithm 6.
17: Store the experience (2, ax, Zk+1, x, Sk) in the replay buffer D.
18: Sample I experiences (D, aD, 270 4@ sy | from D randomly.
19: if ¢ < Ky, then
20: Pre-training by Algorithm 7.
21: else
22: Fine-tuning by Algorithm 8.
23: end if
24: Update the target DNNs by (6.9).
25: c—c+1.
26:  end for
27: end for

xgl)l xl(;) + AaY cos(x,({z)) w%o)
xgjl =[x + A0 sin(x?) | + Ay w{) , (6.21)
2) 2 1) 2)
X x; + Aak wy,

where x; =[x 10 @7 € B3, g, = [4® aP]7 € [-1,1]%, and w; = [0 w” w®]" €

R3. w,(:), i € {0,1,2} are sampled from a standard normal distribution N(0,1). We
assume that A = 0.1and A, = 0.0113, where I3 is the 3x3 unit matrix. The initial state of

the system is sampled randomly in 0.5 < x® < 2.5, 0.5 < x® <25, -7/2 < ¥ < /2.
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Algorithm 6 Pre-processing

1: Input: The extended state z and the STL sub-formulae {gbi}f\fl, where ¢; =
G, e—119i (or Fyi . yyi), i =1,2,..., M.
2: fori=1,..,Mdo
if @i = G[kg,f—l](Pi then
Compute the flag value f' by (5.17).
end if
if gi)i = F[ké,r—l]qoi then
Compute the flag value f' by (5.18).
8: endif
9: end for
10: Set the flag state f = [f* 2 ... fM] by (5.19).
11: Output: The pre-processed state 2 = [z[7 — 1]T f%]T.

Algorithm 7 Pre-training

1: Input: The experiences {(2@,a®,2’® +0 s}, 1, ;| and parameters
67‘[/ 67'/ 95/ Qent-
The parameter vector 0, is updated by (6.7) or (6.14).
The parameter vector 0; is updated by (6.8) or (6.15) .
The parameter vector 0, is updated by (6.19) or (6.20).
if SAC-based algorithm then
The entropy temperature «a is updated by (6.18).
end if
Output: 0., 0,, 0;, a

The region 1 is {(x©,xM)] 35 < x® < 45, 35 < x < 45} and the region 2 is
{(x@,xW)35 < x@ < 45,15 < xV < 2.5}. We consider the following two constraints.

Constraint 1 (Recurrence): At any time in the time interval [0, 900], the robot visits both
the regions 1 and 2 before 99 time steps are elapsed, where there is no constraint for the order
of the visits.

Constraint 2 (Stabilization): The robot visits the region 1 or 2 in the time interval [0, 450]
and stays there for 49 time steps.

These constraints are described by the following STL formulae.
STL formula 1:

D1 = Gio,9001(Flo99191 A Flo99192), (6.22)
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Algorithm 8 Fine-tuning

1: Input: The experiences {(2@,a®,2’® 0 s}, 1, ;| and parameters
Or, 0;, Os, Qent, K.
The parameter vector 0, is updated by (6.7) or (6.14).
The parameter vector ; is updated by (6.8) or (6.15).
The parameter vector 0, is updated by (6.10) or (6.16).
if SAC-based algorithm then
The entropy temperature «a is updated by (6.18).
end if
The Lagrange multiplier x is updated by (6.11) or (6.17).
Output: 9., 0,, 0;, a, x

STL formula 2:
D, = Fo450)(Glo49191 V Gio,a9192), (6.23)
where

1= ((3.5<x? <45) A (3.5 < xV < 45)),
@2 = (35 <x®@ <45) A (15 < xV < 25)).

We consider the following reward function

R:(z,a) = Ry(z[T — 1]) + Ry(a), (6.24)

where
R.(x) = min{x©® - 05,45 - x©@ x — 05, 4.5 - xY, 0.0}, (6.25)
Rq(a) = —|lall3. (6.26)

(6.25) is the term for keeping the working area (). As the agent moves away from the
working area (), the agent receives a larger negative reward. (6.26) is the term for
fuel costs.

6.5.1 Evaluation

We apply the SAC-Lagrangian algorithm to design a policy constrained by an STL
formula ®. In all simulations, the DNNs have two hidden layers, all of which have
256 units, and all layers are fully connected. The activation functions for the hidden
layers and the outputs of the actor DNN are the ReLU functions and hyperbolic
tangent functions, respectively. We normalize x© and x® as x©® — 2.5 and x - 2.5,
respectively. The size of the replay buffer D is 1.0 x 10°, and the size of the mini-batch
is I = 64. We use Adam [103] as the optimizers for all main DNNSs, the entropy
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temperature, and the Lagrange multiplier. The learning rate of the optimizer for the
Lagrange multiplier is 1.0 x 10 and the learning rates of the other optimizers are
3.0 X 107%. The soft update rate of the target network is & = 0.01. The discount factor
is ¥ = 0.99. The target for updating the entropy temperature H, is —2.0. The STL-
reward parameter is § = 100. The agent learns its control policy for 6.0 x 10° steps.
The initial parameters of both the entropy temperature and the Lagrange multiplier
are 1.0. To evaluate the performance of the learned policy, we introduce the following
three indices:

e areward learning curve shows the mean of the sum of rewards Zf:o )/"RZ (zk, ax)
for 100 trajectories,

e an STL-reward learning curve shows the mean of the sum of STL-rewards
Zf:o )/kRSTL(zk) for 100 trajectories, and

e a success rate shows the number of trajectories satisfying the given STL con-
straint for 100 trajectories.

We prepare 100 initial states sampled from py and generate 100 trajectories using the
learned policy for each evaluation. We show the results for K,. = 0 (Case 1) and
Kjre = 300000 (Case 2). We do not utilize pre-training in Case 1. All simulations run
on a computer with AMD Ryzen 9 3950X 16-core processor, NVIDIA (R) GeForce RTX
2070 super, and 32GB of memory and were conducted using the Python software.

Formula 1

We consider the case where the constraint is given by (6.22). In this simulation, we
set K = 1000 and Ist;, = —40. The length of z is T = 100. The reward learning curves
and the STL-rewards learning curves are shown in Figs. 6.5 and 6.6, respectively. In
Case 1, it takes a lot of steps to learn a policy such that the sum of STL-rewards is near
the threshold Isr;, = —40. The reward learning curve decreases gradually while the
STL-reward curve increases. This is an effect of lacking in experience satisfying the
STL formula @. If the agent cannot satisfy the STL constraint during its explorations,
the Lagrange multiplier k¥ becomes large as shown in Fig. 6.7. Then, the STL term
—xQp, of the actor loss J(11g) becomes larger than the other terms. As a result, the
agent updates the parameter vector 0, considering only the STL-rewards. On the
other hand, in Case 2, the agent can obtain enough experiences satisfying the STL
formula in 300000 pre-training steps. The agent learns the policy such that the sum
of the STL-rewards is near the threshold relatively quickly and fine-tunes the policy
under the STL constraint after pre-training. According to the results in the both cases,
our proposed method is useful to learn the optimal policy under the STL constraint.
Additionally, as the sum of STL-rewards obtained by the learned policy is increasing,
the success rate for the given STL formula is also increasing as shown in Fig. 6.8.
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Fig. 6.5: Reward learning curves for the formula @;. The red and blue curves show the results
of K, = 0 (Case 1) and K, = 300000 (Case 2), respectively. The solid curves and the
shades represent the average results and the standard deviations over 10 trials with
different random seeds, respectively. The gray line shows 300000 steps.
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Fig. 6.6: STL-reward learning curves for the formula ®,. The red and blue curves show the
results of K, = 0 (Case 1) and K, = 300000 (Case 2), respectively. The solid curves
and the shades represent the average results and the standard deviations over 10
trials with different random seeds, respectively. The dashed line shows the threshold
Istr = —40. The gray line shows 300000 steps.

Formula 2

We consider the case where the constraint is given by (6.23). In this simulation, we
set K = 500 and Isr; = 35. The length of z is T = 50. We use the reward function
Rstr.(2z) = exp(B1(p(z, $)))/ exp(B) instead of (5.15) to prevent the sum of STL-rewards
diverging to infinity. The reward learning curves and the STL-rewards learning
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Fig. 6.7: Curves of Lagrange multiplier « for the formula ®;. The red and blue curves show
the results of K, = 0 (Case 1) and K, = 300000 (Case 2), respectively. The solid
curves and the shades represent the average results and the standard deviations over
10 trials with different random seeds, respectively. The gray line shows 300000 steps.
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Fig. 6.8: Success rates for the formula ®@;. The red and blue curves show the results of K,,, = 0
(Case 1) and K,,, = 300000 (Case 2), respectively. The solid curves and the shades
represent the average results and the standard deviations over 10 trials with different
random seeds, respectively. The gray line shows 300000 steps.

curves are shown in Figs. 6.9 and 6.10, respectively. In Case 1, although the reward
learning curve maintains more than —20, the STL-reward learning curve maintains
much less than the threshold Isy;, = 35. On the other hand, in Case 2, the agent
learns the policy such that the sum of STL-rewards is near the threshold Isy; = 35
and fine-tunes the policy under the STL constraint after pre-training. Our proposed
method is useful for not only the formula ®; but also the formula ®,. Additionally,
as the sum of STL-rewards obtained by the learned policy is increasing, the success
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rate for the given STL formula is also increasing as shown in Fig. 6.11.
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Fig. 6.9: Reward learning curves for the formula @,. The red and blue curves show the results
of K. = 0 (Case 1) and K,,, = 300000 (Case 2), respectively. The solid curves and the
shades represent the average results and the standard deviations over 10 trials with
different random seeds, respectively. The gray line shows 300000 steps.
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Fig. 6.10: STL-reward learning curves for the formula ®,. The red and blue curves show the
results of K., = 0 (Case 1) and K, = 300000 (Case 2), respectively. The solid curves
and the shades represent the average results and the standard deviations over 10
trials with different random seeds, respectively. The dashed line shows the threshold
Istr. = 35. The gray line shows 300000 steps.
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Fig. 6.11: Success rates for the formula ®@,. The red and blue curves show the results of K, = 0
(Case 1) and K, = 300000 (Case 2), respectively. The solid curves and the shades
represent the average results and the standard deviations over 10 trials with different
random seeds, respectively. The gray line shows 300000 steps.
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6.5.2 Ablation Studies for Pre-Processing

In this section, we show the ablation study for pre-processing stated in Section 6.4.4.
We conduct the experiment for @; using the SAC-Lagrangian algorithm. In the
case without pre-processing, the dimensionality of the input to DNNs is 300 and,
in the case with pre-processing, the dimensionality of the input to DNNs is 5. The
STL-reward learning curves for the two cases are shown in Fig. 6.12. The agent
without pre-processing cannot improve the performance of its policy with respect
to STL-rewards. The result concludes that pre-processing is necessary for a problem
constrained by an STL formula ® with a large 7.
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Fig. 6.12: STL-reward learning curves for the case without pre-processing (red) and the case
with pre-processing (blue). We consider the formula @;. The solid curves and the
shades represent the average results and the standard deviations over 10 trials with
different random seeds, respectively. The dashed line shows the threshold Is7; = —40.
The gray line shows 300000 steps.

6.5.3 Comparison of Based Algorithms

In this section, we compare the SAC based algorithm with other off-policy DRL-based
algorithms: DDPG [11] and TD3 [12]. For the DDPG-Lagrangian algorithm and the
TD3-Lagrangian algorithm, we use the following Ornstein-Uhlenbeck process for
generating exploration noises.

€k+1 = €k — P1(€x — p2) + pP3€N,

where €y is a noise generated by a standard normal distribution N (0,1). We set
the parameters (p1,p2,p3) = (0.15,0,0.3). For the TD3-Lagrangian algorithm, the
target policy smoothing is implemented by adding noises sampled from the normal
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distribution N(0,0.2) to the actions chosen by the target actor DNN, clipped to
(=0.5,0.5). The agent updates the actor DNN and the target DNNs every 2 learning
steps. Other experimental settings such as hyper-parameters, optimizers, and DNN
architectures, are same as the SAC-Lagrangian algorithm.

We conduct experiments for @;. We show the reward learning curves and the STL-
reward learning curves in Figs. 6.13 and 6.14, respectively. Although all algorithms
can improve the policy with respect to rewards after fine-tuning, the DDPG algorithm
cannot improve the policy with respect to the STL-rewards. The STL-reward curve
of the DDPG-Lagrangian algorithm is much less than the threshold. On the other
hand, the TD3-Lagrangian algorithm and the SAC-Lagrangian algorithm can learn
the policy such that the STL-rewards are more than the threshold. These results
show the importance of the double Q-learning technique to mitigate positive biases
for critic estimations in the fine-tuning phase. Actually, the technique is used in both
the TD3-Lagrangian algorithm and the SAC-Lagrangian algorithm. Then, we show
the result in the case where we do not use the double Q-learning technique in the
SAC-Lagrangian in Fig. 6.15. Although the agent can learn a policy such that the
STL-rewards are near the threshold in the pre-training phase, the performance of the
policy with respect to the STL-rewards is degraded in the fine-tuning phase.
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Fig. 6.13: Reward learning curves for the formula ®@,. The red, blue, and green curves show the
results of the DDPG-Lagrangian algorithm, the TD3-Lagrangian algorithm, and the
SAC-Lagrangian algorithm, respectively. The solid curves and the shades represent
the average results and the standard deviations over 10 trials with different random
seeds, respectively.
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Fig. 6.14: STL-reward learning curves for the formula @,. The red, blue, and green curves
show the results of the DDPG-Lagrangian algorithm, the TD3-Lagrangian algorithm,
and the SAC-Lagrangian algorithm, respectively. The solid curves and the shades
represent the average results and the standard deviations over 10 trials with different
random seeds, respectively.
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Fig. 6.15: STL-reward learning curves for the formula @;. The purple and blue curves show
the results of the SAC-Lagrangian algorithm without and with the double Q-learning
technique, respectively. The solid curves and the shades represent the average results
and the standard deviations over 10 trials with different random seeds, respectively.
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Chapter 7

Conclusions and Future Works

We proposed some DRL-based optimal controller design methods to extend the
applicable range of DRL in the real world. DRL has achieved great results for
various decision making problems thanks to the development of DNN techniques.
Particularly, the development of DRL algorithms for Atari video games is remarkable.
Nevertheless, it is often difficult to directly apply DRL to problems in the real world.
It is necessary to make ingenuity according to each application. Concretely, in this
dissertation, we tackled the following problems.

In Chapter 3, we proposed a practical deep Q-learning algorithm for stabilization
of nonlinear systems using a simulator to mitigate high sample complexity of DRL.
Our proposed method consists of the two stages. In the first stage, we obtain the
approximated optimal Q-functions for virtual systems in the simulator using the con-
tinuous deep Q-learning algorithm. In the second stage, we represent the Q-function
for the real system by the approximated linear function whose basis functions are
the approximated optimal Q-functions learned in the first stage. The agent learns the
parameter vector of the approximated linear Q-function through online interactions
with the real system. We showed that the agent can learn the parameter vector and
stabilize the real system at the fixed point. Moreover, we showed that the agent with
our proposed algorithm can adapt to a system whose system parameter vector varies
slowly.

In Chapter 4, we proposed a DRL-based method to design a networked controller
that stabilizes a nonlinear system at an equilibrium point considering two types of
network delays caused by data transmissions between the system and the controller.
At first, we considered the case where the sensor can observe all state variables of
the system. Then, we regarded not only the latest observed state but also some
previously determined control actions as the state of the environment to stabilize the
system. Next, we considered the case where the sensor cannot observe part of state
variables of the system. Then, we used not only the latest observed output and some
previously determined control actions but also some previously observed outputs as
the state of the environment. As examples, we considered the stabilization problems
for two nonlinear systems: a pendulum and a Lorenz dynamics, and show that the
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agent can learn its policy by our proposed method.

In Chapter 5, we proposed a DRL-based networked controller design to complete
a given temporal control task described by an STL formula considering the effect of
network delays. We introduced an extended MDP, which is called a 7d-MDP, and
proposed a DRL algorithm to design the networked controller, where it is assumed
that the network delays are unknown constants. Additionally, we utilized pre-
processing for the DRL algorithm to reduce the dimensionality of the extended
state. Furthermore, through numerical simulations, we showed that our proposed
algorithm can be also applied to an NCS problem with random network delays.

In Chapter 6, we considered a model-free optimal control problem constrained by
a given STL formula. We modeled the problem as a 7-CMDP that is an extension of
a T-MDP and a CMDP. To solve the 7-CMDP problem with continuous state-action
spaces, we proposed a constrained DRL algorithm with the Lagrangian relaxation. In
the algorithm, we relaxed the constrained problem into an unconstrained problem in
order to utilize a standard DRL algorithm. Additionally, we proposed a practical two-
phased learning algorithm to make it easy to obtain experiences satisfying the given
STL formula. Through numerical simulations, we demonstrated the performance of
the proposed algorithm. First, we showed that the agent with our proposed two-
phase algorithm can learn its policy for the T-CMDP problem. Next, we conducted
ablation studies for pre-processing to reduce the dimensionality of the extended state
and showed the usefulness. Finally, we conducted three constrained DRL algorithms
and showed the usefulness of the double Q-learning technique in the fine-tuning
phase.

We show several future works as follows: For the study in Chapter 3, we devise
approaches to choose the parameter vectors of virtual systems automatically and to
extend the proposed method to the case where the mathematical model of the real
system has uncertain parts. Additionally, the second stage of our proposed method
is related to online learning methods. The algorithm analysis such as regret analysis
for our proposed learning algorithm is also one of important future studies. For
the study in Chapter 4, the application to complicated systems such as multi robot
systems is one of future works. Additionally, the theoretical analysis for partial
observation is also an important future work. For the study in Chapter 5, the reward
may be sparse for some STL formulae and the syntax is restrictive compared with
the general STL syntax [45]. Solving the issues is an interesting future work. For
the study in Chapter 6, our approach cannot guarantee satisfying the STL constraint
during learning of the policy. Solving the issue is a future work. Additionally,
we further develop the theory of DRL with some constraints and propose practical
constrained DRL algorithms to extend the applicable range of DRL in the real world.
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Appendix

A Reconstruction of State of Linear Dynamical System
We consider the following linear dynamical system.

i(t) = Acx(t) + Beu(t),

y(t) = Cex(t),

where x(t) € R™, u(t) € R™, and y(t) € R" are the state, the control input, and the
output at time t, respectively. A, B., and C. are matrices of dimensions 1, Xy, n, Xn,,
and ny X n,, respectively. It is assumed that the control input is zero-order hold and
the sampling period is A > 0. Then, we have the discrete-time linear dynamical
system as follows:

Xke1 = Agxi + Byuy, (A-1)
vk = Cax, (A-2)

where x; = x(kA), yr = y(kA), and uy is the k-th control input computed by the digital
controller, and

Ag = exp(AcA),
A
B; = f exp(A:£)B.dE,
0
C; =C..

We assume that (A, B;) is controllable and (A, C,) is observable.
By (A-1) and (A-2),

Uk-1

G 2 c-1 Uk—2
X = Axi+|Bs AdBa A2Bs - AT'BJ| 7Y (A-3)

Uk—c
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Yk-1
Yik—2

Yk—c

where ¢ is larger than the observability index. Furthermore, we rewrite the two

C: Ay

C A,
Ca

equations as follows:

where

The matrices M., M,, and T are called the controllability matrix, the observability

[0 C;By

0 0
Xk—c +1: :

0 0

0 o

CdAdBd
CiBy

0

C4AS?By]
C4AS By

0 CdBd

0

— G
Xk = AjXk—c + Mclle—1:—c,

Yi-1k—c = MoXp—¢ + Tug_1x—,

M. =By AsBy A2By
Cs' A
My=| -
CiAq
Ca
[0 CdBd CdAdBd
0 0 C, B,
0 0 0
0 0 0
Uk-1
Uk-2
Uk-1:k—c = ’
Uk—c
Yi-1
Yi—2
Yk-1:k—c = . .
Yk—c

matrix, and the Toeplitz matrix, respectively.

A;‘le] ,

C4AS By
C4A By

C4B4
0

Ug—c
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If (A4, Cy) is observable, then there exists the observability index g such that
rank(M,) < ny for ¢ < g and that rank(M,) = n, for ¢ > gq. Thus, let ¢ > g, the
observability matrix M, is full column rank n,. Then, there exists a matrix M such
that

AS = MM, (A-7)

U

Moreover, since M, is a full column rank matrix, its left inverse matrix is given by
My = (MyM,)'M;, (A-8)
so that, for any matrix Z,
M =AMy + Z(I = M,My). (A-9)
The following equation is proved.
Uk—1:k—c
xe=|M, M , A-10
k [ u y] lyk—lzk—g] ( )
where M, = AS(MJ M,)'M; and M,, = M, — A5(M; M,) "M, T.
Proof According to (A-6), (A-7), and (A-8), we have
A;Xk_g = MMOXk_g
= M(yk—l:k—g - Tuk—l:k—g)
= (ASMy + Z(I = MoMy))Yk-1x-c — (ASMy + Z(I = MM ) Ttig-1:4—c

= ASM Yi-1k-c — AMG Tutg-r—c + Z(I = MoM7)yk-14-c — Z(I = MoM7) Tty 15—
(A-11)

Then, we consider the underline part of (A-11). From (A-6) and (A-8),

Z(I = MoMJ)Yk-1:k—c — Z(I = MoMy) Tthg_1:5—c
= Z(I — MoMy)(Moxy—c + Tug_15-c) — Z(I = MoMy) Ttig_1:5—c
= Z(I - MyM)Myxi_.
= Z(My = Mo(My Mo)™ My Mo)xy—
= Z(My — My)x..
=0.

Therefore, we have the following equation.

Asxp—c = ASMG Yk-1x-c — AMp Tty (A-12)
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According to (A-5), (A-10) is proved as follows:

X = ASMy Yi-1k—c — ASMG Tug 1 + Mgt
= (Mc — AS(My Mo) ™" My T)itg_1x—c + AS(My Mo) " My Yieorik—
= Muuk—lzk—g + My]/k—l:k—g-
O

From the result, we confirm that the controller can estimate the state of the system
under the partial observation using sufficient past control inputs u_14-. and outputs

Yik-1:k—c-
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B Runge-Kutta Method

In Chapter 4, we use the Runge-Kutta method to solve the ordinary differential
equation. We consider the following initial value problem.

x(t) = f(x(1)),
X(to) = Xo, (B-13)

where x € R™. Let 6 > 0 be a step-size. We approximately compute the solution of
the equation as follows:

1
X(n+1) = x(n) + g(l’ll + 2]12 + 2]’13 + h4),

where
hl = 6f(x(n))/
h
hy = 5f(x<"> + ?1)
hs = 6f(x(”) + %),

hy = 5 F( + ).
In simulations of Chapter 4, we set 6 = 2710,

Example 7.1 We consider the following pendulum.

d [x(®)]| _ xo(t) 0
dt [xz(t) B [9.81 sinx; () — 0.05x2(t)] - H i (h)- (B-14)

Att = n6 (n € IN), we compute the system state x((n + 1)6) by the Runge-Kutta
method. Let x" = [xi”) x(zn)]T ~ [x1(n0) x2(nO)]" = x(nd). It is assumed that the control
inputs is constant values for n6 <t < (n + 1)6. We compute hy, hy, h3, and hy € R™ as

follows:
1.
(n)
hl = hl,l =0 A (n) x2 (n) .
h o 9.81sinx;" — 0.05x," + u(nd)

2.

h2,1 X(zn) + ]’11,2/2

hay = =0 ) () :
hap 9.81sin(x}"” + h1,1/2) — 0.05(x,"” + h1,2/2) + u(nd)
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3.
e = ]’l3/1 —5 xé") + h2,2/2
> ks 9.81sin(x\" + 11 /2) = 0.05(x)" + hp2/2) + u(nd) |
4.

hy = h4,1 -5 x(zn) +h3]2
P ap] T [981sin(x™ + h31) — 0.05(x” + B3 ) + u(nd) |

hsj
+ ).
)

Finally, we compute the x((n + 1)0) as follows:

1 hl 1 ]’lz 1 h3 1
- ’ ’ 21
allil2fizl]

ho h3,
Example 7.2 We consider the following Lorenz dynamics.

(1)

(n+1)5) = '}y +2
X2

4 [0 10(x2(t) — x1(4)) 1 0], ®
77 |20 = |~ Oxs(t) + 2831 (1) — xa()| + |2 0 Lll (t)]. (B-15)
x3(t) x1(t)xa(t) — 8/3x3(t) 0 3]t

Att = n6 (n € IN), we compute the system state x((n + 1)6) by the Runge-Kutta
method. Let x™ = [ g”) x;”) x(3")]T ~ [x1(nd) x2(nd) x3(nd)]™ = x(nd). It is assumed that
the control inputs is constant values for n6 < t < (n + 1)6. We compute hy, hy, h3, and
hy € R™ as follows:

1.
hiq 102" = 102" + 11 (1)
hi=|ho| =06 —xgn)xé”) + 28x§") - x;") + 2uy(nd)|.
his 0~ 8/ 3x§") + 3uy(nd)
2.

h2,1
h2 = lhz,z]
hys3
10(xY” + h1p/2) = 106" + I /2) + 1 (1)
= 5| =" + 1,1 /200 + 11 3/2) + 28(e + hy1/2) = () + hip/2) + 2u1 (n6) |
@ + 111 /2) (0 + hi2/2) — 8/3(S + h3/2) + Bua(n)
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hs,
hs = [ha,z}
hs3
103 + hop/2) = 106" + ho1/2) + 1 (1)
= 5| =" + 1,1 /2)(0 + T123/2) + 28(e + 11 /2) = (43 + hap/2) + 2us ()|
O + 1101 /2) (" + R /2) = 8/3(x + ha3/2) + Bua(nd)

4.
]’l4,1 10(9((2”) + h3/2) — 10(3(5”) + h3/1) + ul(né)
I’l4 = I’l4,2 =0 —(x(ln) + h3/1)(xé”) + h3/3) + 28(X§n) + h3,1) - (Xén) + hglz) + 21/11(1’15) .
has " + 13 1) (X0 + B3.0) — 8/3(x3” + B3 3) + Bua (1)

Finally, we compute the x((n + 1)0) as follows:

xﬁ”) 1 hi1 ha 1 hs 1 hy1
x((n + 1)(5) o~ xén) + g h1,2 +2 ]’lz/z +2 h3,2 + h4,2 .
xé”) hij hy3 hssz|  |has
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C NCSs Simulations

In Chapter 4, we consider a network control problem with network delays. We
describe the flow from the k-th observation of a system’s output y; to the update of
a control input by the k-th control action 4, in detail.

1.

Sensor
At t = kA, the sensor observes the k-th output of the system. The output
function is given by (4.2).

. Network delay for the output data transmission

The output data y, observed at t = kA is transmitted from the sensor to the
agent. The delay caused by this transmission is denoted by 7., where 7y is
sampled from an unknown probability distribution.

. Agent

At t = kA + 74, the agent receives the k-th output data yx and computes the
k-th control action ay.

. Network Delay for the control action transmission

The k-th control action computed at t = kA + 74 is transmitted from the agent
to the actuator. The delay caused by this transmission is denoted by Tc,y,
where 7., is sampled from an unknown probability distribution.

. Actuator

The control input u(t) inputted to the system is updated from a;_; to a; at
t=KkA + Tsep + Teak

Additionally, we assume that the order of control actions and observed outputs
does not change. Then, the network delays {7sck}ren and {Tcak}ken satisfy the follow-
ing two conditions:

Condition 1: For all k € N,

KA 4+ toe i < (kK + 1A + Toepr1,

that is,

Tsck+1 > Tsck — A.

Then, we define the variable 75k := Tsci+1 — (Tsck — A). We need 5. > 0.

Condition 2: For all k € IN,

kA + Tsck + Teak < (k + 1)A + Tsck+1 + Tcak+1s
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that is,

Teak+1 2 Teak — (Tsc,k+1 - Tsc,k) - A
= Tcak — (Tsc,k+1 = Tsck + A)
= Teak — (Tsc,k+1 - (Tsc,k —A))

= Tcak — %sc,k-

Then, we define the variable ¢,k 1= Tcak+1 — (Tcax — Tsck). We need T, > 0.

In the dissertation, we actually use the discrete uniform distribution as the proba-
bility distribution.

DU(m,n) = m,n €N, m < n.

n-m+1’

Let 6 be a step size for numerical integration by the Runge-Kutta method. The
network delays 7 is sampled as follows:

T = €ncs,
ENCS ™~ DU(3A/5, 5A/5).

In the simulation of the dissertation, weuse A = 27*and 6 = 2719, thatis, DU(192, 320).

The sampled network delays 74k and 7., may not satisfy the two conditions.
Thus, in the simulations, if 75, < 0, then T 41 = Tsex — A + 0 and if T < 0, then
Teak+1l = Tcak — '%sc,k + 0.
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