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Abstract

Decision-making process subject to multiple aspects of uncertainty is known as Decision-Making
under Deep Uncertainty (DMDU). To support this process, exploration methods are used to eval-
uate the performance of candidate policies in possible scenarios, in order to identify a robust plan
that performs satisfactorily in any future. These methods show complementarity, hence joint use
of them can improve the overall DMDU performance. The main aim of this project is to intro-
duce Reinforcement Learning as a new exploration method into DMDU, and further complement
the existing methods with it. This is motivated by the suitability of Reinforcement Learning for
handling uncertainty due to its real-time policy adaptability. We first reviewed existing studies and
identified three Reinforcement Learning algorithms applicable in DMDU, as well as two baseline
Evolutionary Algorithms that have already been applied in DMDU. Then, we constructed a com-
mon environment to compare these algorithms in an uncertainty problem and two deep uncertainty
problems. Our experiments empirically showed the viability of this introduction. Meanwhile, they
reflected the complementarity between Reinforcement Learning and Evolutionary Algorithm. The
former generally provided higher efficiency and robustness to parameter uncertainty, and could
handle random initial states. The latter performed better in dealing with objective uncertainty, and
was less sensitive to the randomness of the exploration process. Moreover, we also demonstrated
the application of these methods in a real-world problem in the last experiment, and investigated
how the high complexity of the problem affected their performance. Overall, this project also re-
vealed the differences in characteristics of domain problems and algorithms in the Reinforcement
Learning area and DMDU field, which contributed to inspiring possible directions for future robust

planning research in them.
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scenario set in this problem. We believed this set size was reasonable, compared

with the set of size 5 used in [65] and the set of size 15usedin [18]. . ... .. ..

Stabilization analysis results for the complex-objective robust Cartpole problem
with fixed initial state. It can be observed that for most policies, the robustness

metrics for utility and reliability stabilized at around 100 scenarios. So we chose

this number as the size of the training scenario set in this problem. . . . . . . . ..

Stabilization analysis results for the complex-objective Lake problem. It can be
observed that for most policies, the robustness metrics for utility and reliability

stabilized at around 200 scenarios. So we chose this number as the size of the

training scenario setin this problem. . . . . . . ... ... Lo

Stabilization analysis results for the multi-objective Lake problem. It can be ob-
served that for most policies, the robustness metrics for utility and reliability stabi-

lized at around 200 scenarios. So we chose this number as the size of the training

scenario setin this problem. . . . . . . . . ... oL oL oL

Stabilization analysis results for the Electricity Market problem. It can be observed
that for most policies, the robustness metrics for price-reduction and emission-

reduction stabilized at around 200 scenarios. So we chose this number as the size

of the training scenario set in this problem. . . . . . . . .. .. ... ... ...

17

146



Chapter 1

Introduction

1.1 Introduction

In the context of decision-making, uncertainty implies the gap between available information and
that required by decision-makers to make the optimal policy decisions [1]. Many real-world plan-
ning applications, such as Energy Transitions [2], Societal Aging [3], Water Management [4, 5],
and Climate Change [6], involve such gaps in aspects of model, parameter, and objective, which
can hardly be eliminated until the future unfolds. These conditions are characterized as deep un-
certainty, where decision-makers need to develop robust plans that not only maximize the goals,
but also perform satisfactorily in any possible future [7].

Nowadays, many Decision-Making under Deep Uncertainty (DMDU) approaches have been
proposed, which specify appropriate planning processes to develop robust plans in deep uncer-
tainty problems [6]. These approaches are centered on exploration to identify a set of static poli-
cies, which are fixed sequences of actions, to deal with various possible futures. Then, decision-
makers can adjust their plans accordingly during deployment. Existing DMDU exploration meth-
ods include Multi-Objective Robust Evolutionary Algorithm (MOREA) [4, 8], Info-Gap Analysis
[9], and Scenario Discovery [10]. Each method has its own strengths and weaknesses. MOREA
works by systematically exploring the performance of candidate policies in possible futures. The-
oretically, this thoroughness guarantees identifying highly robust policies, but also brings a high
computational cost [11]. Info-Gap Analysis reduces this cost by only considering a set of pro-
gressively more opportune and dire possible futures [12]. In contrast, Scenario Discovery derives
a signpost (signal that reality deviates from the assumption) to guide the policy design by ana-
lyzing the vulnerabilities of current policies. This method is also less computationally intensive,
but cannot provide the same robustness as MOREA either [11]. Previous studies have argued
the complementarity between these methods [11, 12]. First, the results from MOREA and Sce-

nario Discovery provide complementary information on the performance of candidate policies in
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less extreme futures for Info-Gap Analysis. Second, since Info-Gap Analysis employs the most
lightweight exploration, it can be applied to streamline the candidate policy space in MOREA
and Scenario Discovery to promote their exploration efficiency. The robustness curve produced
in Info-Gap Analysis also complements the others with useful visualizations. Lastly, the signpost
derived by Scenario Discovery provides insights into candidate policies, which can in turn guide
the exploration of MOREA and Info-Gap Analysis. For these reasons, joint use of these methods
is recommended in DMDU approaches to improve their efficiency and the robustness of resulting
plans in different aspects. Given this finding, we believe that introducing a new exploration method
can be beneficial by further complementing the existing ones.

Reinforcement Learning (RL) is another typical exploration method for decision-making, which
produces policies through agents learning from interactions with environments [13]. Compared
with the existing DMDU exploration methods, the main difference of RL is that its output policy
is a function that maps actual observations of the environment to actions in real-time, rather than
a fixed sequence of actions. To distinguish between these two types of policies, we will refer to
them as dynamic and static policies respectively in the rest of this thesis. Researchers believe that
this inherited real-time control allows the RL policy to automatically adapt to the actual situation
during deployment, thereby providing higher efficiency and robustness in dealing with uncertainty
[14]. Therefore, we think that RL may be able to complement the existing DMDU exploration
methods.

However, to the best of our knowledge, no existing research has studied the application of RL
in DMDU. This might be because traditional RL algorithms are built on deterministic models,
and mainly designed for optimization rather than robustness problems [13, 15, 16]. With more
applications of RL in complex, high-stakes problems, their robustness has been emphasized and
drawn more attention from the research community. Recently, great progress has been made in
the areas of Multi-Objective RL (MORL) [17] and Robust RL [16]. With these algorithms shown
well-performed in decision-making under different uncertainties, we decide to introduce their inte-
gration, Multi-Objective Robust Reinforcement Learning (MORRL), as a new exploration method

into DMDU, and evaluate its complementarity with the existing methods.

1.2 Aims

There are two general research questions to be answered in this project:
* Can MORRL be applied as an alternative exploration method in DMDU approaches?

* What are the strengths, weaknesses, and complementarity of MORRL in terms of efficiency

and robustness to deep uncertainty, compared with the existing DMDU exploration methods?
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To answer these questions, we implemented two MOREAs as baselines, representing the existing
DMDU exploration methods, and three MORRL algorithms as candidates. Then, we compared
their performance in an uncertainty problem (one uncertainty aspect) and two deep uncertainty

problems (multiple uncertainty aspects) with the following aims guiding our investigations:

* Design a general model interface for model implementations of MOREA and MORRL, and
a general DMDU process for their applications in deep uncertainty problems. These tools
also serve as the common environment for comparison. This step not only enhances the

fairness of comparison, but also demonstrates how to apply MORRL in DMDU.

* Empirically show the viability of applying MORRL as an alternative exploration method in
DMDU approaches. To achieve this, the MORRL algorithms must be able to support the
exploration processes in our experimental deep uncertainty problems, while satisfying the
two requirements for DMDU: (1) accept, understand and manage uncertainties; (2) adjust

plans adaptively as the future unfolds.

* Compare the efficiency and robustness to deep uncertainty of the MORRL algorithms and
MOREA s to investigate their complementarity.

* Investigate the differences in characteristics of domain problems and algorithms in the MORRL
area and DMDU field, in order to inspire possible directions for future robust planning re-

search in them.

Additionally, we also set three secondary aims:

* Demonstrate how to apply the general model interface and DMDU process we design to a

real-world deep uncertainty problem.

* Investigate how the high complexity of this real-world problem affects the performance of
the MORRL algorithms and MOREAs in DMDU.

* Compare the performance of different MORRL algorithms in uncertainty and deep uncer-
tainty problems. Since MORL and Robust RL are novel research areas, no previous study

has compared these algorithms before.

1.3 Case Studies

To answer our research questions, we used the following three problems and their variants as case

studies to compare our algorithms: robust Cartpole problem, Lake problem, and Electricity Market
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problem. All these problems have their publicly available open-source implementations, which we
refer to as their source models. This greatly facilitated our experiments.

The robust Cartpole problem is a benchmark problem in the Robust RL area, which describes an
inverted pendulum system where decision-makers need to decide forces applied to it to prevent the
pendulum from falling over as long as possible [18]. This problem involves parameter uncertainty
only, but puts a high requirement on the real-time policy adaptability. We used it to compare the
algorithm performance in dealing with parameter uncertainty and study the difference between
dynamic and static policies. Meanwhile, a visualization tool for this problem is available, which
helped us explain our findings.

The Lake problem is a domain problem in the DMDU field, where decision-makers need to
decide annual pollution emissions into a lake to maximize economic benefits while avoiding lake
eutrophication [19, 20]. This problem involves both parameter and objective uncertainty, which we
used to investigate the algorithm performance in handling deep uncertainty. Additionally, we also
compared this problem with the robust Cartpole problem to study the difference between standard
domain problems in the Robust RL area and DMDU field, in order to identify the gap between
their robust planning research.

The Electricity Market problem is a real-world deep uncertainty problem, where decision-
makers need to decide policies to simultaneously minimize electricity prices and greenhouse gas
emissions in the Australian National Electricity Market. This problem also involves both parameter
and objective uncertainty. We used it to demonstrate the application of our algorithms in such a
real-world problem with high complexity and deep uncertainty, and investigate their performance

in this case.

The rest of this thesis is organized as follows: Chapter 2 reviews current advances on decision-
making under uncertainty in the DMDU field and RL area. Based on this review, we determined the
MOREAs and MORRL algorithms to be compared in this project. Chapter 3 describes the overall
plan of our experiments, which reflects the general DMDU process we designed for MOREA and
MORRL. This chapter also provides sufficient implementation details to support the reproduction
of our experiments. Chapters 4, 5, and 6 respectively present our experimental results and analyses
in the robust Cartpole problem, Lake problem and Electricity Market problem. Finally, Chapter 7
summarizes our findings, discusses the strengths and weaknesses of this project, and proposes our

suggested future directions for this research area.
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Chapter 2
Literature Review

Extensive research has been conducted in the DMDU field and RL area to support decision-making
under uncertainty. In this chapter, we first give background information about DMDU and intro-
duce the MOREAs used in the existing DMDU approaches. Then, we introduce RL, review various
ideas and corresponding implementations of MORL and Robust RL, and discuss their applicability
in the context of DMDU. Based on this review, we eventually selected two MOREAs as baselines
and three MORRL algorithms as candidates for comparison in our experiments to answer our re-
search questions. Figure 2.1 outlines the important concepts of exploration methods covered in

this chapter.

2.1 Decision-Making Under Deep Uncertainty

Decision-making problems under deep uncertainty refer to conditions where stakeholders cannot

determine

‘(1) the appropriate conceptual models that describe the relationships among the key
driving forces that will shape the long-term future, (2) the probability distributions
used to represent uncertainty about key variables and parameters in the mathematical
representations of these conceptual models, and/or (3) how to value the desirability of

alternative outcomes [21].’

In this thesis, we refer to these uncertainties as model uncertainty, parameter uncertainty, and
objective uncertainty respectively. The traditional approach to solve these problems is to predict the

most probable future through gathering more information, such as statistical analysis of historical
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Figure 2.1: Important concepts of exploration methods covered in Literature Review.
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data, and develop a static optimal plan accordingly. This approach is usually termed ‘predict-then-
act’ [22-24]. By reducing non-deterministic problems to deterministic ones, this approach allows
applying regular optimization planning processes to solve deep uncertainty problems. However,
this approach has been criticized for three limitations [7]. First, the assumption that the future
closely relates to the past is not always correct. Many uncertain factors cannot be predicted until the
future unfolds [6]. Second, its static plan cannot adapt to new situations. If the actual future differs
from the predicted one, this plan may still fail [25, 26]. This risk can be unacceptable in many

high-stakes problems [27]. Lastly, this static plan may also miss unseen opportunities, and thus



fail to maximize its actual performance. For these reasons, two requirements for making robust
plans under deep uncertainty have been drawn that decision-makers should (1) accept, understand
and manage uncertainties [7], and (2) adjust their plans adaptively as the future unfolds [6, 28].
These requirements are also considered as the major challenges in DMDU due to its large, complex

uncertainty space.

2.1.1 Decision-Making Under Deep Uncertainty Approaches

Due to the nature of deep uncertainty problems, there is often a myriad of assumptions and mod-
els consistent with known facts when decision-making [7]. Researchers argue that exploratory
model-based approaches are well suited to support this process [29]. These approaches provide
robustness by exploring the performance of candidate policies across the uncertainty space and
adjusting plans accordingly during deployment. Existing DMDU approaches generally adopt this
idea, and are empirically shown valuable for planning in systems with deep uncertainty, high com-
plexity and large policy space [6], such as Robust Decision Making [10, 30], Dynamic Adaptive
Planning [31, 32], Dynamic Adaptive Policy Pathways [28], and Info-Gap Decision Theory [9,
33]. Figure 2.2 shows their general framework. In this project, we chose to mainly focus on the
exploration process in this framework because it plays an essential role in meeting the two require-
ments for DMDU and thereby providing robustness. We also excluded the cycling process due to
the time limit. As mentioned previously, many complementary DMDU exploration methods exist,
among which MOREA is the most widely used. It is also mainly computer-based, hence requiring
less involvement of expert knowledge [11]. For these reasons, we selected MOREA as the base-
line, representing the existing DMDU exploration methods to be contrasted with MORRL in our

experiments.

2.2 Multi-Objective Robust Evolutionary Algorithms

2.2.1 Evolutionary Algorithms

Evolutionary Algorithm (EA) is a general optimization method inspired by Darwinian’s natural
evolution [34]. EA generally works as follows. First, an objective function is defined to evaluate
the quality of each solution, called ‘fitness function’. Then, EA randomly samples a set of candi-
date solutions from the solution space, which forms the first-generation population Py. After that,
for each generation population 7, some solutions with the highest fitness are selected, and then op-
erated to produce the next-generation population | using some recombination operators, such

as mutation, recombination, and inheritance. This process continues until the fitness of the last
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Figure 2.2: Framework of DMDU approaches, adapted from [6]. These approaches generally
consist of three iterative steps. The first step is the conceptualization of the decision-making
problem. At this stage, decision-makers cooperate with other stakeholders to define the context,
system structure, alternative policies, objectives and uncertainties of the problem based on their
expert knowledge. The second step is exploration. The performance of the policies is assessed
across various possible futures arising from the uncertainties to evaluate their robustness. This
process is often supported by exploratory analysis using computational experiments. Finally,
decision-makers select an initial optimal robust policy based on the exploration results and mon-
itor its deployment so that they can adaptively adjust the plan as the plan progresses. Moreover,
according to the nature of deep uncertainty, more information can be gathered to reduce the un-
certainty as the future unfolds. Therefore, the practical application of these approaches often
involves cycling through these steps to refine the problem and the plan as new opportunities or
vulnerabilities appear [6, 28].

generation solutions is good enough. Recently, EA has become very popular because of its sev-
eral strengths [35]. First, EA is conceptually simple and can be used with little expert knowledge.
Second, most processes in EA perfectly support parallelization, which enhances its efficiency. Fi-

nally, EA provides high flexibility, hence applicable to various optimization problems, especially

for those where available information is imperfect.

2.2.2 Multi-Objective Evolutionary Algorithms

The problem under objective uncertainty, also known as the multi-objective problem, involves
multiple objectives, where the true weight of each objective is unknown [36]. Therefore, there is

a set of solutions that outperform all others regarding at least one objective. These solutions are
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known as Pareto-optimal or non-dominated solutions. Since the dominance of these solutions can-
not be determined without further information, multi-objective optimization methods are expected
to provide decision-makers with as many Pareto-optimal solutions as possible for reference [37].
To deal with this uncertainty, two Multi-Objective Evolutionary Algorithms (MOEAs), namely
NSGA-II [37] and Borg [38], have been proposed and used in the existing DMDU approaches [8,
11]. Compared with other traditional methods, the main advantage of MOEAs is that they can

identify multiple Pareto-optimal solutions in one run, thereby providing higher efficiency [37].

Non-Dominated Sorted Genetic Algorithm II

Non-Dominated Sorted Genetic Algorithm II (NSGA-II) is one of the most famous MOEAs [8].
On the basis of ordinary EA, NSGA-II mainly makes two improvements [37]. First, it introduces a
fast non-dominated sorting into its selection process, where the solution in each generation popula-
tion A is first ranked based on its fitness on each objective, and then sorted based on all its ranks for
selection. In this way, NSGA-II can simultaneously maintain and evolve multiple non-dominated
solutions, providing various preferences between the objectives in one run. Second, NSGA-II em-
ploys elitism, which is a strategy that allows the traits of the most fitting solutions to be copied to
the next generation. Elitism has been shown able to promote the evolutionary process [39].

Deb et al. compared the performance of NSGA-II with two other MOEAs, namely Pareto-
archived Evolution Strategy [40] and Strength-Pareto EA [41], in nine testing problems [37]. Their
experimental results showed that NSGA-II provided the best convergence to the Pareto-optimal set
in seven out of the nine problems. NSGA-II also outperformed the other two in terms of the number

of identified Pareto-optimal solutions and the diversity of these solutions in all the problems.

Epsilon-Dominance Non-Dominated Sorted Genetic Algorithm IT

To further improve the reliability, efficiency and convenience of NSGA-II, follow-up studies pro-
posed Epsilon-Dominance Non-Dominated Sorted Genetic Algorithm II (6-NSGA-II) [36]. This
algorithm further makes three improvements on the basis of NSGA-II. First, it introduces the con-
cept of e-dominance [42], which allows users to define precision for each objective of the problem.
Users first need to specify an €-value for each objective. After that, an &-grid is generated, where
each e-value determines the grid width in the corresponding objective dimension. Solutions are
then ranked and sorted according to this grid during evolution. In this way, e-NSGA-II promotes
solution diversity and simplifies the way of handling problems with objectives of different scales.
Second, e-NSGA-II employs adaptive population resizing. This algorithm starts with a small pop-
ulation, and automatically adapts the population size to the problem complexity to enhance the

efficiency. This adaptation is achieved through a 25% injection scheme. For every generation, the
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identified €-non-dominated solutions are stored in an €-dominance archive. Then, these solutions
will form 25% of the subsequent population to direct the search, while the remaining 75% of solu-
tions will be randomly generated to encourage exploration. This scheme achieves both elitism and
a balance between exploration and exploitation. Finally, if there is no obvious improvement be-
tween the last two consecutive generations, e-NSGA-II will automatically terminate to minimize
the computational cost.

Kollat et al. compared the performance of e-NSGA-II and NSGA-II in long-term groundwater
monitoring test cases with four or two objectives, respectively [36]. Their experimental results in
the four-objective case showed that e-NSGA-II outperformed NSGA-II in terms of accuracy, con-
vergence, and stability to randomness. More importantly, E-NSGA-II maintained this superiority
throughout the entire exploration process, which meant it was also more efficient. Nevertheless,
these two algorithms provided comparable solution diversity in this four-objective case, as well as

similar performance in all aspects in the two-objective case.

Due to these advantages of NSGA-II and e-NSGA-II, Kwakkel et al. successfully applied NSGA-
IT as the exploration method in an existing DMDU approach [8]. In addition, Kwakkel also im-
plemented e-NSGA-II as the default exploration method in Exploratory Modelling and Analysis
(EMA) Workbench [43], which provides a toolkit to support exploration in DMDU and will be
introduced in detail in Chapter 3. However, an existing study has shown that the performance of
NSGA-II can be compromised in specific problem classes [44]. Therefore, Kwakkel et al. sug-
gested a more modern MOEA, Borg, for providing better performance characteristics in DMDU

approaches [8].

Borg

Borg is a state-of-the-art MOEA, which has been shown to be one of the best genetic algorithms
for multi-objective problems [38, 44]. It has also been applied in the same DMDU approach as
NSGA-II [11], and implemented as an alternative exploration method in EMA Workbench.

Borg (Algorithm 1, Figure 2.3) [38] is mainly built on e-MOEA [45], and makes the following
improvements based on ordinary EA: (1) Borg adopts €-dominance as €e-NSGA-II, and deals with
objective uncertainty by evolving the population F; and the e-dominance archive E; simultane-
ously; (2) Borg also adopts adaptive population resizing to maintain a fixed population-to-archive
proportion ¥ (for example, y=4 in e-NSGA-II), which has been observed helpful for avoiding local
minima in multi-modal problems [46]; (3) Borg uses &-progress to indicate evolutionary stag-
nation; (4) Borg adopts auto-adaptive recombination, which automates the selection of optimal
recombination operators for different problems. To achieve this, Borg holds a group of candidate

operators, and maintains a feedback loop to monitor and reward those producing more accepted
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child solutions. These rewarded operators will be used to produce more children in subsequent
generations. Borg is highly efficient, because it does not require expensive sorting, and its working

process also supports parallelization well [38].

Algorithm 1 Borg, adapted from [38]
Require: Updating period 7', Population-to-archive proportion y
1: Randomly sample the first generation population Py from the solution space, and generate an
e-dominance archive E(y with the €-non-dominated solutions from Py, where the size of Ej is
determined by y

2: fort =0,..Ndo
3: Select a recombination operator O according to the auto-adaptive recombination procedure
4: Assume O requires k parents, select k — 1 parents from P, and one parent from E;
5: Recombine these k parents using O to produce a child solution s;
6: if s; dominates any solution in 7; then
7: Replace one of these solutions in P, with s;
8: else
9: if s; is not dominated by any solution in P then
10: Replace a random solution in £ with s;
11: end if
12: end if
13: Remove all solutions dominated by s; from E;
14: if s; is not dominated by any solution in E; then
15: Add s; to E;
16: Increase the occurrence of €-progress by 1
17: end if
18: if 7 is divisible by T then
19: if the counter of e-progress has not changed from the last check OR the current
population-to-archive proportion deviates ¥ more than 25%) then
20: Resize P, by refilling it with the solutions in E; and their mutations
21: end if
22: end if
23: end for

2.2.3 Multi-Objective Robust Evolutionary Algorithms

To support exploration in deep uncertainty problems, which involve a mixture of model, parameter,
or objective uncertainties, previous studies have extended MOEAs to MOREAs as the exploration
methods by using a computational scenario-based approach [8, 11]. This approach first requires
decision-makers to generate an ensemble of possible scenarios that covers the model and parameter
uncertainty space of the problem. Each scenario describes a possible assumption about all the

uncertain factors. In this case, the robustness of a policy is measured as to its performance over
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Figure 2.3: Borg flowchart, adapted from [38]. The bubbles around Recombination refer to
different recombination operators.

the entire ensemble, and is often operationalized as some robustness metrics (for example, 107"
percentile performance). Then, decision-makers measure the fitness of each policy according to
its robustness on each objective arising from the objective uncertainty independently, and use this
result to guide the MOEAs. In this way, ordinary NSGA-II, e-NSGA-II and Borg can be directly

used as MOREAs to screen out a set of robust Pareto-optimal static policies in one run.

2.3 Reinforcement Learning

RL is another typical optimization method. Like EA inspired by biological evolution, RL is in-
spired by the most common learning process for humans or animals, which is learning by interact-
ing with the environment [13]. RL is mainly composed of two components, agent and environment.
Agent represents the decision-makers in decision-making problems, who have some actions to ap-
ply. Environment represents the system with which the agent interacts. Additionally, the learning
process of RL is based on a standard problem formalization, named Markov Decision Process
(MDP) [15, 47]. We propose Figure 2.4 to show the process of decision-making with offline RL.
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Figure 2.4: Framework of decision-making with offline RL. This framework consists of three
steps: (1) Conceptualize the problem as a MDP model; (2) Learn an optimal dynamic policy
through exploration following the RL algorithm; (3) Adaptively deploy actions according to the
current system state and the resulting dynamic policy.

2.3.1 Markov Decision Process

MDP is a mathematical formalization of a stochastic process of sequential decision-making [13].
The MDP of a problem can be represented as a tuple {S,A, P(-|s,a),r}. S is a finite set of model
states, called state space. Each state s is described by a set of state variables, whose corresponding
values form the observation of s. A(s) is a finite set of actions available from s, where taking an
action will transfer the agent to another state. P(:|s,a) is the transition probability distribution of
taking action a from s, and arriving at other states. These distributions deterministically specify the
stochasticity of state transitions in the problem, which is conceptually different from uncertainty.
Each transition (s,a,s’) of the agent taking a from s to s’ is associated with a reward r(s,a,s’),
where r is called reward function. These rewards can be positive or negative real values, and are

designed to reflect the objective of the problem to guide the learning process.

2.3.2 Learning Process

The learning process of RL involves many episodes, through which the agent gradually learns a
value function that estimates the expected return of applying each action a in each model state s.

These estimates are called Q-values Q(s,a) and this function is known as Q-function Q(-) [13].
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The Q-function starts with random values. In each episode, the agent takes a sequence of actions
to move from the initial model state to a terminal state. Taking an action a will transfer the agent
from its current state s; to the next s, according to P(-|s;,a), and give it a reward r(s;,a,s;41).
Then, the agent will treat the weighted sum of r(s;,a,s;+1) and max(Q(s;+1,-)) as a more accurate
estimate of Q(s;,a) to update the Q-function. Moreover, the sequence of collected observations,
applied actions and received rewards in the episode forms the corresponding trajectory. During this
learning process, the agent both exploits what it has experienced to try actions with high expected
returns more frequently, and explores alternative actions to avoid stuck with local minima. This
balance is achieved with Multi-Armed Bandit Algorithms [48—50]. This process continues until
the Q-function converges to optimal or pre-defined computational budgets are used up [13]. Then,
the final dynamic policy is extracted from the resulting Q-function, by mapping each model state
to the action with the highest Q-value. In this sense, the essence of the learning process in RL is to

learn the optimal estimate of the true expected return of each state-action pair.

As another typical optimization method in recent years, RL has its own strengths. First, model-
free RL can learn from interactions with simulation models instead of true models. This feature
makes RL very useful when the system is too complex to model, but a great amount of data on
its historical interactions is available [S1]. Second, RL can implicitly provide a certain degree of
robustness to uncertainty due to the inherited real-time control of dynamic policies, which naturally
adapt their actions to actual environmental states in real-time. These policies can also deal with

unseen futures, if some similar states have been visited during the learning processes [13].

2.4 Multi-Objective Reinforcement Learning

As introduced in Section 2.2.2, the main feature of the problem under objective uncertainty is
that a set of Pareto-optimal solutions exists, and multi-objective optimization methods are required
to find as many of these solutions as possible. To achieve this, there are currently two ideas for
MORL, which are Single-Policy MORL and Multi-Policy MORL.

2.4.1 Single-Policy Multi-Objective Reinforcement Learning

For a multi-objective problem, the single-policy MORL algorithm requires a specific preference
between the objectives as input, and learns a single optimal policy accordingly [52]. This prefer-
ence must be pre-defined based on decision-makers’ expert knowledge of the domain. In this way,
this algorithm actually reduces the multi-objective problem to a single-objective one by ‘predict-

ing the most probable future’. Most MORL algorithms adopt this idea. To reduce the objective
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uncertainty space, a common approach is to define the preference through a linear scalarization of
the objectives. Decision-makers first predict the weight of each objective, and then define the re-
ward function for RL as the weighted sum of rewards gained on each objective [17, 53]. However,
as a ‘predict-then-act’ approach, we argue that single-policy MORL is not suitable for supporting
DMDU, because it suffers from the three limitations (Section 2.1).

2.4.2 Multi-Policy Multi-Objective Reinforcement Learning

To overcome this shortcoming, multi-policy MORL has been proposed to produce multiple Pareto-
optimal solutions simultaneously [17, 54]. To achieve this, decision-makers first need to identify
all possible preferences between the objectives arising from the objective uncertainty of the prob-
lem. Then, the multi-policy MORL algorithm will learn multiple policies targeted at each of these
preferences in parallel. This idea can be considered as the parallelization of multiple single-policy
MORL algorithms with different objective preferences. Although multi-policy MORL has been
shown able to approximate the true Pareto-optimal set efficiently, it still requires prior prediction

of possible objective preferences from the decision-maker [17].

2.5 Robust Reinforcement Learning

With more applications of RL in decision-making under uncertainty, the real-time adaptability of
dynamic policies alone can no longer provide sufficient robustness to uncertainty. Recently, many
ideas for Robust RL have been proposed [18]. In this section, we review four of these ideas and

their corresponding implementations, which we think are applicable to deep uncertainty problems.

2.5.1 Robust Optimization

Dietterich [55] summarizes eight ideas for Robust Artificial Intelligence. Two ideas suitable for
applying Robust RL for exploration in DMDU are Robust Optimization and Risk-Sensitive Objec-
tives.

The main idea of Robust Optimization is to provide robustness by maximizing the worst-case
policy performance [56]. This idea is conceptually simple, but Dietterich argues that it often leads
to overly conservative policies, which may perform poorly in other possible cases [55]. Therefore,
decision-makers should take measures to mitigate this conservativeness.

The implementation of this idea with RL is mainly built on an extension of MDP, called Robust
Markov Decision Process (RMDP) [57]. RMDP is extended to describe the model and parameter

uncertainty. Compared with standard MDP, the transition distribution P(-|s,a) for each state-action
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pair (s,a) is not deterministically defined in RMDP. Instead, a set of possible distributions arising
from the problem uncertainty is given ‘P(s,a) = {Py(+|s,a),Pi(+|s,a),...}. This definition implies
that RMDP describes uncertainty for each state-action pair independently. This characteristic is
called state-action rectangularity [18].

Many algorithms have been proposed to solve RMDP. The earliest examples are Value Itera-
tion and Policy Iteration [56, 58—60]. The Q-functions in these algorithms record Q-values in the
form of a lookup table, where the agent must try each action in each state enough times to estimate
the Q-value of each state-action pair explicitly during the learning process. Therefore, these algo-
rithms have poor scalability and do not support continuous state space, hence unsuitable for deep
uncertainty problems that often have high complexity. For the same reason, other poorly scalable
algorithms were also excluded from our experiments [61-64]. Robust Temporal Difference Deep
Q-Network (RTD-DQN) employs a Q-function approximator to provide scalability, but it takes no
measure to mitigate the conservativeness [65]. Recently, two algorithms have been proposed to
overcome these shortcomings by integrating RTD-DQN with other algorithms, namely Deep-RoK
[65] and DQN-URBE [18]. Since the implementation of Deep-RoK is unavailable, we chose Deep
Q-Network Uncertainty Robust Bellman Equation (DQN-URBE) as our first Robust RL algorithm

for comparison in this project.

Deep Q-Network

Compared with the lookup table used in regular RL, Deep Q-Network (DQN) uses a deep neural
network as an approximator of the Q-function (Figure 2.5) [66]. This network contains an input
layer, an output layer, and several hidden layers. Each node in the input layer corresponds to
a state variable, and each node in the output layer corresponds to an action option. Moreover,
every node and connection in this network is associated with a weight. For each model state s,
the observation of s is used as the input signal, and processed through the network according to
the node and connection weights until reaching the output layer. Then, each output-layer node
n; would produce the estimated Q-value Q(s,a;) of applying the corresponding action g; in s as
output. Unlike regular RL learning the Q-value of each state-action pair, DQN learns the weights
of the network components and uses the final network as its resulting policy. In this case, the
DQN policy is applicable in unseen states if the agent has learned from some similar ones. It also
supports continuous state space because the network accepts real-number inputs. Hence, DQN
provides high scalability. A shortcoming of standard DQN is that it does not support continuous
action space, because its network has finite output nodes, each of which corresponds to one action

option.
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Figure 2.5: Neural network architecture in DQN.

Robust Temporal Difference Deep Q-Network

RTD-DQN maintains its neural network as an approximator of the robust Q-function, which esti-
mates the worst-case return of each state-action pair in the uncertainty problem [65]. This network
is updated by learning from the worst independently at each step based on the underlying RMDP.
During the learning process, whenever the agent takes an action a; in a state s;, it will move to
the next state s, and receive a reward r; as in standard MDP. Here, both s, and r; are derived
from the unknown true MDP model. Meanwhile, the agent will also consider all possible transi-
tion distributions P(s;,a;) = {Pi(s!, ||s;,a;)}, and their corresponding next states {s!_}. Finally,

min

7",+)), where

the agent will update the network based on the weighted sum of r, and max(Q(s
st = argming. {51} (max(Q(s',-))), hence considered as the worst case.

Uncertainty Bellman Equation

Uncertainty Bellman Equation (UBE) is built on the concept of Bayesian RL, where the Q-function
estimates the posterior distribution over each Q-value rather than the value itself [67]. O’Donoghue
et al. proved that the variances of these distributions are bounded, whose boundaries can be learned
in the same way as the Q-values [68]. Since true posterior distributions are often intractable to
learn, they designed the UBE algorithm to learn to approximate them. For each state-action pair
(s,a), the agent simultaneously learns the standard Q-value Q(s,a) and the variance boundary
u(s,a) of the posterior distribution D(s,a), and approximates D(s,a) as a Gaussian distribution
N(Q(s,a),diag(u(s,a))). These approximated distributions reflect the potential true Q-value of
each state-action pair, so O’Donoghue et al. suggested them as a good exploration heuristic to
guide the learning of RL. Their experimental results showed that DQN with UBE (DQN-UBE)
outperformed DQN with e-greedy [13], which is the most common Multi-Armed Bandit Algo-

rithm, in 51 out of 57 test cases. They explained that the former provided more accurate estimates
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of variances in the Q-function, thus guiding more reasonable exploration trajectories during the

learning process.

Deep Q-Network Uncertainty Robust Bellman Equation

To mitigate the conservativeness of RTD-DQN, Derman et al. proposed DQN-URBE by integrat-
ing RTD-DQN with UBE [18]. Figure 2.6 shows the neural network architecture in DQN-URBE.

This network contains one input head and two output heads. The upper output head learns to

Input Hidden Robust
layer layers Q layer

Q(s,a3) Y Control

¢~ -N’(Q("": 2, U(s,.))
a' = arg L Ch

Observation s URBE

layer

Uls,aq)

Uls,az)

L W N, Wy
>

Figure 2.6: Neural network architecture in DQN-URBE [18].

approximate the robust Q-function as RTD-DQN, while the lower head learns to approximate vari-
ance boundaries in this robust Q-function as UBE. Algorithm 2 describes the learning process of
DQN-URBE. At each step ¢ of an episode, the agent in state s; feeds its observation o; into the
network N to estimate the robust Q-value Q(s;,a;) and its posterior variance boundary approxi-
mation U (s;,a;) for each action a; available from s,. Then, for each state-action pair (s;,a;), the
agent approximates its true posterior distribution as N(Q(s;,a;),U (ss,a;)), and applies Thompson
sampling [69] over it to approximate the potential true Q-value of (s;,a;). By selecting the next
action a’ greedily accordingly, the agent is expected to maximize the potential gain in the next step.
In this way, the DQN-URBE agent is encouraged to explore less extreme scenarios so that a less
conservative policy can be produced. As in RTD-DQN, taking a’ will also transfer the DQN-URBE

agent to the next state s, and give it a reward r; deterministically according to the unknown true
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MDP model, which DQN-URBE assumes as the nominal one, and estimate the worst-case next
min

state S

for updating. The network update process is the same as in RTD-DQN and UBE.

Algorithm 2 DQN-URBE, adapted from [18]

Require: Neural network N, Thompson sampling hyperparameter 3
1: for episode k = 1,... do
2 Initial model state s¢ and its observation og
3: fort=0,..T-1do > For each step
4 Feed current o; of s; into N to compute Q(s;,a;) and U (s;,a;) for each action a; avail-
able from s;

5: Sample {,, ~ N(0, 1) for all g;

6 d =argmax,, (Q(s,a) + Bl /Ulsa))
7: Take o and observe (s;41, 7,5/

8: Update N by using RTD-DQN and UBE

9: end for
10: end for

The experimental results of Derman et al. showed that DQN-URBE outperformed standard
DQN and RTD-DQN in three simple uncertainty problems [18]. In these problems, standard DQN
followed the ‘predict-then-act’ approach and provided the worst robustness. It worked the best
only if the actual scenario was sufficiently similar to the predicted one. Otherwise, its performance
was greatly compromised. RTD-DQN was the most stable to uncertainty, but its conservativeness
prevented it from performing well in any scenario. Compared with them, DQN-URBE achieved
the best trade-off between average performance and stability to uncertainty, thus providing the
highest robustness. Nevertheless, a shortcoming of their experiments was that they did not test
these algorithms in more complex problems.

The main shortcoming of DQN-URBE is that its computational tractability relies on the state-
action rectangularity assumption in RMDP [18], where the uncertainty for each state-action pair
is described independently [57]. This assumption allows the agent to learn from trajectories of
incompatible worst cases, which can result in overly conservative policies. Although some exist-
ing algorithms that implement Robust Optimization have circumvented this assumption, they are

inapplicable in deep uncertainty problems because of their poor scalability [63, 64].

2.5.2 Risk-Sensitive Objectives

The second idea introduced by Dietterich is Risk-Sensitive Objectives [55]. This idea is to take
a risk-measure of the policy performance over an ensemble of possible scenarios as the objective
for RL to learn robust policies [70], which is similar to the scenario-based approach introduced in

Section 2.2.3. Common risk-measures include Value-at-Risk, Conditional-Value-at-Risk (CVaR),
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and variance [71], among which CVaR is one of the best and most popular measures for decision-
making problems with MDPs [55]. Therefore, we only focused on this measure in this project.
CVaR is defined as follows. Given a policy performance distribution over the scenario ensem-
ble arising from the model and parameter uncertainty of the problem Z, CVaR(«) equals to the

expected value of Z, conditioned on o' percentile v, of Z [72].
CVaR(a) =E [R|R < vq]

Compared with Robust Optimization, Robust RL with a CVaR objective is often less conservative
because it aims to maximize the expected policy performance in a range of worst cases. Neverthe-
less, the main shortcoming of this idea is that it cannot handle unquantified uncertainties [73].
Previous studies have proposed many algorithms to support Robust RL with a CVaR objective.
Chow et al. investigated Value Iteration [71]. However, this algorithm is inapplicable in deep
uncertainty problems because of its poor scalability, as we discussed before. Other works also
studied Policy Gradient or Distributional RL [72, 74, 75]. Since these algorithms all assume that
there is a single true MDP model describing all uncertainties, we argue they are also inapplicable
in DMDU. Sharma et al. relaxed this assumption by building their algorithm on a distribution over
possible scenarios [73]. However, this distribution must be discrete to guarantee the computational
tractability of their algorithm. In contrast, EPOpt by Rajeswaran et al. only requires a scenario
ensemble as input, therefore more suitable for supporting exploration in DMDU [76]. Moreover,
Pinto et al. eliminated the need for these inputs by introducing the concept of adversarial RL
[77]. During the learning process of their algorithm, a regular agent and an adversarial agent are
trained simultaneously. The latter learns to control all uncertain factors of the problem to generate
percentage worst cases, from which the former can learn a robust policy. However, this algorithm
also suffers from the rectangularity like DQN-URBE, because its adversarial agent makes deci-
sions independently in each state. Based on this review, we eventually chose Ensemble Policy

Optimization (EPOpt) as our second Robust RL algorithm for comparison in this project.

Ensemble Policy Optimization

EPOpt employs a round-based learning protocol [76]. Its learning process consists of multiple
rounds. Each round further includes two steps: (1) Robust Policy Search, and (2) Source Domain
Ensemble Adaptation. In Step (1), the EPOpt agent learns a robust policy by interacting with
the current ensemble of possible scenarios, namely source domain ensemble. In Step (2), EPOpt
interacts with the real-world environment following the policy learned in Step (1), and collects
data to update the source domain ensemble so that it approximates the real-world environment

more accurately. Then, this ensemble will be used to produce a better policy in the next round.
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It can be observed that this round-based learning process matches the iterative DMDU framework
(Figure 2.2). Since this project did not consider the cycling process in DMDU, we only considered

the single-round Robust Policy Search of EPOpt in our experiments.

EPOpt - Robust Policy Search

Algorithm 3 describes the single-round Robust Policy Search process in EPOpt(a) with a CVaR(«)
objective [76]. This process starts with an input source domain ensemble Sy, which covers the
model and parameter uncertainty space of the problem, and a random policy my. This policy is
updated to optimal robustness through multiple iterations. In each iteration i, EPOpt first samples
N possible scenarios {s,}"_, from Sy. Then, a set of possible trajectories {7,}Y_; is collected
by letting the agent interact with the model in each scenario s, following the current policy 7; in
each episode n. Unlike ordinary RL, although the EPOpt agent still receives rewards, no step-
wise policy update happens during this trajectory collection process. Instead, the accumulated
rewards gained in these trajectories are computed {R(7,) 2': |» based on which a batch of the a%
worst trajectories I can be found. Eventually, 7; is updated based on Y by using a policy gradient
based batch policy optimization algorithm. For example, Rajeswaran et al. used Trust Region
Policy Optimization (TRPO) [78] by default. In this way, EPOpt describes the uncertainty in
the form of the entire trajectory, rather than independently for each state-action pair as DQN-
URBE. Therefore, EPOpt circumvents the rectangularity assumption and mitigates unnecessary
conservativeness. Finally, since the EPOpt policy is represented as the Gaussian distribution or

categorical distribution, EPOpt supports both continuous and discrete action spaces.

Algorithm 3 EPOpt(a) - Robust Policy Search, adapted from [76]

Require: Source domain ensemble Sy, Initial policy 7y, Sample size N, Hyperparameter o
1: for iterationi = 0,... do
2: for episode n = 1,...N do
3: Sample a possible scenario s, ~ Sy
4: Collect a trajectory T, = {s¢,ar, 11,5141 }tT:})l by interacting with the model in s,, follow-
g 7;

5: Compute the accumulated reward R(7,) gained in T,
6: end for

N

7 n=1

8

Compute Qy = o' percentile of {R(7,)
Select subset T = {7,|R(7,) < QO }
9: Update policy: 7, = BatchPolOpt(m;, Y)
10: end for

38



Unconstrained Initial Exploration

The sub-sampling step in Robust Policy Search of EPOpt (line 8 in Algorithm 3) contributes to
learning robust policies by emphasizing penalizing poor trajectories. For EPOpt(cr) with a small
a, taking this step from the beginning of its learning process may prevent the agent from per-
forming the necessary exploration to find good trajectories, and thereby result in unstable learning.
Therefore, this Robust Policy Search process often starts with & = 100 for some iterations before

switching o to the desired value [76].

Rajeswaran et al. compared the performance of standard TRPO and EPOpt(cr) with different o
values in their experiments [76]. Similar to the standard DQN tested in [18], their standard TRPO
also followed the ‘predict-then-act” approach, and only worked well when the actual scenario was
similar enough to the predicted one, hence providing poor robustness. In contrast, all EPOpt
generally performed satisfactorily in most scenarios. With ¢ decreasing from 100 to 5, the average
performance of EPOpt() decreased slightly, but its performance variance was halved. Therefore,
Rajeswaran et al. took EPOpt(10) as the default algorithm, which achieved the best trade-off

between performance and stability to uncertainty.

2.5.3 Robust Model-Free Reinforcement Learning

In addition to the two ideas for Robust RL introduced above, ordinary model-free RL has also been
widely applied to handle uncertainty in practical decision-making problems [14, 51, 79-82]. RL
can be further categorized into model-based RL and model-free RL [13, 16]. The former requires
a complete MDP model of the problem as input. The latter simply learns through trial and error in
the real environment or its simulator, where the agent cannot access the internal mechanisms of the
system, such as the transition probability distributions P or the reward function r. Existing studies
have experimentally shown that if there is an environment that can produce the system behavior
under uncertainty, model-free RL can be directly used as Robust RL to learn a robust policy from
sufficient interactions with the environment [79, 80, 82]. This idea is conceptually simple and easy
to implement, but no theoretical robustness guarantee has been provided in the studies cited above.

Common model-free RL algorithms include model-free Q-learning [83], SARSA [84], Monte-
Carlo methods, and actor-critic methods [16]. Among these algorithms, Q-learning and its variants,
such as DQN, are the predominant ones applied in existing studies, due to their simplicity and
guarantee of optimality [14, 16]. In this project, we chose robust model-free DQN as our third
Robust RL algorithm for comparison, because DQN further improves the stability of Q-learning
and supports continuous state space [16]. For simplicity, we will abbreviate robust model-free
DQN as Robust DQN in the rest of this thesis.
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2.5.4 Adaptive Management

Unlike the previous three ideas that provide robustness by learning robust policies, Adaptive Man-
agement achieves Robust RL by improving the process of decision-making with RL [85-87]. The
main idea of adaptive management is to adjust the decision-making practice based on policy de-
ployment outcomes [86]. The two main types of adaptive management are active and passive
adaptive management, which respectively correspond to the adaptive policy deployment process

and the cycling process in the general DMDU framework (box 2,3 and loop in Figure 2.2).

Active Adaptive Management

Active adaptive management requires ‘thinking ahead’ [87]. Decision-makers should develop a
policy for every possible scenario they predict beforehand so that they can quickly adjust their
plan according to the actual situation during deployment. The main disadvantage of this idea is
that planning for all possible futures is often computationally intractable, especially for deep uncer-
tainty problems where the uncertainty is unpredictable. Hence, we argue this idea is inapplicable
in DMDU.

Passive Adaptive Management

Passive adaptive management requires decision-makers to first develop and deploy a plan based
on their preliminary knowledge of the problem [87]. As the plan progresses, differences between
their knowledge and the fact should be identified and used to improve their knowledge and rework
a better plan. This idea matches the cycling process in the DMDU framework (Figure 2.2), hence
applicable in DMDU.

2.6 Multi-Objective Robust Reinforcement Learning

Based on our review, the ideal way to construct MORRL for exploration in DMDU is to inte-
grate multi-policy MORL with the Robust RL algorithm, and embed it into the passive adaptive
management framework. Meanwhile, although active adaptive management is not applied, the
policy deployment process in this framework is still adaptive due to the nature of the dynamic pol-
icy. We propose Figure 2.7 to show the framework of decision-making with MORRL and passive
adaptive management. Through this way, the DMDU approach (Figure 2.2) and decision-making
with MORRL (Figure 2.7) almost follow the same flow, so MORRL should also suit the general
DMDU framework. This discussion theoretically demonstrates the viability of applying MORRL
as an alternative exploration method in DMDU approaches with regard to the flow.
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2. Deploy actions according to the current
system state and the resulting policies

Figure 2.7: Framework of decision-making with MORRL and passive adaptive management.

However, to the best of our knowledge, no existing work has studied the integration of multi-
policy MORL and Robust RL. Given this knowledge gap and the time limit of this project, we
eventually decided to adopt ‘naive’ multi-policy MORRL in our multi-objective case studies. It
worked by only considering a small number of possible objective preferences and applying the
Robust RL algorithm to learn policies targeted at each of them sequentially. Additionally, we also
excluded passive adaptive management from our experiments because this project did not consider

the cycling process in DMDU (loop in Figure 2.2).

2.7 Conclusion

Based on these reviews, we eventually selected two MOREASs as baselines, which were e-NSGA-
IT and Borg, and three MORRL algorithms as candidates, which were Robust DQN, DQN-URBE,
and EPOpt, for comparison in our experiments to answer our research questions. We chose these
algorithms mainly because they are not only suitable for exploration in DMDU, but also have avail-
able implementations. Moreover, since Robust RL is a novel research area, previous experiments
on these Robust RL algorithms mainly compared them with non-robust ones, but no existing re-
search has studied the comparison between them. This is another knowledge gap that we tried to

fill in this project.
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Chapter 3
Experimental Plan

We compared the performance of MOREA and MORRL in three problems to answer our research
questions. This chapter introduces the overall plan of these experiments, including sufficient im-
plementation details to support their reproduction. Moreover, these contents also reflect the general
model interface and DMDU process we designed for MOREA and MORRL as the common en-
vironment for fair comparisons. Our plan consists of the three steps (Problem Conceptualization,
Exploration, and Deployment and Evaluation) in the general DMDU framework (Figure 2.2). Un-
like most practical applications, our experiments did not involve the cycling process due to the
time constraint practical within a one-year project. Similar designs have been applied in many
past studies of DMDU approaches [8, 11, 20, 28]. This chapter proceeds as follows. Section 3.1
introduces how we formalized the problem as corresponding models for our algorithms. Section
3.2 details how each algorithm was implemented for exploration. And Section 3.3 discusses how

we evaluated and analyzed the algorithms’ performance for comparison.

3.1 Problem Conceptualization

3.1.1 Problem Formalization

In the practical deep uncertainty problem, decision-makers often first frame the question and spec-
ify possible system structures based on their observations of the real world, in order to design a
simulation model to support exploration [6]. To facilitate this process, we used three previously
studied problems with available source models, based on which we identified the following compo-
nents to construct our models: problem parameters, time horizon of the episode, time-step between
two consecutive model states, performance indicators characterizing these states-namely state vari-
ables, initial and terminal model states, action options, underlying transition function, as well as

the parameter and objective uncertainties involved in the problem. We did not consider model
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uncertainty in these problems, because we assumed their source models were accurate (Section
2.1).

3.1.2 Model Implementation

To establish a common environment to fairly compare our algorithms, we used MDP as the under-
lying formal model to build all the models needed in our experiments. These MDPs were imple-
mented as OpenAl Gym Environments [88] in different ways to describe parameter uncertainty, in
order to support explorations using different algorithms. Furthermore, the exploration processes
of the MOREAs and our evaluations of policy performance also relied on another Python package,
namely EMA Workbench [43].

OpenAl Gym Environment

OpenAl Gym is a convenient toolkit for implementing and comparing RL algorithms [88]. It
also provides a standard interface to programmatically specify a MDP to model the deterministic
problem (OpenAl Gym Environment). According to this interface, implementing a MDP requires
defining the following three functions: (1) ‘init’ initializes the model, including specifying the
parameter values and the ranges of state variables and action options involved in the model; (2)
‘reset’ resets the model to its initial state; (3) ‘step’ performs an input action to transit the model
to its next state based on the transition function, and returns the observation and reward received
at that state, as well as a flag indicating whether the terminal state is reached. These functions can
be implemented based on the components identified in Section 3.1.1.

Usually, ‘init’ is only called once at the beginning of the RL learning process. In each episode,
the agent first ‘reset’ the model to its initial state and iteratively ‘step’ until reaching a terminal
state. During this period, the feedback returned by ‘step’ forms the corresponding trajectory, which

is used to update the current policy of the agent.

Exploratory Modelling and Analysis

Exploratory Modelling and Analysis (EMA) is a research methodology that infers and analyses
the performance of systems under uncertainty by using computational experiments [89, 90]. EMA
considers uncertainties surrounding the problem, exploits available knowledge to establish an en-
semble of plausible scenarios, and samples or searches over this scenario set for analysis purposes.
Specifically, in the context of DMDU, these uncertainties may include a broad range of model
structures and parameter values [7]. EMA is mainly used in the exploration process of DMDU

approaches to evaluate the performance of alternative policies across various uncertainties [6-8,
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11, 91]. EMA Workbench provides programmers with EMA functionalities via application pro-
gramming interfaces (APIs) [43].

Robust DQN

Model-free DQN learns through trial and error in the real environment or its simulator without
knowledge of the internal mechanisms of the system [13]. The underlying MDP can act as such a
simulator, where ‘step’ encapsulates the transition function and hides it from the agent. To further
model the parameter uncertainty, a common practice is to assign different parameter values to the
model in every episode, in order to simulate different possible scenarios for the agent to learn from
during exploration [79]. Therefore, our Robust MDP Simulator extended the underlying MDP by
requiring a set of possible scenarios S as extra input for ‘init’. Whenever an episode starts, ‘reset’
reads a random scenario s € S, and assigns its parameter values to the model before initializing the
model state. Then, the episode proceeds with these assignments until it terminates (Figure 3.1).
In this way, the agent learns to plan for one possible scenario in each episode. With a sufficient

number of episodes, the agent should be able to experience all possible situations enough times

and learn a policy robust to them [79, 80, 82].
Episode 1. K

Random possible Possible Possible Possible . Possible
scenario initial state state 1 state 2 ¢ * terminal state

Figure 3.1: Flowchart of the exploration process of Robust DQN.

DQN-URBE

DQN-URBE is a planning algorithm for RMDP. For a deep uncertainty problem, RMDP samples
the trajectory according to its nominal scenario, and also considers other possible scenarios inde-
pendently at each step to describe the parameter uncertainty [57]. Our implementation of RMDP
was adapted from [18] (Figure 3.2). On the basis of the underlying MDP, ‘init’ of our RMDP reads
both a nominal scenario s;,,in; and a set of possible scenarios S as extra input. Unlike Robust
MDP Simulator, ‘reset’ of RMDP always initializes the model according to s,omina;. Whenever
‘step’ is called, RMDP not only transits to the next state and computes the corresponding reward
according to s,,minal> but also predicts other possible next states according to each scenario s € S.
Then, the nominal reward and observations of both nominal and possible next states are collected
for the agent to plan for the worst. Since the state sampling undertaken in different steps is inde-

pendent, DQN-URBE suffers from the rectangularity assumption [18].
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Figure 3.2: Flowchart of the exploration process of DQN-URBE, corresponding to Algorithm 2.

EPOpt

To learn a robust policy while circumventing the rectangularity assumption, EPOpt(c) describes
the parameter uncertainty by sampling N complete possible trajectories {7, }fle according to N
possible scenarios {sn}i:':1 C S, and plans for the % worst trajectories in every iteration [76].
Our Robust MDP Simulator can support this process. Moreover, we also let the EPOpt agent load
the n'" scenario from S in episode n in every iteration, so that the agent can always iterate over

entire S in every iteration (Figure 3.3).

e-NSGA-II and Borg

Previous studies of MOREAs in DMDU approaches mainly used EMA Workbench to support their
experiments [8, 11], and we also followed this way. EMA Workbench provides the implementation
of e-NSGA-II and Borg, evaluators that measure policy fitness in given scenarios, and optimizers
that combine these tools to identify robust Pareto-optimal static policies for the problem. An EMA
optimizer requires the following five inputs: an EMA model, a set of possible scenarios S, the
epsilon value for each objective, the number of function evaluations used for exploration, and a
robustness function. Here, the EMA model is an encapsulation of a simulation model M and the
specification of the problem uncertainty. The robustness function specifies the robustness met-
ric for each objective used to measure the policy robustness. During the exploration process, the

optimizer first samples some candidate policies randomly, and then evolves them through many
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Figure 3.3: Flowchart of the exploration process of EPOpt, corresponding to Algorithm 3.

function evaluations following the MOREA. In each of these evaluations, the robustness of a can-
didate policy is evaluated over § as its fitness for selection, by using M and an EMA evaluator.
Here, M is a function that reads a scenario and a static policy as input, and samples a trajectory
accordingly to measure the policy performance in that scenario. Since this model is conceptually
similar to the simulator used by model-free DQN, we also implemented it based on Robust MDP
Simulator: Whenever M is invoked, it will call Robust MDP Simulator to ‘init’ and ‘reset’ accord-
ing to the input scenario; Then, M will iteratively call ‘step’ of the simulator following the input
policy until the simulator terminates; Finally, the observations collected in this process will form

the trajectory used to measure the policy performance.

3.1.3 Parametric Model Misspecification

We further considered another source of parameter uncertainty that cannot be described by the
model, called parametric model misspecification. It refers to the case where true values of un-
certain parameters fall outside the ranges estimated for decision-making [18]. Therefore, in our
experiments, we defined two value ranges for each uncertain parameter: a training range and a
testing range, while the training range is a subset of the testing range. We let our algorithms ex-
plore only possible scenarios sampled from the training ranges to generate robust policies during
exploration, and used scenarios sampled from the testing ranges to assess their policy performance

during evaluation.
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3.1.4 Stabilization Analysis

In previous studies of Robust RL, their MDPs often described the parameter uncertainty by using a
random generator to produce random parameter values in every episode to simulate different pos-
sible scenarios for learning [18, 76, 79]. However, Kwakkel ef al. argued that this strategy would
introduce extra noise because scenarios generated in different episodes varied slightly [8]. Instead,
they recommended using the same set of scenarios for all explorations in the same experiment.
To determine how many scenarios were needed to describe the uncertainty stably, we adopted the
same method used by Kwakkel et al., called stabilization analysis. In each experiment, we first
evaluated the performance of 10 static policies in 1,000 scenarios to find out the number of scenar-
10s when the robustness metrics for the objective indicators stabilized. These testing policies and
scenarios were randomly sampled from the action space and training parameter value ranges of the
problem, by using Latin Hypercube sampling [92] provided by EMA Workbench and random seed
o (Table 8.1). We also used the product of the median and the interquartile distance plus one as
the robustness metric in this analysis. After determining the number, we again used the same way
to generate a set of possible scenarios S of that size, called training scenario set, and used it for all

model implementations introduced in Section 3.1.2.

3.1.5 Objective Uncertainty

As mentioned in Section 2.6, we adopted ‘naive’ multi-policy MORRL to deal with the objective
uncertainty, which sequentially learned multiple policies targeted at different pre-defined objective
preferences. Therefore, in each of our multi-objective case studies, we actually built multiple MDP
models, each of which had one of these preferences defined in its reward function. By interacting
with one of these models per run, our MORRL algorithms were able to learn multiple robust
Pareto-optimal policies for the problem through many runs.

In contrast, the MOREASs could sort their candidate policies non-dominantly for evolution
during exploration, thereby generating multiple Pareto-optimal policies in one run. To support this,
their corresponding simulation models measured the policy performance regarding each objective
independently, rather than associating it with the single reward function in Robust MDP Simulator.
In this case, the MOREASs only required one EMA model for each multi-objective problem, and

did not require decision-makers to predict possible objective preferences in advance.
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3.2 Exploration

3.2.1 Hyperparameters

The selection of hyperparameter values has a great impact on the algorithm performance. There-
fore, the same amount of hyperparameter tuning should always be performed for all algorithms
to guarantee a fair comparison between them [93]. Ideally, these parameters should be tweaked
to obtain optimal algorithm performance in every case study, but we found the required computa-
tional budgets were impractical for this one-year project. Eventually, we decided to always use the

default hyperparameter values of our algorithms in the experiments.

3.2.2 Robust DQN

We adopted the implementation and default hyperparameter configuration of DQN from Ray RL-
lib [94]. Ray is a Python package that provides general APIs for distributed applications, while
RLIib is a Ray-based library, providing scalable APIs for RL applications. To apply this DQN
implementation to a deep uncertainty problem, we first registered the corresponding Robust MDP
Simulator as a Ray environment and initialized a Ray server. Then, we instantiated a DQN trainer
agent from RLIib and associated it with the environment. Finally, we iteratively called the ‘train’
method of the agent to learn a robust policy. This method encapsulates all logic necessary for the
learning process, and executes multiple episodes with a fixed total number of model steps at each

iteration. The multiprocessing of the learning process was also fully supported by the Ray server.

3.2.3 DQN-URBE

Our implementation and hyperparameter values (Table 3.1) of DQN-URBE were adapted from
[18]. To execute the learning process, the program first initialized a neural network as the policy,
and used it to interact with the RMDP through many episodes, from which the program learned
to optimize the network (policy). This network was constructed and parallelly updated by using
TensorFlow [95], which is a general and extensible platform for machine learning, providing tools
for neural network optimization and its multiprocessing. However, unlike this parallel network
update subroutine, Derman ef al. designed the RMDP to work sequentially in DQN-URBE [18].
This is because the step-wise sampling in RMDP occurs much too frequently, and thus parallelizing

this subroutine would in turn slow it down in simple problems.
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Hyperparameters Descriptions Values

GAMMA Discount factor of Q-learning 0.9

LR Learning rate 1074

MAX EXPERIENCE Size of experience replay memory 2000

BATCH SIZE Batch size in batch optimization 256

H1 SIZE Size of hidden layer 1 for robust Q-function in the 128
nerual network

H2 SIZE Size of hidden layer 2 for robust Q-function in the 128
nerual network

H3 SIZE Size of hidden layer 3 for robust Q-function in the 128
nerual network

TARGET UPDATE IN- How often to update the target network in terms of 10

TERVAL the number of episodes

MU_VARIANCE Scaling variance for uncertainty in UBE 0.01

H_SIZE U Size of hidden layer for posterior variance boundary 100

approximation in the nerual network

BETA_TS Thompson Sampling parameter 0.5

Table 3.1: Hyperparameter values of DQN-URBE [18].

3.2.4 EPOpt

We adopted the implementation and hyperparameter values (Table 3.2) of EPOpt from [76]. To
execute the learning process, the program first instantiated a multilayer perceptron as the initial
policy. Then, it sampled trajectories by interacting with all possible scenarios following its current
policy, and applied TRPO as the batch policy optimization algorithm to update the policy accord-
ing to the percentage worst trajectories through many iterations. Here, the trajectory collection
subroutine was fully parallelized with the Python multiprocessing package. The multilayer per-
ceptron and TRPO were adapted from a RL development framework, called rllab [96]. Finally, it
is worth noting that EPOpt returned the policy that maximized the average performance over the
training scenario set S during its learning process as its result, rather than the policy produced in

the end like the other algorithms.

3.2.5 &-NSGA-II and Borg

As introduced in Section 3.1.2, we used the optimizer from EMA Workbench to apply €-NSGA-II

and Borg for exploration in our experiments. Meanwhile, we also adopted their hyperparameter
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Hyperparameters Descriptions Values
hiddenl1 size Size of hidden layer 1 in the multilayer perceptron 64
hidden?2 size Size of hidden layer 2 in the multilayer perceptron 64
max_kl Maximum KL divergence in TRPO 0.01
gamma Discount factor of Q-learning 0.995
init_explore_iter Number of iterations for the unconstrained initial 100
exploration
alpha Value of o for EPOpt(c) with a CVaR(o) objec- 10
tive

Table 3.2: Hyperparameter values of EPOpt [76].

settings from the documentation of EMA Workbench (Table 3.3). Since all logic and multiprocess-
ing of their exploration processes are encapsulated in the ‘robust_optimize’ method of the EMA
optimizer, we only needed to call it once with the required inputs to produce the resulting policies

in each experiment.

Hyperparameters Descriptions Values
robustness function Specifying the robustness metric for each objec- 10" percentile
tive indicator used to measure the policy robust- performance

ness over the training scenario set S as its fitness
for selection

epsilons Epsilon value for each objective 0.01

Table 3.3: Hyperparameter values of e-NSGA-II and Borg [43].

3.3 Deployment and Evaluation

Eventually, we evaluated the performance of our MORRL algorithms and MOREAs regarding
their computational efficiency and policy robustness to deep uncertainty for comparison.

3.3.1 Efficiency Evaluation

We measured the computational efficiency of the algorithms in terms of how quickly they identified
their final policies during exploration. The data were directly collected from their exploration

processes. The metrics we used were learning curve [13] and €-progress curve [38]. A learning
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curve plots the accumulated reward obtained by a MORRL agent in its current episode as a function
of time. An &-progress curve plots the cumulative number of times a MOREA finds a substantially
better policy as a function of time. These two metrics are widely used in the RL and EA areas
respectively [11, 18, 72,73, 75]. An alternative efficiency metric is the number of episodes required
for each algorithm to converge [11, 12]. However, since our algorithms spent quite different time
on policy updates in each episode, this metric could not accurately reflect their computational
efficiency. For simplicity, we will abbreviate computational efficiency as efficiency in the rest of
this thesis.

3.3.2 Robustness Evaluation

We measured the robustness of the algorithms in terms of how stably their policies provided sat-
isfactory performance across the uncertainty space of the problem. These evaluations were also
supported by EMA Workbench. In each experiment, we took the simulation model used by the
MOREAs for exploration as input, and used an EMA evaluator to evaluate the performance of
our algorithms’ resulting policies across a testing scenario set. For the same reason discussed in
Section 3.1.4, the same scenario set was used for the evaluation of each algorithm. This set was
randomly sampled using Latin Hypercube sampling and random seed o from the testing parameter
value ranges to simulate model misspecification. We used sets of size 5,000 in the Cartpole and
Lake problems and a set of size 1,000 in the Electricity Market problem. Finally, random seed
N was used to control the randomness of all evaluation processes. Similar robustness evaluation
approaches have been used in previous studies of DMDU approaches [4, 6, 8, 11].

These evaluations used four metrics to reflect policy robustness, including (1) policy perfor-
mance distribution over the uncertainty space, (2) Maximin [97]: the policy performance in the
worst scenario, (3) Starr’s domain criterion [98]: the fraction of scenarios in which the policy
performance meets a pre-defined threshold, and (4) 10" percentile performance: the policy per-
formance in the 10’" percentile worst case. These metrics come from different robustness metrics
families, hence reflecting different robustness aspects [27]. Simultaneous use of these metrics to
evaluate our algorithms helped us draw a comprehensive view of their policy robustness from these

aspects, and therefore revealed their complementarity [99].
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3.4 Interpretation

3.4.1 Efficiency

In each experiment, we plotted a line chart of learning curves for the MORRL algorithms, a line
chart of e-progress curves for the MOREAs, and their 95% confidence intervals for efficiency anal-
ysis (Figure 3.4). When comparing two MORRL algorithms (C and D), or a MORRL algorithm
and a MOREA (C and A), we only compared their convergence time and argue that C was more ef-
ficient than D and A because C converged faster. Their policy performance during exploration was
not comparable, because these algorithms were built on different models. In contrast, e-NSGA-II
and Borg were built on the same model (A and B), so their comparisons involved both the time and
the number of e-progresses taken to converge. We argue that B was more efficient than A, because
B took a shorter time and fewer €-progresses to converge, which indicated that it took less effort
to identify its final policies [38]. Moreover, in experiments where each algorithm was run multiple
times with the use of different random seeds, the curve was averaged across all runs. In this case,
the confidence interval of the curve reflected the performance difference of the algorithm when
using different random seeds. Therefore, we argue that C was less sensitive to the randomness of
the exploration process than D, because it had a smaller interval. Finally, it is worth noting that
these curves only reflected the algorithms’ exploration processes in one run. However, to identify
multiple Pareto-optimal solutions in a multi-objective problem, each ‘naive’ multi-policy MORRL
algorithm took multiple runs, while each MOREA only took one run, so the former was actually

less efficient than shown in the figure (Section 3.1.5).

3.4.2 Robustness
Policy Performance Distribution

In each single-objective problem, we plotted the policy performance distribution and its standard
deviation of each algorithm over the parameter uncertainty space (Figure 3.5). When comparing
two algorithms A and B, we argue that A provided higher average performance because its distri-
bution had a higher mean. A also provided higher stability to the parameter uncertainty, because its
performance was more densely distributed over the uncertainty space. Based on these two points,
we argue that A provided higher robustness to the parameter uncertainty. Additionally, the policy
performance of A was not obviously compromised outside the training range but that of B was, so A
provided robustness to the model misspecification but B did not. In experiments involving multiple
random seeds, these distributions were also averaged across all runs, and their standard deviations
reflected the performance difference of the algorithms when using different seeds. Therefore, we

argue that A was less sensitive to the exploration randomness than B, because of its smaller standard
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Figure 3.4: Sample line charts for an efficiency evaluation, including €-progress curves for the
MOREAs (a), learning curves for the MORRL algorithms (b), and their 95% confidence intervals.
Each curve of the algorithm is averaged over its multiple runs with different random seeds. Each
point on the curve represents the value averaged over 500 seconds.

deviation. Moreover, in these experiments, we also plotted the performance distributions generated
using different random seeds separately for each algorithm, which more intuitively reflected this
sensitivity of the algorithms.

In each multi-objective problem, we plotted the policy trade-off distribution and its interquartile
range of each algorithm over the objective uncertainty space (Figure 3.6). For two policies a and
b, if a averagely outperformed b on both objectives, a was said to dominate b. We compared
the average policy performance of the algorithms based on their policy dominance relationship.
For example, the policies of A and B were mutually non-dominated, so they provided similar
average performance. Some policies of C dominated some policies of A, and no C policy was
dominated by the A policies, so we argue that C provided higher average performance. Meanwhile,
C also provided higher stability to the parameter uncertainty, because its interquartile ranges were
smaller, which indicated its policy performance was more densely distributed over the parameter
uncertainty space. Therefore, C provided higher robustness to the parameter uncertainty. On the
other hand, we evaluated the algorithms’ robustness to the objective uncertainty according to the
ranges and densities of their trade-off distributions. Since the distribution range of B was larger
than that of A, B was theoretically able to provide more possible preferences between the two

objectives. The distribution density of A was greater than that of B, so A would allow decision-
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Figure 3.5: Sample average policy performance distributions. Each line refers to the policy
performance distribution and its standard deviation of an algorithm over the parameter uncertainty
space, which averages the performance of the algorithm generated using different random seeds.
In this experiment, the training parameter value range is [0.5, 2], while the testing value range is
[0.5, 10].

makers to finer-adjust their expected preferences during policy deployment. Thus, we argue that
B provided higher robustness in the first aspect, and A provided higher robustness in the second

aspect.
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Figure 3.6: Policy trade-off distributions and their performance variances. Each point refers to
the average performance of a policy of an algorithm over the parameter uncertainty space con-
cerning Objectives 1 and 2, and each error bar connected with the point refers to the corresponding
interquartile range concerning Objective 1 or 2.
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Other Robustness Metrics

Maximin, Starr’s domain criterion, and 10" percentile performance reflect the policy robustness
of the algorithms in different aspects, and they are not necessarily consistent with each other [27].
Therefore, we compared the algorithm performance regarding each of them independently. Gen-
erally, algorithms with higher Maximin provided better performance in the worst case; algorithms
with higher Starr’s domain criterion met the pre-defined threshold in more scenarios; algorithms

with higher 10" percentile performance provided better performance in relatively dire scenarios.

3.4.3 Conclusion

We drew conclusions about these comparisons based on these aspects altogether. When comparing
two algorithms A and B, if A outperformed B in all these aspects, we argue that A dominated B.
Otherwise, A and B were complementary, so joint use of them could improve the performance of
the DMDU approach. According to our research aims, we mainly focused on comparisons between
MORRL and MOREA in our experiments.
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Chapter 4

Cartpole Problem

4.1 Introduction

4.1.1 Background

Cartpole problem describes an inverted pendulum system where a pole is attached to a cart by an
un-actuated joint, and the cart moves along a two-dimensional frictionless track (Figure 4.1) [100].
The pole starts upright, but it is affected by gravity continuously. The objective of this problem is
to prevent the pole from falling over as long as possible. The solution policy can achieve this by

applying a sequence of left, right or no forces to the cart to control its movement.

Figure 4.1: Cartpole problem [88].
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4.1.2 Introduction

This chapter presents our experiments in three variants of the Cartpole problem, including a
single-objective robust Cartpole problem, a single-objective problem with fixed initial state, and
a complex-objective problem with fixed initial state. Existing studies of Robust RL generally in-
volved the first one only, because they did not consider objective uncertainty or non-RL algorithms
that poorly support the real-time control required to handle random initial states, such as EAs [18,
65, 77]. Here, we start with the first problem to connect our experiments to those previous ones,
and reflect the difference between dynamic and static policies. Then, we use the second problem to
investigate the algorithms’ robustness to pure parameter uncertainty by removing the factor of ran-
dom initial state that is hardly seen in the deep uncertainty problem. Eventually, we take the third
problem as a transition from single-objective problems to multi-objective ones, and investigate

how the algorithm performance changes when the objective becomes complex.

4.1.3 Motivation

Cartpole problem is a widely applied benchmark problem in the fields of RL and Robust RL [18,
65, 77]. Using it as our first experimental environment has the following four benefits. First,
Cartpole problem is simple and its source model from OpenAl Gym [88] provides a visualization
of agent-environment interactions, which helped us gain more insights into the performance of
the algorithms and connect it with their characteristics. Second, Cartpole problem puts a high re-
quirement on the real-time policy adaptability, where a good agent must be able to make decisions
according to the current model state. This nature reflected the main difference between the dy-
namic policy and the static policy provided by RL and EA respectively. Third, using a previously
studied problem helped fit our works into the current research context of Robust RL by comple-
menting previous findings with ours. For example, both studies of DQN-URBE and EPOpt have
independently tested their algorithms in variants of the robust Cartpole problem [18, 76], and we
reproduced their experiments to compare these two algorithms, which has not been studied be-
fore. Lastly, Cartpole problem also served as a representative of RL. domain problems. Comparing
it with the deep uncertainty problems used in this project revealed the difference between robust
planning research in the RL area and DMDU field.
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4.2 Single-Objective Robust Cartpole Problem

4.2.1 Problem Conceptualization
Problem Formalization

We formalized this problem based on its source model from OpenAl Gym, which contains the

following parameters (Table 4.1). The time horizon of each episode is 4 seconds, or until the

Parameters Descriptions Nominal Values
gravity Gravitational acceleration constant 9.8 (m/s?)
masscart Mass of the cart 2.0 (kg)
masspole Mass of the pole 0.1 (kg)

length Length of the pole 0.75 (m)
force_mag Force magnitude 10 (N)
angle_threshold Maximum angle between the pole and the vertical 12 (degree)

axis before the pole falls over

Table 4.1: Parameters and their nominal values in the Cartpole problem [18].

pole falls over (when the angle between the pole and the vertical axis exceeds 12 degrees). The
time-step between two consecutive model states is 0.02 seconds. In other words, each episode
contains at most 200 steps. The model states are described by four variables with continuous
values, (x,%, 8, 8), which represent the cart position, the cart velocity, the pole angle, and the pole
angular velocity respectively. The model starts from random initial states, where each variable
value is normally sampled from [—0.05,0.05]. At each step, the agent can take one of the three
actions, which are applying a left force (force = -force_mag), a right force (force = force_mag), or
no force (force = 0) to the cart. The transition function between states is also coded in the source
model, referring to the physical principles described in [101].

To formulate a single-objective robust Cartpole problem, we chose the pole length as the only
uncertain parameter. We set its training value range to [0.5,2.5] and its testing value range to
[0.5,10]. This problem did not involve objective or model uncertainty. The only objective was
to keep the pole upright for as long as possible. We used ‘the number of steps the pole remains
upright’ as the objective indicator, which we referred to as reliability. To guide the exploration of
the algorithms, we defined the fitness function and reward function for EA and RL as follows: at
each step, the agent receives a reward of 1 if the pole has not fallen over, otherwise, it receives a

-500 and the episode terminates immediately. These settings referred to the experiment in [18].
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Model Implementation

The source model of the Cartpole problem is already implemented as an OpenAl Gym Environ-
ment. Therefore, we extended it following the processes described in Section 3.1.2 to construct
our models to describe the parameter uncertainty and support the exploration processes of our

algorithms.

4.2.2 Experimental Setup

In this experiment, we applied five algorithms for exploration to identify optimal robust policies
for this problem for comparison. They were e-NSGA-II, Robust DQN, DQN-URBE, EPOpt and
Deterministic DQN. Here, Deterministic DQN refers to the standard model-free DQN. It handled
the uncertainty by following the ‘predict-then-act’ approach and deterministically planning for
the nominal scenario. We did not consider Borg in this experiment because its implementation
provided in EMA Workbench [43] does not support discrete action space. Table 4.2 details the

experimental setups.

4.2.3 Results

Robustness Evaluation

(a) (b)
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Figure 4.2: Average policy performance distributions in the single-objective robust Cartpole
problem. Each line refers to the performance distribution and its corresponding standard deviation
of an algorithm over the parameter uncertainty space, which averages the policy performance of
the algorithm generated using the five random seeds.

Figure 4.2 shows the average performance distributions of the algorithms over the parameter un-

certainty space and their corresponding variances. In this experiment, these variances were caused
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Setups

Descriptions

Values

Training scenario
set size

Random seeds
Number of CPUs
e-NSGA-II

Robust DQN
DQN-URBE

EPOpt

Deterministic
DQN

Size of the training scenario set (Section 3.1.4)

Random seeds used to control the randomness of
the exploration processes

Number of CPUs used to support the exploration
processes of the algorithms

Number of function evaluations taken in the ex-
ploration processes of e-NSGA-II

Number of iterations taken in the exploration
processes of Robust DQN

Number of episodes taken in the exploration pro-
cesses of DQN-URBE

Number of iterations taken in the exploration
processes of EPOpt

Number of iterations taken in the exploration
processes of Deterministic DQN

100 (Figure 8.1)

o, B,7, 0, and ¢ (Ta-

ble 8.1)
75

100,000

evaluations
8,000 iterations
4,000 episodes

4,000 iterations

8,000 iterations

function

Table 4.2: Experimental setups for the single-objective robust Cartpole problem. The table spec-
ifies five random seeds, which means that we ran each algorithm five times, each time using a
different seed from the table to control the randomness of the exploration process. Moreover, we
allocated a sufficient computational budget for each algorithm to converge its exploration process,
in order to yield a fair comparison.

by the performance difference of the policies generated by using different random seeds and the
randomness of the initial model state. Here, Random refers to the policies randomly generated us-
ing the five seeds (Table 4.2). Their reliability greatly increased with the pole length, and averaged
only 100 over the uncertainty space. The average performance of €-NSGA-II was similarly dis-
tributed, but its variance was greater. In contrast, the Robust DQN policies performed much better.
For poles of any length, they robustly provided average reliability of about 175, but their perfor-
mance variance was also mediocre. DQN-URBE outperformed the other algorithms (providing
average reliability of around 190) only when the actual pole length was close to the nominal one
(0.75). Otherwise, its overall performance was greatly compromised, which was even worse than
Random. In contrast, EPOpt robustly achieved the highest average performance and the smallest
variance over the entire uncertainty space in this experiment. Lastly, the performance distribution
of Deterministic DQN shared a similar trend with DQN-URBE, except that its average reliability
was relatively less compromised when the actual and nominal pole lengths were different. Deter-

ministic DQN also had the largest performance variance compared with all other algorithms.
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Figure 4.3: Individual policy performance distributions in the single-objective robust Cartpole
problem. Each subplot in this figure corresponds to one algorithm, where each line refers to the
performance distribution and its corresponding standard deviation of a policy over the param-
eter uncertainty space. These policies were generated by the algorithm using different random
seeds. Therefore, for each algorithm, the performance difference of its different policies reflects
the impact of the exploration randomness on its average performance, while these performance
variances reflect the impact of the random initial state on its average performance.

Figure 4.3 shows policy performance generated using different random seeds individually for

each algorithm. In this way, we separated the impact of the exploration randomness from that

of the random initial state on the average performance of the algorithms (Figure 4.2). It can be
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observed that different e-NSGA-II and EPOpt policies had similar performance distributions, so
their overall performance variances were mainly caused by the random initial state (Figure 4.2
(a,d)). Meanwhile, EPOpt also had the smallest individual performance variance on average. In
contrast, the selection of random seeds had a great impact on the policy performance of Robust
and especially Deterministic DQN (Figure 4.2 (b,e)). Some of their policies provided nearly the
maximum reliability robustly in any case (for example, the policies learned by using random seed
0), while the others performed very unstably when dealing with various pole lengths or initial
states. Finally, different DQN-URBE policies performed similarly only when the actual pole length
was close to 0.75 (Figure 4.2 (c)). Otherwise, their performance was different, but all greatly

compromised in terms of both reliability and variance.

190.70 61.00 0.75 160.00
—— Random
Epsilon-NSGA-II
\ —— Robust DON
DQN-URBE
—— EPOpt
Deterministic DQN
91.45 13.00 006 40.00
Mean Maximin Starr's domain criterion 10th percentile performance

Figure 4.4: Parallel coordinate figure that shows different robustness metrics for reliability of
each algorithm in the single-objective robust Cartpole problem. In this figure, we used reliability
= 200, which was also the maximum reliability that could be provided in an episode, as the pre-
defined threshold for Starr’s domain criterion. Moreover, Mean is not a robustness metric and
used for reference only.

In terms of the other three robustness metrics, EPOpt also obviously outperformed the other
algorithms (Figure 4.4). Although Robust DQN provided similar worst-case policy performance,
it achieved the maximum reliability in fewer scenarios and had lower 10" percentile performance.
This was because the performance variance of Robust DQN was greater than EPOpt. In addition,
the performance of e-NSGA-II, DQN-URBE and Deterministic DQN regarding these metrics was
consistent with their average performance distributions, and was much worse than that of Robust
DQN and EPOpt.

Efficiency Evaluation

In this experiment, we observed that e-NSGA-II converged very fast with only a few €-progresses
made during its exploration process (Figure 4.5 (a)). In contrast, all the RL algorithms learned
to obviously improve their policy performance (Figure 4.5 (b)). Robust, Deterministic DQNs and
DQN-URBE generally took a similar time to converge, but the policy performance of DQN-URBE
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Figure 4.5: e-progress curve for e-NSGA-II (a), learning curves for the RL algorithms (b), and
their 95% confidence intervals in the single-objective robust Cartpole problem. Each curve of the
algorithm is averaged over its multiple runs with different random seeds. Each point on the curve
represents the value averaged over 500 seconds.

varied the most during this process. Moreover, the learning curve trend of EPOpt was distinct
from the others, which rose the fastest at the beginning, and then sharply dropped after reaching
the peak. According to the implementation of EPOpt (Section 3.2.4), its resulting policies were
identified at the peak, which only took around 500 seconds. This observation indicated that EPOpt

has identified its resulting policies before the other algorithms converged in this experiment.

4.2.4 Discussion

Based on our experimental results and interpretation methods (Section 3.4), we argue that EPOpt
was the best algorithm for this single-objective robust Cartpole problem, and it was not comple-
mented by the others. EPOpt not only achieved the highest average policy performance, but also

provided the highest robustness to the parameter uncertainty, model misspecification and random
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initial state in the robustness aspects reflected by the four robustness metrics. Meanwhile, it was

also the most efficient algorithm.

Robustness
Algorithms Average perfor- Robustness Stability
mance

e-NSGA-II Reliability = 106 Parameter uncertainty (NO) Insensitive to the ex-
Model misspecification (NO) ploration randomness
Random initial state (NO)

Robust DQN Reliability = 175 Parameter uncertainty (YES) Sensitive to the explo-
Model misspecification (YES) ration randomness
Random initial state (-)

DQN-URBE Reliability = 91.5 Parameter uncertainty (NO) Sensitive to the explo-
Model misspecification (NO) ration randomness
Random initial state (NO)

EPOpt Reliability = 188 Parameter uncertainty (YES) Insensitive to the ex-
Model misspecification (YES) ploration randomness
Random initial state (YES)

Deterministic Reliability = 143 Parameter uncertainty (-) Most sensitive to the

DOQN Model misspecification (-) exploration random-
Random initial state (-) ness

Table 4.3: Summary of the robustness evaluation results in the single-objective robust Cartpole
problem. In this table, YES indicates that we argue the algorithm provides robustness in the
corresponding aspect, NO indicates the algorithm does not provide robustness, and - means the
algorithm performance depends on the use of random seeds.

The performance of baseline Random reflected that this problem became easier as the pole length
increased. This was because applying the same force (including the force applied by the agent and
the gravitational force) to a Cartpole system with the same state but a longer pole caused a smaller
angular acceleration. Therefore, taking the same sequence of random actions could prevent the
pole from falling over for a longer time.

In this experiment, e-NSGA-II performed no better than Random. Its policy performance
mainly depended on the problem difficulty, so we argue that e-NSGA-II failed to provide robust-
ness. This was mainly because its static policies provided no real-time control required to handle
the random initial state. Applying the same sequence of actions in models with only different ini-
tial states might still lead the agent to very different final states. Hence, the agent must be able

to adapt its actions to the actual model state in real-time (like the dynamic policy) to guarantee
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good performance. This shortcoming also contributed to the majority performance variance of
e-NSGA-II (Figure 4.3 (a)). Finally, although the performance of €-NSGA-II was insensitive to
the exploration randomness, we think it was mainly because €-NSGA-II failed to make obvious
progress on improving its policy performance during the exploration process.

Since the Robust DQN policies generally provided high reliability in most evaluation scenar-
ios, we argue it provided robustness to the parameter uncertainty and model misspecification. Its
success empirically proved the intuition employed by some previous studies of Robust RL that
model-free RL can learn a robust policy from sufficient interactions with a simulator that produces
the system performance under uncertainty. The main shortcoming of Robust DQN was its sensitiv-
ity to the exploration randomness. By using appropriate random seeds, Robust DQN has learned
a perfect policy, outperforming all the EPOpt ones. But the others performed less satisfactorily,
mainly regarding their average performance and robustness to the random initial state (Figure 4.3
(b)). This shortcoming caused the overall performance of Robust DQN to be lower than EPOpt
in all aspects. This observation might indicate that (1) TRPO used by EPOpt was less sensitive
to randomness compared with model-free DQN used by Robust DQN in this problem; (2) Robust
DQN should be able to outperform EPOpt and become the best algorithm for this problem with ap-
propriate use of random seeds; (3) Randomness plays a vital role in the effectiveness of model-free
DQN, so decision-makers should always choose random seeds carefully in future applications of
Robust DQN. Although this project did not further investigate these indications, they still inspired
directions for future research.

All the DQN-URBE policies only performed well when the actual pole length was close to
its nominal value, even though the problem was more challenging in these cases. This showed a
main disadvantage of DQN-URBE that it is very likely to overfit the nominal scenario, where its
policies provide no robustness to parameter uncertainty or model misspecification. In this case,
the performance of DQN-URBE might also be sensitive to the exploration randomness (Figure
4.3 (c)). This disadvantage is caused by the nature of DQN-URBE that it samples trajectories
and computes rewards solely based on the nominal scenario that it assumes as the true one, while
other possible scenarios are only used to collect possible observations. However, this finding
contradicted the previous experiments on DQN-URBE, where DQN-URBE was shown free from
this overfitting issue and provided high robustness [18]. This inconsistency might be caused by the
difference in our experimental models, such as the choice of the action space, training scenario set
size, scenario sampling method, random seed, and evaluation approach. Further investigations are
needed to explain this inconsistency.

Deterministic DQN was the most sensitive to the exploration randomness. By using different
random seeds, it could learn policies that provided high robustness or overfitted the scenario it pre-

dicted (Figure 4.3 (e)). Therefore, it generally failed to provide robustness, but still outperformed
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DQN-URBE in this experiment. However, contradicting the observation obtained from previous
studies that the ‘predict-then-act’ approach often failed if the reality differed from its prediction
[18, 25, 76], we observed Deterministic DQN was able to learn a policy that provided high ro-
bustness to the entire uncertainty space and even random initial state. This robustness was mainly
achieved through the real-time adaptability of the dynamic policy and the application of a strategy
applicable in any case. We will discuss this in detail in a latter section.

Efficiency

Although e-NSGA-II was found to converge quickly in this experiment, that was because it failed
to make obvious improvements to its randomly generated initial policies, even though the com-
putational budgets were sufficient. This observation also showed that static policies could not do
better than random ones when dealing with random initial states in this problem, because of the
lack of real-time adaptability. We argue that Robust, Deterministic DQNs and DQN-URBE had
similar efficiency because their convergence time was similar. However, DQN-URBE had the
greatest learning curve variance, which meant its efficiency was also sensitive to the exploration
randomness. EPOpt was the most efficient algorithm for this problem, because it took the shortest
time to identify its final policy. The learning curve trend of EPOpt showed that by using TRPO,
EPOpt improved its policy performance to the best in the first few hundred episodes of its learning
process at the fastest speed. After that, although the agent was encouraged for more explorations,
no better policy was found. This phenomenon might indicate that TRPO was more efficient in
solving such simple problems compared with DQN, which was used by Robust, Deterministic
DQNs and DQN-URBE.

4.3 Single-Objective Robust Cartpole Problem With Fixed Ini-
tial State

In the last experiment, the uncertainty of the model state comes from two sources, the uncertain
pole length and the random initial state. The latter is rare in practical deep uncertainty problems,
where decision-makers often treat the present as a fixed initial state and plan for the future. This
randomness also puts a high requirement on the real-time policy adaptability, which prevents €-
NSGA-II from performing well. Therefore, we designed the second experiment to compare our
algorithms under pure parameter uncertainty by fixing the initial model state.
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4.3.1 Problem Conceptualization And Experimental Setup

In this experiment, we used the same models and experimental setups as the previous one, except

that these models always started from a fixed initial state (Table 4.4).

State variables Descriptions Initial values

X Cart position —0.042 (m)

X Cart velocity 0.045 (m/s)

0 Pole angle —0.025 (degrees)
6 Pole angular velocity 0.020 (degrees/s)

Table 4.4: The fixed initial state for all models in the single-objective robust Cartpole problem
with fixed initial state. This is an arbitrary assumption.

4.3.2 Results

Robustness Evaluation

(a) (b)

225 | —— Random — DQN-URBE
Epsilon-NSGA-II — EPOpt
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Figure 4.6: Average policy performance distributions in the single-objective robust Cartpole
problem with fixed initial state. Each line refers to the performance distribution and its corre-
sponding standard deviation of an algorithm over the parameter uncertainty space, which averages
the policy performance of the algorithm generated using the five random seeds.

By comparing these distributions (Figure 4.6) with those in the last experiment (Figure 4.2), we
found that the average reliability provided by Random was lower for short poles but higher for
long poles. The performance of e-NSGA-II was significantly improved regarding both average
reliability and performance variance for poles of any length. Although its static policies still be-

haved less satisfactorily for short poles, they averagely outperformed all the RL policies in both
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Figure 4.7: Individual policy performance distributions in the single-objective robust Cartpole
problem with fixed initial state. Each subplot in this figure corresponds to one algorithm, where
each line refers to the performance distribution and its corresponding standard deviation of a
policy over the parameter uncertainty space. These policies were generated by the algorithm
using different random seeds. Therefore, for each algorithm, the performance difference of its
different policies reflects the impact of the exploration randomness on its average performance.

aspects when the actual pole length exceeded 4 meters. In contrast, the performance of the RL

algorithms was compromised. Robust and Deterministic DQNs generally had lower average re-

liability and higher performance variances in those short-pole scenarios, while similar changes

occurred to EPOpt in the long-pole scenarios. Additionally, the overall performance variance of
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DQN-URBE also increased. Although its average reliability for long poles was improved, that was
still the second-to-last in this experiment.

Individual policy performance distributions provided more insights into these changes (Figure
4.7). Compared with the previous results (Figure 4.3), the most obvious difference was that the
variances of these distributions were greatly reduced, which meant the algorithm performance was
more similar in scenarios with similar pole lengths. This was because this experiment excluded
the randomness of the initial model state and the parameter uncertainty became the only uncertain
factor. Individual performance distributions of e-NSGA-II were generally consistent with its av-
erage distribution (Figure 4.7 (a)). The performance difference of its different policies increased
compared with the last experiment, which meant e-NSGA-II became more sensitive to the explo-
ration randomness. Nevertheless, the RL algorithms also became more sensitive and still more
sensitive than e-NSGA-II. This sensitivity of Robust, Deterministic DQNs and EPOpt was also the
main reason for the compromisation of their overall performance (Figure 4.7 (b,d,e)). Although
they were more likely to learn near-perfect policies by using appropriate random seeds, their other
policies performed worse than those they learned with inappropriate seeds in the last experiment.
For example, some Robust and Deterministic DQN policies performed even worse than Random,
and some EPOpt policies had the overfitting issue now. In contrast, DQN-URBE slightly allevi-
ated its overfitting issue, and now three of its five policies could provide reliability of 200 in the
long-pole scenarios (Figure 4.7 (c)). Nevertheless, it still did not identify a policy robust to the
entire parameter uncertainty space like the other RL algorithms.

178.82 68.00 0.67 146.00

/ —— Random

- Epsilon-NSGA-II
—— Robust DQN
DQN-URBE

St —— EPOpt
I — \\ Deterministic DQN

100.03 14.00 0.03 43.00
Mean Maximin Starr’s domain criterion 10th percentile performance

Figure 4.8: Parallel coordinate figure that shows different robustness metrics for reliability of
each algorithm in the single-objective robust Cartpole problem with fixed initial state. In this
figure, we used reliability = 200, which was also the maximum reliability that could be provided
in an episode, as the pre-defined threshold for Starr’s domain criterion. Moreover, Mean is not a
robustness metric and used for reference only.

Similar changes also took place in the other robustness metrics for reliability of the algorithms
(Figure 4.8). In this experiment, e-NSGA-II outperformed the RL algorithms in terms of Maximin

and 10" percentile performance, but underperformed them in terms of Starr’s domain criterion.
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This meant its policy performance was more robust in relatively bad scenarios, but less robust in
relatively good ones. Besides, the overall rankings of the RL algorithms concerning these metrics
were EPOpt, Robust DQN, Deterministic DQN and DQN-URBE, where the former outperformed
the latter in all aspects except that Robust DQN had slightly better 10/ percentile performance
than EPOpt.

Efficiency Evaluation

In Table 4.5, we observed that the quotients of the RL algorithms were significantly greater than
that of e-NSGA-II. Since their models were all extended from the same underlying MDP, we
assumed they spent similar time exploring a scenario. Thus, this observation indicated that the RL
algorithms spent much longer on policy update than scenario exploration compared with e-NSGA-
II.

e-NSGA-II Robust DQN DQN-URBE EPOpt Deterministic
DOQN
0.002 (s) 0.04 (s) 0.029 (s) 0.008 (s) 0.041 (s)

Table 4.5: For each algorithm, the quotient of its total running time and the number of times 7 it
explored its current policy performance in a scenario, during its exploration process. For exam-
ple, in this problem, T = 1 in each episode for Robust, Deterministic DQNs and EPOpt, which
explored one scenario per episode; T = 100 in each function evaluation for e-NSGA-II or each
episode for DQN-URBE, which explored the entire training scenario set per evaluation/episode
(Section 3.1.2).

4.3.3 Discussion

We argue that e-NSGA-II and EPOpt were mutually complementary algorithms best for this prob-
lem. If the decision-maker placed more emphasis on policy performance in general or dire scenar-
10s, E-NSGA-II should be applied to provide higher average reliability robustly. If the decision-
maker was more concerned with performance in opportune scenarios, EPOpt was preferable be-
cause its policies were more likely to provide the maximum reliability. Moreover, it is also worth
noting that Robust, Deterministic DQNs and EPOpt were able to identify policies providing op-
timal performance and robustness over the entire uncertainty space, with the use of appropriate

random seeds,
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Algorithms Average perfor- Robustness Stability
mance

e-NSGA-II Reliability = 179 Parameter uncertainty (NO) Least sensitive to the

Model misspecification (YES) exploration random-
ness

Robust DQN Reliability = 168 Parameter uncertainty (-) Sensitive to the explo-
Model misspecification (YES) ration randomness

DQN-URBE Reliability = 136 Parameter uncertainty (NO) Sensitive to the explo-
Model misspecification (NO) ration randomness

EPOpt Reliability = 171 Parameter uncertainty (-) Sensitive to the explo-
Model misspecification (-) ration randomness

Deterministic Reliability = 137 Parameter uncertainty (-) Sensitive to the explo-

DQN Model misspecification (-) ration randomness

Table 4.6: Summary of the robustness evaluation results in the single-objective robust Cartpole
problem with fixed initial state. In this table, YES indicates that we argue the algorithm provides
robustness in the corresponding aspect, NO indicates the algorithm does not provide robustness,
and - means the algorithm performance depends on the use of random seeds.

Robustness

Random was the same as in the last experiment. By comparing its performance, we found the
initial state we set in this experiment averagely made the problem harder for short poles but easier
for long poles.

By fixing the initial model state in this experiment, E-NSGA-II obviously improved its policy
performance through exploration, and identified solutions that worked well in long-pole scenarios
(Figure 4.6). However, none of them could handle short poles satisfactorily. This was still because
static policies provided no real-time adaptability. In this problem, the angles of shorter poles were
more likely to be changed by force, so good policies should adjust their actions more frequently.
In this case, no fixed sequence of actions could be well generalized to both short-pole and long-
pole scenarios. Practical applications of DMDU approaches overcome this shortcoming of EA
by cycling through the planning steps to rework new policies to adapt to the actual future, but
this process is inapplicable in the Cartpole problem that has a short time horizon. Therefore,
we argue €-NSGA-II was not robust to the parameter uncertainty. Its policy performance was not
compromised outside the training parameter value range, so it had no overfitting issue and provided
robustness to the model misspecification (Figure 4.7).

Intuitively, eliminating an uncertain factor should simplify the problem, but the average per-
formance of Robust, Deterministic DQNs and EPOpt was actually compromised. We found it

was because they became more sensitive to the exploration randomness, and their bad policies
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performed worse than those in the last experiment (Figure 4.7 and 4.3). We explained this by the
number of policy updates that occurred during their exploration processes. These updates involved
randomness, and those with inappropriate random seeds sometimes negatively affected the current
policy performance, which we called bad updates. The more bad updates occurred, the worse
the final policy performance would be. Since this problem was simpler than the previous one,
the RL algorithms actually needed fewer good updates to identify the optimal policies. Training
their agents with the same computational budgets actually created more opportunities for the bad
updates, leading to worse policy performance with the use of inappropriate random seeds. For the
same reason, since €-NSGA-II made more policy updates during exploration in this experiment,
more bad updates might also occur. Hence, the performance difference of its policies increased.
Moreover, since policy updates occurred more often in the exploration process of RL. compared
with e-NSGA-II (Table 4.5), the RL algorithms were generally more sensitive to the exploration
randomness and provided poorer average performance in those relatively bad scenarios (Figure
4.8). This hypothesis still needs further experiments to prove it. Finally, we also noticed that
Robust DQN was the only RL algorithm free from the overfitting issue and thereby robust to the
model misspecification (Figure 4.7 (b)). We considered this as one of its advantages.

In contrast, the average performance of DQN-URBE was generally improved (Figure 4.7 (c)).
This was mainly because it performed the worst due to the overfitting issue in the last experiment,
and fixing the initial model state slightly alleviated this issue. This observation at least showed that
DQN-URBE did not handle the random initial state well when running under our experimental
setups, which made it more likely to overfit the nominal scenario it assumed. However, we need to
conduct further experiments to investigate whether this shortcoming can be resolved by using the
original experimental setups from [18] and how to explain it by the learning logic of DQN-URBE.
Moreover, since DQN-URBE is also built on DQN, we think its sensitivity to the exploration
randomness could be explained in the same way.

As mentioned before, no static policy could be well generalized to the entire parameter un-
certainty space in this problem. Nevertheless, some RL policies achieved this, relying on their
real-time adaptability. Robust, Deterministic DQNs and EPOpt have learned policies that provided
nearly the maximum reliability for poles of any length. That meant, these policies could adap-
tively adjust their actions more frequently in short-pole scenarios and less frequently in long-pole
scenarios. This observation indicated that the dynamic policy by RL provided higher adaptability
than the static policy by EA. When dealing with the same deep uncertainty problem, the former
should be able to adapt to more actual scenarios before a new policy needs to be reworked, thereby
also improving the overall efficiency of the DMDU approach. This also explained why all the RL

algorithms outperformed €-NSGA-II in terms of Starr’s domain criterion (Figure 4.8).
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4.4 Complex-Objective Robust Cartpole Problem With Fixed
Initial State

In the last experiment of this chapter, we introduced a complex objective to the robust Cartpole
problem as a transition from single-objective robust problems to multi-objective ones. This prob-
lem both revealed how our algorithms balanced multiple goals, and was simple enough to be ex-
pressed by a single reward function and solved by our ‘naive’ multi-policy MORRL algorithms in

one run.

4.4.1 Problem Conceptualization And Experimental Setup

To formulate a complex-objective problem, we reframed the original robust Cartpole problem to
include an objective and a hard constraint. The objective was to minimize external interference to
the Cartpole system, while the hard constraint was still that the pole could not fall over. These two
goals were not adversarial, and we referred to them as utility and reliability. We used ‘the number
of steps the agent applies no force to the cart’ as the utility indicator and the same reliability
indicator as in the previous experiments. We adopted the same models as in Section 4.3, but used a
different fitness and reward function, defined as follows: At each step, the agent receives a reward
of 1 if it applies no force. Whenever the pole falls over, the agent receives a -500 and the episode
terminates immediately. Finally, we also used the same experimental setups, including the same
training scenario set because we found its appropriate size was also 100 in this problem (Figure
8.2).

4.4.2 Experimental Results
Robustness Evaluation

We used the same Random as in the last experiment, so its average reliability distribution was iden-
tical (Figure 4.9). Its average utility distribution showed a similar trend, but much lower values.
Meanwhile, e-NSGA-II also had a similar average reliability distribution as in the last experiment,
but its performance variance increased. It provided constant and mediocre utility for poles of al-
most any length, due to the nature of its static policies. Unlike them, the RL algorithms generally
provided similar distributions of utility and reliability. The overall performance of Robust and De-
terministic DQNs obviously increased with the pole length. Their policies performed mediocrely
only when the pole was very short, but provided nearly the maximum reliability and utility, and the
minimum variances when the actual pole length exceeded 5 meters. Moreover, Deterministic DQN

outperformed Robust DQN in all these aspects, and it was free from the overfitting issue in this
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Figure 4.9: Average policy performance distributions regarding reliability and utility in the
complex-objective robust Cartpole problem with fixed initial state. Each line refers to the perfor-
mance distribution and its corresponding standard deviation of an algorithm over the parameter
uncertainty space, which averages the policy performance of the algorithm generated using the
five random seeds.

experiment. In contrast, DQN-URBE and EPOpt still performed best in the short-pole scenarios.
Although they provided higher average reliability and lower reliability variances for long poles
compared with the last experiment, those were incomparable to Robust and Deterministic DQN's
because of their overfitting issue. DQN-URBE and EPOpt also provided a worse balance between
reliability and utility, because they performed relatively worse in utility than reliability, compared
with Robust and Deterministic DQNs. Nevertheless, EPOpt still outperformed DQN-URBE in all
aspects.

We obtained similar observations from their individual policy performance distributions (Fig-
ure 4.10 and Figure 4.11). It is worth noting that the reliability performance of e-NSGA-II was
now more sensitive to the exploration randomness, while its utility performance was insensitive to
that. On the contrary, the reliability performance of the RL algorithms became less sensitive to this
randomness and the overfitting issue. But their sensitivity was relatively more severe regarding
their utility performance. Finally, we also found the best individual policy for this problem was

learned by Deterministic DQN by using random seed « (Table 8.1), which provided the maximum
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Figure 4.10: Individual policy performance distributions in the complex-objective robust Cart-
pole problem with fixed initial state. Each subplot in this figure corresponds to an algorithm,
where each line refers to the reliability distribution and its corresponding standard deviation of
a policy over the parameter uncertainty space. These policies were generated by the algorithm
using different random seeds. Therefore, for each algorithm, the performance difference of its
different policies reflects the impact of the exploration randomness on its average performance.
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Figure 4.11: Individual policy performance distributions in the complex-objective robust Cart-
pole problem with fixed initial state. Each subplot in this figure corresponds to an algorithm,
where each line refers to the utility distribution and its corresponding standard deviation of a pol-
icy over the parameter uncertainty space. These policies were generated by the algorithm using
different random seeds. Therefore, for each algorithm, the performance difference of its different
policies reflects the impact of the exploration randomness on its average performance.
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Figure 4.12: Parallel coordinate figures that show different robustness metrics for reliability (a)
and utility (b) of each algorithm in the complex-objective robust Cartpole problem with fixed
initial state. In Figure (a), we used reliability = 200, which was also the maximum reliability
that could be provided in an episode, as the pre-defined threshold for Starr’s domain criterion.

Moreover, Mean is not a robustness metric and used for reference only.

utility and reliability for poles of almost any length.

By comparing Figure 4.12 (a) with Figure 4.8, we also observed obvious improvements in the

reliability performance of the RL algorithms in terms of the other robustness metrics, especially
for EPOpt and Deterministic DQN. These two algorithms provided similar Mean (188 and 187),
Starr’s domain criteria (0.74 and 0.77) and 10" percentile performance (148 and 146) in this ex-

periment, outperforming all the other algorithms. However, e-NSGA-II still provided the highest

reliability in the worst case, and outperformed Robust DQN and DQN-URBE concerning 10" per-

centile performance. With regard to utility (Figure 4.12 (b)), Deterministic DQN also provided the

best performance regarding all the robustness metrics. It was followed by Robust DQN, e-NSGA-
II, EPOpt and DQN-URBE, where the former outperformed the latter in terms of both Maximin

and 10" percentile performance.
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Figure 4.13: e-progress curve for e-NSGA-II (a), learning curves for the RL algorithms (b),
and their 95% confidence intervals in the complex-objective robust Cartpole problem with fixed
initial state. Each curve of the algorithm is averaged over its multiple runs with different random
seeds. Each point on the curve represents the value averaged over 500 seconds.

Efficiency Evaluation

Compared with the Cartpole problem with random initial state (Figure 4.5), e&-NSGA-II was now
able to make more €-progresses during its exploration processes, thereby identifying better final
policies (Figure 4.13 (a)). However, this also made it take longer to converge than the RL algo-
rithms. The convergence process of DQN-URBE was also extended, and its policy performance
still varied the most during this process (Figure 4.13 (b)). In contrast, Robust and Deterministic
DQNs had similar convergence time, which was also similar to that in the first experiment. EPOpt
still took the shortest time to identify its resulting policies, because these policies were identified
at the peak of its learning curve, as we explained in Section 4.2.3. This process only took around
400 seconds.
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4.4.3 Discussion

Averagely, we argue that Deterministic DQN achieved the best trade-off between utility and re-
liability in this problem, but it was still complemented by €-NSGA-II and EPOpt. €-NSGA-II
provided higher reliability in the worst case, while EPOpt outperformed Deterministic DQN in all
aspects for short poles and was more computationally efficient. Moreover, with the use of appro-
priate random seeds, both Deterministic DQN and EPOpt learned policies that outperformed all
the e-NSGA-II ones, and Deterministic DQN also identified the best policy for this problem.

Robustness

Algorithms Average per- Robustness Stability
formance

e-NSGA-II Utility = 95 Parameter uncertainty (NO) Sensitive to the explo-
Reliability = Model misspecification (NO) ration randomness
173

Robust DQN Utility = 170 Parameter uncertainty (-) Sensitive to the explo-
Reliability = Model misspecification (YES) ration randomness
174

DQN-URBE Utility = 123 Parameter uncertainty (-) Sensitive to the explo-
Reliability = Model misspecification (-) ration randomness
156

EPOpt Utility = 148 Parameter uncertainty (-) Sensitive to the explo-
Reliability = Model misspecification (-) ration randomness
188

Deterministic Utility = 179 Parameter uncertainty (-) Sensitive to the explo-

DQN Reliability = Model misspecification (YES) ration randomness
187

Table 4.7: Summary of the robustness evaluation results in the complex-objective robust Cartpole
problem with fixed initial state. In this table, YES indicates that we argue the algorithm provides
robustness in the corresponding aspect, NO indicates the algorithm does not provide robustness,

and - means the algorithm performance depends on the use of random seeds.

As the objective became complex in this experiment, the Random performance reflected that it was
harder to achieve high utility than reliability (Figure 4.9). Therefore, the overall performance of &-
NSGA-II was compromised. Compared with the last experiment, e-NSGA-II provided extra utility
by slightly costing its reliability performance. To identify good trade-offs between these two goals,
it also made more e-progresses during its exploration processes, resulting in its higher sensitivity

to the exploration randomness (Figure 4.10). However, it still could only provide constant and
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mediocre utility in most evaluation scenarios (Figure 4.11 (a)). This was caused by its lack of
real-time policy adaptability. Since the static policies by €-NSGA-II were fixed action sequences,
the number of times they applied no force was also fixed. Without cycling through the planning
steps to rework new policies, which we have argued inapplicable in the Cartpole problem, these €-
NSGA-II policies could not seize the opportunities that were not predicted to obtain more benefits.
For example, when the actual pole was longer than those in the training scenarios and less likely to
fall over, the agent should apply no force more frequently to increase its utility, but the static policy
did not support this automatic adaptation in real-time. Therefore, we also argue that e-NSGA-II
was not robust to the model misspecification in this problem.

In contrast, the real-time policy adaptability allowed the RL algorithms to seize these oppor-
tunities and obtain more benefits without reworking new policies, so they generally performed
better on utility. Robust and Deterministic DQNs showed the same trend in their performance
distributions (Figure 4.9), because they learned the same dynamic strategy for their policies to
solve this problem: the agent should (1) push the cart until the pole angle is small enough; (2)
stop applying force until this angle exceeds a threshold; and (3) loop through these steps. In most
cases, this strategy allowed the agent to keep the pole upright for 200 steps without applying force
most of the time. Therefore, Robust and Deterministic DQNs achieved nearly the maximum utility
and reliability simultaneously. Moreover, this strategy was applicable for poles of any length, so
Deterministic DQN could also learn it, even though planning for the nominal scenario only. In
this case, the simplicity of its deterministic learning process minimized its sensitivity to the ex-
ploration randomness, and this strategy guaranteed its robustness to the parameter uncertainty and
model misspecification. Thus, Deterministic DQN provided the best performance in this experi-
ment. This finding contradicted the previous belief that the ‘predict-then-act’ approach often fails
to provide robustness because they cannot adapt to unseen scenarios [18, 25, 76], and showed how
much the policy adaptability contributed to the robustness of RL. The only shortcoming of this
strategy was that a good threshold was hard to learn, especially for short-pole scenarios, where the
pole angle changed too quickly and the pole was more likely to fall over once the angle exceeded
the threshold. Hence, some Robust and Deterministic DQN policies performed poorly in these
cases (Figure 4.10 and 4.11 (b,e)).

In the previous two experiments, Deterministic DQN was likely to learn a different strategy,
which was to interfere with the system frequently to keep the pole as vertical as possible. This
strategy worked for short poles, but often overreacted in the long-pole scenarios. Therefore, De-
terministic DQN was more sensitive to the overfitting issue and exploration randomness, which
also compromised its overall performance (Figure 4.7 (e)). This distinction was caused by the
difference in the reward functions used in these experiments. The action of applying no force was

rewarded in this experiment but not in the previous ones. The same reason might also explain why
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the reliability performance of DQN-URBE and EPOpt was less sensitive, too (Figure 4.10 (c,d)).
Therefore, unlike e-NSGA-II, the overall performance of the RL algorithms was improved even
though the objective became complex in this experiment. Nevertheless, we found that DQN-URBE
and EPOpt did not follow the same strategy exactly like Robust and Deterministic DQNSs, so they
did not avoid the overfitting issue completely, and provided a worse balance between utility and
reliability (Figure 4.9). Finally, it is worth noting that this complex objective did not conflict with
the single objective we used before. So in the single-objective Cartpole problem, we could also
define the reward function in the same way to encourage the RL algorithms to learn this ‘minimal-
interference‘ strategy and thereby improve their overall reliability performance.

In conclusion, we argue that the robustness of RL heavily depends on the generalizability of
the strategy it learns, and its real-time policy adaptability. Properly guiding the algorithm to learn
generalizable strategies plays a vital role in the application of Robust RL in decision-making under

uncertainty.

Efficiency

In this experiment, Robust and Deterministic DQNs were similarly efficient because they had sim-
ilar convergence time (Figure 4.13 (b)). EPOpt still provided the highest computational efficiency
because it identified its final policies before the others converged. Moreover, the efficiency of
these algorithms did not change obviously compared with the first experiment. In contrast, the
efficiency of DQN-URBE was compromised and was still sensitive to the exploration randomness.
This might indicate that DQN-URBE was less efficient than the other RL algorithms in handling
complex objectives. After excluding the randomness of the initial model state, e-NSGA-II was
now able to make more policy updates during exploration (Figure 4.13 (a)). However, its conver-
gence process was also greatly extended, which made e-NSGA-II the least efficient algorithm for

this problem.

4.5 Conclusion

In this chapter, we compared the MOREAs and MORRL algorithms in three variants of the robust
Cartpole problem. The main characteristics of the Cartpole problem are (1) it starts from random
initial states, and (2) its time horizon and time-step are short. So real-time policy adaptability is
necessary to guarantee good performance in it.

We found that static policies by €-NSGA-II could not provide this adaptability as dynamic
policies by the RL algorithms. Therefore, they performed poorly in scenarios with random ini-

tial states or short poles, hence providing poor robustness to parameter uncertainty in the single-
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objective problem. However, e-NSGA-II was still robust to model misspecification because it did
not overfit the training scenarios. In contrast, Robust, Deterministic DQNs and EPOpt averagely
provided higher robustness to parameter uncertainty. However, their performance was more sen-
sitive to exploration randomness. These RL algorithms performed perfectly with the appropriate
use of random seeds but worse in other cases. Due to the nature of DQN-URBE, it was severely
affected by the overfitting issue, and failed to provide robustness in any case.

In the complex-objective problem, we found the RL algorithms generally provided better trade-
offs between utility and reliability, and robustness to parameter uncertainty than e-NSGA-II, due
to their policy adaptability. Robust and Deterministic DQNs simultaneously maximized these
two goals even though the latter is a ‘predict-then-act’ approach, because they learned a strategy
well generalized to the entire parameter uncertainty space. This finding further emphasized the
contribution of policy adaptability to the robustness of RL. Eventually, the RL algorithms were
also more efficient than e-NSGA-II in solving all these problems.

In conclusion, we argue that the MOREAs and MORRL algorithms were complementary in
the Cartpole problems. The RL algorithms generally provided higher policy adaptability, robust-
ness and efficiency, while e-NSGA-II was less sensitive to exploration randomness and overfitting

issues, thus always providing better worst-case performance.
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Chapter 5

Lake Problem

5.1 Introduction

5.1.1 Background

Lake problem describes a situation where inhabitants of a town intend to increase their economic
benefits through developing industry and agriculture [19, 20]. These activities will emit more pol-
lution (in the form of phosphorus) into a lake nearby. Once the lake pollution exceeds a threshold,
irreversible lake eutrophication will occur and cause huge economic losses. As the phosphorus in
the lake will gradually decrease due to natural removal, appropriate control of pollution emissions
can achieve sustainable development. This decision-making problem requires decision-makers to
decide the annual phosphorus emissions into the lake for the next 99 years, and the main target is

to maximize the economic benefit of the town while avoiding eutrophication.

Random natural

inflows
Gain in utility L
=0 from pollution v = Processes removing
=[] | =] — e E;ke e phosphorus from the
g o -
Town a: —— . lake (b,q)
pollution - X
excessive increase in
phosphorus

Figure 5.1: Lake problem [20].
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5.1.2 Introduction

As a deep uncertainty problem, Lake problem involves both parameter and objective uncertain-
ties. The original Lake problem has four objectives, whose actual desirabilities are unknown for
decision-making. However, due to the existing knowledge gap, our MORRL algorithms can only
identify one Pareto-optimal solution at a time, hence inefficient in solving problems with such a
large objective uncertainty space. To facilitate our experiments, we decided to simplify the origi-
nal problem. In this chapter, we consider two variants of the Lake problem, including a complex-
objective Lake problem and a multi-objective Lake problem. The former involves an objective and
a hard constraint, while the latter involves two objectives without assumptions about their prefer-
ences. We start with the first problem to study the robustness of our algorithms to the parameter
uncertainty in the Lake problem, and then use the second to investigate their robustness to the deep

uncertainty.

5.1.3 Motivation

Lake problem is a hypothetical and stylized deep uncertainty problem widely used in studies of
DMDU approaches [20, 102, 103]. We took it as our second experimental environment for the
following three motivations. First, Lake problem involves deep uncertainty, which we used to
compare the performance of MOREA and MORRL in dealing with deep uncertainty. Second, Lake
problem is relatively simple. Its state space, action space and uncertainty space are small so that
the time taken to solve it was acceptable for this one-year project. Its simple internal mechanisms
also allowed us to better understand the performance and characteristics of our algorithms. Finally,
Lake problem is a well-known domain problem in the DMDU field. We used it to demonstrate the
application of MORRL in DMDU, thereby introducing MORRL to this new field. Meanwhile,
we also contrasted it with the Cartpole problem to study the difference between robust planning
research in the DMDU field and RL area.

5.2 Complex-Objective Lake Problem

In the first experiment of this chapter, we considered the complex-objective Lake problem, which
only involved the parameter uncertainty from the original problem. We excluded the complexity
introduced by the objective uncertainty, so that we could gain more insights into how the parameter
uncertainty affected the behavior of the Lake system, and what strategies our algorithms adopted

to solve this problem robustly.
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5.2.1 Problem Conceptualization
Problem Formalization

We formalized this problem as MDPs based on its source EMA model from EMA Workbench [43].

These MDPs contained the following parameters (Table 5.1). The time horizon of each episode

Parameters Descriptions Nominal Values

b Phosphorus removal rate 0.42 (dimensionless)
Steepness factor 2.0 (dimensionless)

u Mean of natural pollution inflow distribution 0.02 (dimensionless)
Standard deviation of natural pollution inflow 0.0017 (dimensionless)
distribution

o Discount factor 0.98 (dimensionless)

o Cost multiplier 0.4 (dimensionless)

Table 5.1: Parameters and their nominal values in the Lake problem [20].

was 99 years, or until lake eutrophication occurred (when the actual lake pollution exceeded the
eutrophication threshold). The time-step between two consecutive model states was one year.
Therefore, each episode contained at most 99 steps. The model states were described by four

variables, which were the outcomes of interest defined in the source model (Table 5.2). The MDPs

Outcomes of interest Descriptions

phosphorus Concentration of phosphor in the lake that year

benefit Economic benefit obtained that year

Inertia Yearly change in the anthropogenic pollution rate compared with the last
year

eutrophication Flag indicating whether the lake is eutrophic that year

Table 5.2: Outcomes of interest in the Lake problem [43].

started from a fixed initial state, where all the variable values were 0. In other words, we assumed
there was no lake pollution at the beginning of each episode. The action option in each state
referred to the amount of phosphorus emitted to the lake that year, whose possible values were real
numbers from [0, 0.1]. For those algorithms that support discrete action space only, we instead
used 11 discrete values from O to 0.1 by an increment of 0.01 as their action options. The transition

function between states was also derived from the source model.
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The original Lake problem involves five uncertain parameters, whose possible value ranges are
specified in the source model. In this experiment, we used these ranges as their testing parameter
value ranges, and defined the training ranges ourselves to simulate model misspecification (Table

5.3). Additionally, to introduce a complex objective in this experiment, we assumed the only

Parameters Training value ranges Testing value ranges

b [0.35, 0.45] (dimensionless) [0.1, 0.45] (dimensionless)

q [2, 2.8] (dimensionless) [2.0, 4.5] (dimensionless)

u [0.01, 0.025] (dimensionless) [0.01, 0.05] (dimensionless)
c [0.001, 0.002] (dimensionless) [0.001, 0.005] (dimensionless)
) [0.97, 0.99] (dimensionless) [0.93, 0.99] (dimensionless)

Table 5.3: Uncertain parameters and their corresponding value ranges in the Lake problem,
adapted from [43]. We defined these training parameter value ranges by setting them to [2/7,
1/2] of the corresponding testing ranges. These two numbers were chosen arbitrarily.

objective was to maximize the economic benefit of the town, while there was a hard constraint
that lake eutrophication must be avoided. These two goals were adversarial, and we referred to
them as utility and reliability respectively. In each episode, utility was measured as discounted
accumulated benefit obtained in all years, and reliability was measured as a fraction of years when
the lake was not eutrophic. To guide the exploration of our algorithms, we defined the fitness and
reward functions as follows: at each step, the agent receives a reward of 100 * (benefit that year)
if the lake is not eutrophic. Otherwise, it receives a -500 and the episode terminates immediately.

Finally, this problem did not involve model uncertainty.

Model Implementation

Unlike the Cartpole problem, the source model of the Lake problem is implemented as an EMA
model rather than an OpenAl Gym Environment [88]. Therefore, we reconstructed it as our MDPs
following the processes described in Section 3.1.2. The source model first reads constant parameter
values, a scenario, and a static policy as input and initializes an array to store the annual lake
pollution observed during the simulation. Then, it iteratively executes the actions from the policy
to drive the simulation, and records the annual lake pollution. Eventually, the static policy and
the annual pollution array form the corresponding trajectory, based on which the policy fitness is
measured. According to this model, our MDPs were built to specify constant parameter values in
‘init’; read the input scenario and initialize the array in ‘reset’; execute the actions and calculate

the step-wise fitness or rewards in ‘step’.
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5.2.2 [Experimental Setup

In this experiment, we applied six algorithms for exploration to identify optimal robust policies for
this problem for comparison. They were e-NSGA-II, Borg, Robust DQN, DQN-URBE, EPOpt and
Deterministic DQN (Section 4.2.2). Due to the time constraint, we ran each algorithm only once,

and used random seed o to control the exploration randomness. Table 5.4 details the experimental

setups.

Setups Descriptions Values

Training scenario Size of the training scenario set (Section 200 (Figure 8.3)

set size 3.1.4)

Random seeds Random seeds used to control the randomness o (Table 8.1)
of the exploration processes

Number of CPUs Number of CPUs used to support the explo- 75
ration processes of the algorithms

e-NSGA-II Number of function evaluations taken in the 100,000 function evalua-
exploration process of e-NSGA-II tions

Borg Number of function evaluations taken in the 100,000 function evalua-
exploration process of Borg tions

Robust DQN Number of iterations taken in the exploration 8,000 iterations
process of Robust DQN

DQN-URBE Number of episodes taken in the exploration 4,000 episodes
process of DQN-URBE

EPOpt Number of iterations taken in the exploration 4,000 iterations
process of EPOpt

Deterministic Number of iterations taken in the exploration 8,000 iterations

DQN process of Deterministic DQN

Table 5.4: Experimental setups for the complex-objective Lake problem. The table specifies one
random seed o, which means that we ran each algorithm once, with & controlling the exploration
randomness. Moreover, we allocated a sufficient computational budget for each algorithm to
converge its exploration process, in order to yield a fair comparison.

5.2.3 Results

Robustness Evaluation

In this experiment, we set two baseline policies, namely Random and No Pollution. The former

referred to the policy randomly generated using seed &, while the latter referred to the policy of
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Figure 5.2: Reliability (a) and utility (b) performance distributions of the algorithms in the 5,000
evaluation scenarios in the complex-objective Lake problem.

emitting no pollution into the lake. Random was most prone to lake eutrophication (Figure 5.2,

Table 8.2 in the appendix), and it only provided mediocre average utility (0.28). No Pollution

maximized its reliability at a cost of all utility, but natural pollution inflows alone still caused

eutrophication in 1,118 out of 5,000 evaluation scenarios.

The policy performance of e-NSGA-II and Borg was very similar. Compared with Random,

they managed to avoid eutrophication in more scenarios and provide average reliability of 0.57 over

the uncertainty space. Meanwhile, they also provided similar average utility (0.27) but smaller util-
ity variances (Figure 5.2, Table 8.2 in the appendix). In contrast, Robust DQN and DQN-URBE
provided much higher average reliability (0.77 and 0.72) and utility (0.36 and 0.40). However, al-
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though they robustly avoided eutrophication in most cases, their utility distributions had the largest
variances. EPOpt provided the best reliability distribution but the worst utility distribution in this
experiment, except for No Pollution. Its policy only led to eutrophication in 1,227 scenarios, com-
parable to 1,118 for No Pollution. Finally, the overall performance of Deterministic DQN was close
to that of the EAs. Compared with the Robust RL algorithms, its policy was much more likely to
cause eutrophication, and also provided densely distributed poor utility over the uncertainty space.

Figure 5.3 and 5.4 show the policy performance distributions of these algorithms over the pa-
rameter uncertainty space. In each subplot of Figure 5.3, the area of the brightest area reflected the
proportion of evaluation scenarios where the algorithm avoided eutrophication. These observations
were consistent with Figure 5.2 (a). Moreover, we observed that when both b and g were close to
their lower limits, eutrophication always occurred even without anthropogenic pollution inflows
(Figure 5.3). It indicated that this problem was unsolvable in these scenarios, which we will ignore
in the following discussion. In other cases, the EAs and Deterministic DQN generally provided
constant utility, because no color gradient was observed in their heat maps (Figure 5.4). In con-
trast, Robust DQN, DQN-URBE and EPOpt were able to adjust their economic benefits according
to different b and ¢, which explained the large utility variances of Robust DQN and DQN-URBE.

Regarding the other robustness metrics for reliability, the overall rankings of these algorithms
were EPOpt, Robust DQN, DQN-URBE, Deterministic DQN and the EAs, where the former out-
performed the latter in all aspects (Figure 5.5 (a)). The only exception was that the Robust DQN
and DQN-URBE policies caused eutrophication earlier than the Deterministic DQN one in the
worst case. These observations were generally consistent with Figure 5.2 (a). With regard to util-
ity, we argue that its Maximin did not accurately reflect the robustness of the algorithms in this
experiment. This was because lake eutrophication always occurred in the first several steps in the
worst scenarios, so the economic benefits obtained by the algorithms during this period were too
similar (Figure 5.5 (b)). In addition, we observed that Robust DQN and DQN-URBE provided low
10" percentile utility relative to their high average utility. And the EAs outperformed all the RL

algorithms concerning this metric.
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maximum reliability that could be provided in an episode, as the pre-defined threshold for Starr’s
domain criterion in Figure (a). Moreover, Mean is not a robustness metric and used for reference

only.

Efficiency Evaluation

The e-progress curves of e-NSGA-II and Borg were very similar in the first 2,000 seconds (Fig-

ure 5.6 (a)). After that, Borg converged faster and stopped progressing completely after 14,000

seconds, while the convergence of €-NSGA-II was slower with more &-progresses occurring. In

contrast, the convergence time of the RL algorithms was shorter and similar to each other (Figure
5.6 (b)). Nevertheless, EPOpt identified its final policy within 1,300 seconds rather than at the

end of the exploration process like the others (Section 3.1.2). Finally, although we used the same

experimental setups as the robust Cartpole problem in this experiment (Table 4.2 and 5.4), the

running time of all algorithms had increased, especially for DQN-URBE and EPOpt.
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represents the value averaged over 500 seconds.

5.2.4 Discussion

Based on our experimental results and interpretation methods (Section 3.4), we argue that Robust
DQN, DQN-URBE and EPOpt provided the best robustness to the parameter uncertainty in this
experiment and were not complemented by the others. Since utility and reliability were adversar-
ial, their policies actually provided the best non-dominated trade-offs between the two goals, and
outperformed policies of the other algorithms regarding at least one goal. Additionally, EPOpt was

also the most efficient algorithm.

Robustness

The Random and No Pollution performance reflected the difficulty distribution of the problem

over the parameter uncertainty space. Generally, avoiding lake eutrophication was harder than
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Algorithms Robustness

e-NSGA-II Parameter uncertainty (NO)
Model misspecification (NO)

Borg Parameter uncertainty (NO)
Model misspecification (NO)

Robust DQN Parameter uncertainty (YES)
Model misspecification (YES)

DQN-URBE Parameter uncertainty (YES)
Model misspecification (YES)

EPOpt Parameter uncertainty (YES)
Model misspecification (YES)

Deterministic DQN Parameter uncertainty (NO)
Model misspecification (NO)

Table 5.5: Summary of the robustness evaluation results in the complex-objective Lake problem.
In this table, YES indicates that we argue the algorithm provides robustness in the corresponding
aspect, and NO indicates the algorithm does not provide robustness.

obtaining economic benefits (Figure 5.2). The Lake system became more fragile and the problem
became more challenging as b and g became smaller (Figure 5.3), because they determined the
eutrophication threshold and natural pollution growth rate [20, 43].

To achieve sustainable economic development in this problem, the overall idea was to control
annual pollution emissions to allow for natural removal. Different algorithms implemented this
idea in different ways. Following the e-NSGA-II and Borg policies, decision-makers should al-
ways discharge large amounts of pollution in the first few years when the lake is less polluted, and
discharge moderate pollution periodically afterward. This strategy was applicable in the training
scenarios, where b was large but g was small, but was not well generalized to other testing scenar-
ios. When b and g were both small, eutrophication occurred immediately after emitting a medium
amount of pollution in any step, so these policies provided low reliability (Figure 5.3); When b
and g were both large, the system had a strong self-regulation capacity and these policies missed
the opportunity to obtain extra utility from more pollution (Figure 5.4). Therefore, we argue that
&-NSGA-II and Borg were not robust to the parameter uncertainty or model misspecification in
this problem.

In contrast, we observed that the Robust DQN and DQN-URBE policies adaptively decided to
emit more pollution in opportune scenarios to obtain more utility and reduce emissions in dire sce-
narios to avoid eutrophication (Figure 5.4). In this way, although they had larger utility variances,

they actually provided better average utility and reliability, and robustness compared with the EAs.
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Meanwhile, we also observed similar behaviors of the EPOpt policy. Although it was more conser-
vative in its pollution emissions, it still adapted its actions to the actual state to maximize its per-
formance. Therefore, these three algorithms provided the best non-dominated trade-offs between
utility and reliability. And we argue that they provided robustness to the parameter uncertainty
and model misspecification in this experiment. This observation again indicated that the real-time
policy adaptability greatly promotes the robustness and efficiency of RL as an exploration method
in DMDU, by allowing its policy to adapt to more unseen situations and opportunities before a
new policy needs to be reworked.

In this problem, the RL agents made decisions based on their imperfect observations of the
model state. The natural pollution inflows and eutrophication threshold were essential for them to
adjust their actions adaptively, but these parameters were uncertain and inaccessible. Therefore, the
RL algorithms learned estimates of these parameters during their exploration processes. However,
by learning only from the nominal scenario, Deterministic DQN incorrectly formed fixed estimates
of these parameters. In this case, its final policy followed a static strategy and behaved similarly
in any evaluation scenario like the static policy (Figure 5.4). This strategy was only applicable
in the nominal scenario, so Deterministic DQN failed to provide adaptability or robustness in
this experiment. Compared with the dominance of Deterministic DQN in the complex-objective
Cartpole problem, this observation again indicated that the robustness of RL heavily depends on
whether the strategy it learns can be well generalized to all possible futures.

By taking the parameter uncertainty into consideration, the Robust RL algorithms not only
learned such estimates, but also learned to adjust them based on the actual observation during de-
ployment. Hence, Robust DQN, DQN-URBE and EPOpt still achieved adaptability. Nevertheless,
in dire scenarios, eutrophication often occurred in the first few steps, where the agent might not
collect enough observations for adjustments if the initial estimates greatly differed from the actual
ones. Therefore, EPOpt conservatively learned very low estimates of these uncertain parameters,
and its policy often stopped emitting pollution even though the lake pollution was far below the
actual eutrophication threshold. In contrast, Robust DQN and DQN-URBE were more optimistic
about their initial estimates to enhance their utility, but more likely to cause eutrophication in those
dire scenarios. This explained why EPOpt slightly improved its reliability at a cost of much util-
ity, compared with the other two (Figure 5.2). Finally, as mentioned before, the main criticism of
RTD-DQN is that planning for the worst often leads to overly conservative policies [73], so DQN-
URBE was proposed to mitigate this conservativeness by integrating RTD-DQN with UBE [18].
The DQN-URBE performance in this experiment empirically proved that this integration achieved
its goal.

These characteristics of the algorithms also explained their performance on the other robustness
metrics for utility and reliability (Figure 5.5). Robust DQN, DQN-URBE and EPOpt adaptively
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reduced their pollution emissions in relatively bad scenarios to avoid eutrophication, so they pro-
vided higher Starr’s domain criterion, the maximum reliability in the 10" percentile worst scenario,
but lower 10" percentile uzility. Additionally, Deterministic DQN outperformed Robust DQN and
DQN-URBE with regard to the worst-case reliability, because the latter two were more optimistic
about their initial estimates of the uncertain parameters, but failed to finish their adjustments before

eutrophication actually occurred in the worst case.

Efficiency

In this experiment, EPOpt was the most efficient algorithm because it took the shortest time to iden-
tify its final policy. We argue that Robust, Deterministic DQNs and DQN-URBE provided similar
efficiency and outperformed the EAs, according to their convergence time. Finally, Borg was also
more efficient than e-NSGA-II, because it took less time and fewer €-progresses to converge.

It is worth noting that function evaluations in this Lake problem and the robust Cartpole prob-
lem contained similar numbers of model steps. Each function evaluation in the Lake problem
consisted of 200 episodes (one for each scenario in the training scenario set), and each episode
contained at most 99 steps; each evaluation in the Cartpole problem consisted of 100 episodes, and
each episode contained at most 200 steps. Meanwhile, since we also used the same experimental
setups, the exploration processes of each algorithm in different experiments should contain similar
total step numbers. Compared with the robust Cartpole problem, we observed that the running time
of all algorithms had increased in this experiment, mainly because the transition logic of the Lake
problem was more complex and computationally intensive. However, the time of DQN-URBE
and EPOpt had increased more due to their implementation characteristics (Section 3.1.2). For
DQN-URBE, its RMDP was designed to work sequentially [18]. As the complexity of the transi-
tion function increased, the running time of DQN-URBE increased fastest, and would eventually
become intractable in complex problems. For EPOpt, it employed batch optimization and updated
its policy with the 10% worst scenarios in each iteration [76]. As the size of the training scenario
set had doubled in this experiment, the number of scenarios used by EPOpt for updating had also
doubled, so its running time had also greatly increased. Compared with them, the other algorithms
were free from these issues, so they were less affected.

5.3 Multi-Objective Lake Problem

With a deeper understanding of the behavior of the Lake system and the robustness of the algo-
rithms to its parameter uncertainty, we now switch to the multi-objective Lake problem. This is

also the first deep uncertainty problem considered in this project, involving both parameter and
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objective uncertainties. We used this problem to investigate the robustness of the algorithms to

deep uncertainty.

5.3.1 Problem Conceptualization And Experimental Setup

Setups

Descriptions

Values

Training scenario
set size

Random seeds

Weight vectors

Number of CPUs

e-NSGA-II

Borg

Robust DQN

DQN-URBE

EPOpt

Deterministic
DQN

Size of the training scenario set (Section
3.1.4)

Random seeds used to control the randomness
of the exploration processes

Weight vectors used in the MDP reward func-
tion of the RL algorithms

Number of CPUs used to support the explo-
ration processes of the algorithms

Number of function evaluations taken in the
exploration process of e-NSGA-II

Number of function evaluations taken in the
exploration process of Borg

Number of iterations taken in the exploration
processes of Robust DQN

Number of episodes taken in the exploration
processes of DQN-URBE

Number of iterations taken in the exploration
processes of EPOpt

Number of iterations taken in the exploration
processes of Deterministic DQN

200 (Figure 8.4)

o (Table 8.1)

(1D, (1,2), (1,3), (1.4),
(1,5), (1,6), (1,7), (1,8),
(1,9), (1,10)

75
200,000 function evalua-

tions

200,000 function evalua-
tions

4,000 iterations

4,000 episodes

2,000 iterations

4,000 iterations

Table 5.6: Experimental setups for the multi-objective Lake problem. In this experiment, we ran
€-NSGA-II and Borg once but each RL algorithms 10 times with different weight vectors. In
each of these vector, the first value is the weight for utility and the second value is the weight for
reliability in the MDP reward function of the RL algorithms. Moreover, we allocated a sufficient
computational budget for each algorithm to converge its exploration process, in order to yield a

fair comparison.

To introduce objective uncertainty, we reframed the Lake problem from the last experiment, taking
utility and reliability as two independent objectives without assuming their preferences. We also
adopted the same models but redefined their fitness and reward functions to describe the objective

uncertainty. The fitness function was defined as taking the values of utility and reliability obtained
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by the agent in the entire episode as two independent objective indicators, while the reward function
was defined as the weighted sum of utility and reliability obtained at each step. As this experiment
did not involve hard constraints, each episode always contained 99 steps. These settings referred to
the source model of the Lake problem [43]. Additionally, according to the nature of MOREA and
‘naive’ multi-policy MORRL, we ran e-NSGA-II and Borg once, but each RL algorithm 10 times
with different weight vectors, in order to identify multiple Pareto-optimal solutions using each
algorithm. Finally, we also used the same training scenario set because we found its appropriate

size was also 200 in this problem (Figure 8.4). Table 5.6 details the experimental setups.

5.3.2 Results

Robustness Evaluation
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Figure 5.7: Policy trade-off distributions in the multi-objective Lake problem. Each point refers
to the average performance of a policy of an algorithm over the parameter uncertainty space,
concerning utility and reliability.

We used the same Random and No Pollution as in the last experiment. The former provided
mediocre average utility (0.55) and reliability (0.40), while the latter cost all utility to maximize
its average reliability (0.83) (Figure 5.7). The overall performance of €e-NSGA-II and Borg was
similar. They both identified many policies (63 and 65) in one run, providing various trade-offs
between the two objectives, including the one provided by Random. These policies were mutually

non-dominated, because they averagely outperformed each other regarding one of the objectives.
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Figure 5.8: Policy trade-off distributions and their performance variances in the multi-objective
Lake problem. Each point refers to the average performance of a policy of an algorithm over the
parameter uncertainty space concerning utility and reliability, and each error bar connected with
the point refers to the corresponding interquartile range concerning utility or reliability. Some
points are not connected by vertical error bars because their corresponding policies provided
the maximum reliability in more than 75% of the evaluation scenarios, so the corresponding

interquartile ranges were 0.
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For the EA policies that provided the same average trade-off as Random, their reliability distri-
butions were more positively skewed (Figure 5.8 (a)). Finally, although the trade-offs provided
by €-NSGA-II and Borg were densely distributed, neither of them identified a policy providing
average reliability higher than 0.6, even though such a static policy existed (No Pollution).

Robust and Deterministic DQNs only identified policies that provided either high utility or high
reliability (Figure 5.8 (c,f)). These policies were also non-dominated by the EA ones, and had
similar performance variances if their average performance was close to that of the EA policies.
However, the different trade-offs provided by them were fewest (6 and 4) and least densely dis-
tributed. The DQN-URBE policies performed best in providing high reliability, where they were
not mutually non-dominated, and the best of them outperformed the similar policies of Robust,
Deterministic DQNs and the EAs regarding both objectives (Figure 5.8 (d)). These DQN-URBE
policies also had their first and third quartile reliability close to the maximum. Nevertheless, DQN-
URBE did not identify a policy that maximized utility in this experiment. Its policies that provided
relatively high utility could be dominated by the EA ones, and had more positively skewed reli-
ability distributions. DQN-URBE also provided a denser trade-off distribution than Robust and
Deterministic DQNs, but that was still incomparable to the EAs. Finally, the EPOpt policies gen-
erated from different runs performed unstably in terms of their average performance and variances
(Figure 5.8 (e)). They either outperformed, underperformed, or non-dominated the similar Robust,
Deterministic DQN and EA policies in these aspects, where no general pattern was observed. Nev-
ertheless, we still found that the trade-off distribution of EPOpt had a similar density and range to
that of DQN-URBE.

Efficiency Evaluation

We observed that the e-progress curves of E-NSGA-II and Borg showed similar trends to the last
experiment (Figure 5.9 (a) and Figure 5.6 (a)), where €-NSGA-II took more &-progresses and
longer to converge than Borg during their exploration processes. Meanwhile, both e-NSGA-II and
Borg also took much more e-progresses and longer to converge compared with themselves in the
last experiment. The learning curves of Robust, Deterministic DQNs and EPOpt were also similar
to those in Figure 5.6 (b), in terms of both trend and convergence time (Figure 5.9 (b)). Robust
DQN and EPOpt still had similar convergence time, but that of Deterministic DQN was slightly
longer compared with them. In contrast, the convergence time and running time of DQN-URBE
had greatly increased. In this experiment, DQN-URBE took more than triple the time to identify
its final policy compared with the other RL algorithms.
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Figure 5.9: e-progress curves for the EAs (a), learning curves for the RL algorithms when using
a weight vector of (1, 9) (b), and their 95% confidence intervals in the multi-objective Lake
problem. Each point on the curve represents the value averaged over 500 seconds.

5.3.3 Discussion

In this multi-objective Lake problem, e-NSGA-II and Borg performed similarly. They simultane-
ously provided the best average policy performance and robustness to the parameter and objective
uncertainties regarding policy trade-off with medium or high utility. They were also more efficient
than the RL algorithms in dealing with the objective uncertainty. Their only shortcoming was
that they could not identify policies providing high reliability, which was complemented by the
RL algorithms. In this respect, DQN-URBE outperformed all the other algorithms regarding both

average performance and robustness.
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Average Policy Performance And Robustness To Parameter Uncertainty

As introduced in Section 3.4.2, we compared the average policy performance of the algorithms
based on their policy dominance relationship in Figure 5.7 and 5.8. However, their robustness
to the parameter uncertainty was only reflected by their reliability variances in this problem, as
discussed in Section 5.2.4.

Based on Figure 5.8, the EAs and Random provided comparable average policy performance
because their policies were mutually non-dominated. However, the reliability distributions of the
EAs were more positively skewed, indicating that they provided lower reliability in more eval-
uation scenarios. This observation reflected the EAs suffered from the overfitting issue in this
problem. Their policies might only perform well in the scenarios used for training but much worse
in those unseen evaluation ones. Moreover, this shortcoming also prevented the EAs from iden-
tifying policies that provided high reliability, as discussed in Section 5.2.4. Therefore, we argue
that the EAs were not robust to the model misspecification in this problem.

For the same reason, we argue that Robust and Deterministic DQNs provided similar aver-
age performance and robustness to the parameter uncertainty regarding policy trade-off with high
utility, compared to the EAs (Figure 5.8). DQN-URBE outperformed the other algorithms in all
aspects when providing high reliability, because its policies dominated the others, and robustly
provided nearly the maximum reliability in most cases. However, DQN-URBE was bad at pro-
viding high wutility. Under this condition, its policies overfit the training scenarios more severely,
and provided lower utility and reliability in those unseen evaluation scenarios compared with the
EAs. Therefore, we found that DQN-URBE had poorer average performance and robustness to the
parameter uncertainty in this condition. Finally, due to the nature of the dynamic policy, all the RL
algorithms learned policies providing high reliability, which meant they provided robustness to the
model misspecification regarding policy trade-off with high reliability.

There were also some observations that required further research to explain. First, the learning
processes of DQN-URBE and EPOpt were unstable. Some of their policies outperformed their
other policies regarding both utility and reliability, rather than being mutually non-dominated like
the Robust, Deterministic DQN and EA ones (Figure 5.8). This issue prevented us from drawing a
settled conclusion about the policy performance of EPOpt. We speculate this unstable learning of
EPOpt was due to the fact that its default unconstrained initial exploration was not enough for such
a complex problem [76]. Nevertheless, further investigations are needed to verify this hypothe-
sis and explain the unstable learning of DQN-URBE. Second, unlike the complex-objective Lake
problem, Robust DQN and EPOpt lost their dominance over average performance and robustness
to parameter uncertainty compared with the EAs and Deterministic DQN, but DQN-URBE did not.
By further studying the strategies adopted by these algorithms to solve this problem, these changes
could be explained by the characteristics of the algorithms. Lastly, the RL algorithms rarely gen-
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erated policies providing medium or high utility, so we could not evaluate their performance under

this condition until further experiments.

Robustness To Objective Uncertainty

As well-known multi-objective optimization methods, e-NSGA-II and Borg provided the best ro-
bustness to the objective uncertainty regarding their trade-off distribution density, but failed to
achieve the largest distribution range because of their poor robustness to the model misspecifica-
tion (Figure 5.7). In contrast, all the RL algorithms could theoretically provide the largest range by
using appropriate weights (like Robust and Deterministic DQNSs), because they were free from this
issue. However, this observation still needs further experiments to verify. The main shortcoming
of the RL algorithms was that their trade-off distributions were far sparser than the EAs, especially
for Robust and Deterministic DQNs. This was mainly caused by their two weaknesses in handling
objective uncertainty: (1) the nature of ‘naive’ multi-policy MORRL, which generates one policy
to provide one trade-off per run; and (2) the unpredictable mapping from the objective weights
used in the MDP reward function to the final policy performance of the RL algorithms.

In this experiment, we used a fixed weight for utility and weights increased from 1 to 10 for
reliability to guide the RL algorithms to learn policies providing different trade-offs between the
two objectives. Intuitively, we expected these policies to gradually provide slightly decreasing
utility but increasing reliability with the weight for reliability increased. But in fact, for the same
algorithm, its policy performance A generated using a weight vector (1,X) might unpredictably
differ from its policy performance B generated using (1,X — 1) (Figure 5.7). Based on our obser-
vations, A might: (1) be identical to B (Robust or Deterministic DQN learned the same policy even
with some different weight vectors); (2) dominate B or be dominated by B (DQN-URBE or EPOpt
learned policies that dominated its other policies); (3) provide higher utility, but lower reliability
compared with B; (4) greatly differ from B (no Robust or Deterministic DQN policy provided
medium utility or reliability). This unpredictability is mainly caused by the high complexity and
sensitivity to randomness of the RL learning process. It greatly challenges the design of input
weight vectors for the RL algorithm to learn policies that provide the desired trade-off distribution.
Decision-makers might need to try a much larger number of different vectors so that their RL al-
gorithm can produce the same trade-off distribution as the EAs. Moreover, this weakness is also
exacerbated by the nature of ‘naive’ multi-policy MORRL, which might make it intractable for our

RL algorithms to provide satisfactory robustness to objective uncertainty in many problems.
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Efficiency

In this experiment, Borg was still more efficient than e-NSGA-II, because it took a shorter time
and fewer €-progresses to converge (Figure 5.9 (a)). Additionally, the computational efficiency of
both e-NSGA-II and Borg was greatly compromised after introducing the objective uncertainty.
This was because these MOREASs simultaneously maintained and evolved a set of non-dominated
solutions in their exploration processes, in order to generate multiple Pareto-optimal solutions at
the end of one run.

In contrast, our ‘naive’ multi-policy MORRL algorithms still learned one policy per run, so the
efficiency of Robust, Deterministic DQNs and EPOpt was not obviously affected (Figure 5.9 (b)).
We argue that EPOpt was the most efficient algorithm among them, because it only took around
830 seconds to identify its final policy, instead of at the end of its learning process. Deterministic
DQN was slightly less efficient than the other two, because it took longer to converge even if it
learned from a deterministic model. This might be caused by the exploration randomness. The
only exception was DQN-URBE. Although it also learned one policy per run, its convergence
time had greatly increased. This observation indicated that DQN-URBE was the least efficient in
dealing with the objective uncertainty compared with the other RL algorithms.

Finally, it is worth noting that Figure 5.9 only reflected the efficiency of the algorithms in one
run. Theoretically, e-NSGA-II and Borg were able to identify all Pareto-optimal solutions during
this process, but each ‘naive’ multi-policy MORRL algorithm could identify one of them only.
Overall, we argue that the EAs were much more efficient than our RL algorithms in dealing with

the objective uncertainty.

5.4 Conclusion

In this chapter, we compared the MOREAs and MORRL algorithms in two variants of the Lake
problems. Compared with the Cartpole problem, the Lake problem has the following character-
istics: (1) it starts from a fixed initial state; (2) its time horizon and time-step are long enough
for decision-makers to cycle through the three DMDU steps (Figure 2.2) to rework new plans to
adapt to the future; (3) it does not explicitly specify state variables to describe the system state.
Specifically, (1) and (2) indicate the Lake problem puts lower requirements on real-time policy
adaptability, while (3) indicates it poorly supports the real-time control of the dynamic policy.
Nevertheless, our experimental results showed that this adaptability still contributed much to
the performance of RL in DMDU. In the complex-objective problem, Robust DQN, DQN-URBE
and EPOpt provided the best robustness to parameter uncertainty and model misspecification. This

was because their policies could adapt to the actual scenario in real-time, to simultaneously max-
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imize utility and reliability, and avoid overfitting the training scenarios. In contrast, E-NSGA-II
and Borg could not achieve this without reworking new policies adaptively. Deterministic DQN
also provided poor robustness, because it failed to learn a strategy well generalized to the entire
uncertainty space due to the overfitting issue. Finally, since our Robust RL algorithms were also
more efficient than the EAs, we argue they dominated the EAs in this problem.

In the multi-objective problem, the EAs and RL algorithms generally provided similar robust-
ness to parameter uncertainty, but the EAs still could not handle model misspecification. On the
other hand, the EAs and RL algorithms had different strengths with regard to their robustness to ob-
jective uncertainty. €-NSGA-II and Borg provided highly dense trade-off distributions, but failed
to identify policies providing high reliability due to the overfitting issue. The RL algorithms could
provide the largest range distributions theoretically, but it might be intractable for them to pro-
vide the same distribution density as the EAs. Moreover, we argue that the EAs were much more
efficient than the RL algorithms in handling objective uncertainty, because they identified many
Pareto-optimal solutions in one run. In conclusion, we argue that the MOREAs and MORRL

algorithms were complementary in this problem.
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Chapter 6

Electricity Market Problem

6.1 Introduction

6.1.1 Background

Australian Energy Market Operator (AEMO) operates the National Electricity Market (NEM) to
support commodity exchange for electricity across five eastern and south-eastern states in Australia
[104, 105]. To overcome the difficulty of electricity storage, and control the market electricity cost,
the NEM acts as a wholesale spot market that matches electricity supply and demand through a
centralized dispatch process in real-time. Specifically, this process divides each day into a se-
quence of 5-minute trading intervals. For each set interval, electricity generators first submit their
bids, specifying the amounts of electricity they can supply at corresponding prices. Then, AEMO
collects and orders these bids from low to high according to their offered prices and dispatches the
successful bidders according to this order. Finally, the electricity price for this interval is settled
to the highest price offered by these successful bidders. This process is known as merit order and
aims to minimize the electricity price in the NEM.

In 2016, Australia adopted an international treaty on climate change, namely Paris Agreement.
This treaty requires Australia to reduce its greenhouse gas emissions (GHGE) by 26-28% from
2005 levels by 2030 [106]. Since the electricity sector in Australia is one of the major contributors
to GHGE [107], looking at how to transit this sector into a low-carbon future presents important
GHGE reduction opportunities. This brings us to Electricity Market problem, where decision-
makers need to make a plan for rule-makers for the next 10-20 years, to minimize GHGE in the
NEM while keeping its electricity price as low as possible. Meanwhile, this plan should also
provide robustness, to handle a variety of possible circumstances in reality. In our experiment on
this problem, we only focused on the participation of the state of Victoria, because it was the place

where this project was developed, facilitating access to data and expert knowledge.
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6.1.2 Introduction

This chapter presents one experiment that investigated the performance of our algorithms in the
Electricity Market problem. However, due to the complexity of this problem, we did more pre-
processing for simplification to reduce the time taken to solve it, and construct our MDPs based
on its source model. This chapter is organized as follows. We first introduce the source model
we used, the GR4SP simulation model [108]. Then, we present the preprocessing steps we took,
including how we reduced the complexity of the source model and the problem. After that, we
introduce our formalization of the simplified problem, and how we implemented our MDPs based
on the simplified source model. Eventually, we also present our experimental results, as well as

the analysis and discussion on them.

6.1.3 Motivation

Electricity Market problem is a real-world decision-making problem with high complexity and
deep uncertainty. We took it as our last experimental environment for the following three motiva-
tions. First, we used this problem to investigate the impact of high complexity on the performance
of MOREA and MORRL in DMDU, including (1) how they formalized this complex problem; and
(2) how complexity affected the policies they generated and their robustness to deep uncertainty.
Second, this experiment served as an example, demonstrating how to apply the general model in-
terface and DMDU process we designed to solve a real-world problem. Third, we also contrasted
this problem with the Cartpole problem to further study the difference between practical robust
planning research in the DMDU field and RL area.

6.2 Problem Conceptualization

Like our previous experiments, we conceptualized the Electricity Market problem based on an ex-
isting system model of the NEM. In this way, this problem also involved parameter and objective
uncertainties only. Although many models of the Australian electricity market have been proposed
in previous studies, they either focus on retrospective effects of renewable energy in merit-order
markets [109], or investment decisions on new generation [110, 111], which are dynamics irrele-
vant for our specific focus. Another model that could be useful for this problem is the NEMSIM
model [112], but it cannot be accessed. In this experiment, we mainly referred to the GR4SP
simulation model as our source model [108]. This model simulates the NEM with data from the
Victorian Market only, which captures the problem dynamics we are interested in at the right level

of complexity.
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6.2.1 GRA4SP Simulation Model

GRA4SP is a package of software components that provides tools to simulate the socio-technical
layout of any electricity system, in order to analyze its long-term development and performance
[113]. On this basis, Rojas also implemented a simulation model of the NEM in Victoria, Aus-
tralia in Java language as a case study for demonstration [108]. This GR4SP simulation model is
an agent-based model that reflects the system behavior emerging from interactions between indi-
vidual agents, such as electricity generators. The bidding mechanism within the NEM forms the
core of these agent interactions. Specifically, each run of the GR4SP simulation model involves
many rounds, and each round corresponds to a trading interval in the Victorian Market. In each
round, the generators first bid for the current trading interval according to their costs and expected
profits. Then, these generators are dispatched following a merit order of prices specified in their
bids, until the current electricity demand is met. Eventually, this dispatch further determines the
current electricity price, GHGE, generators’ profits and thus their next-round bidding in the model.
Different from the real NEM where the bids are received every 5 minutes, bidding happens every
30 minutes in the GR4SP simulation model. This is because the historical demand data is only
available for this time interval.

The GR4SP simulation model relies on both historical data and simulation settings to project
the market performance into the future. Specifically, the former are data on generation assets,
population, electricity consumption and demand, forecasts for consumption, solar uptake, energy
efficiency and onsite generation of the Victorian Market for almost 140 years [114]. These data
were collected from Australian official sources and stored in a PostgreSQL database [115-118].
These data are common to all simulation runs. The latter is a set of parameters that characterize
different assumptions about the future market behavior, such as the simulation date range, inflation
rate and costs of different types of electricity generations. These values are specified in an input
YAML file. By varying these parameters, the model can be used to explore the market performance
in different scenarios. Moreover, many of these parameter values cannot be accurately predicted
until the future unfolds (Table 8.3 and 8.4), which also constitute the parameter uncertainty of the
Electricity Market problem.

Finally, the outputs of the GR4SP simulation model are monthly and yearly time series of
performance indicators of the electricity system between the simulation start and end dates (Table
8.5 and 8.6).

Nominal Trajectory

In Rojas’s work, the simulation results generated by the original GR4SP simulation model using

random seed O (Table 8.1) and the nominal parameter values are considered as the nominal tra-
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jectory of the model [108]. This is because this trajectory best matches the historical records, and
assumes a business-as-usual scenario where the status-quo will be maintained and the uncertainty

will be minimized.

6.2.2 Preprocessing

Given the complexity of the GR4SP simulation model, we decided to embed it directly into our
MDPs as the transition function. However, according to our tests, executing the original model
with one CPU to project the market performance between 01/01/1998 and 01/01/2050 took about
30 seconds. Considering the time limit of this one-year project, it was unaffordable to use such
a computationally intensive transition function for data-hungry algorithms such as EA and RL,
whose exploration processes often involve millions of episodes. Therefore, we took several steps
to sufficiently reduce their running time. These steps can be divided into two categories, model
simplification and problem simplification. The former includes trading interval extension and data
preloading, which aimed to reduce the running time of the GR4SP model. The latter includes
uncertainty space reduction and Principal Component Analysis, which aimed to reduce the number

of episodes required for the algorithms to identify their final policies.

Trading Interval Extension

As mentioned in Section 6.2.1, each trading interval is 5 minutes in the real NEM and 30 minutes in
the original GR4SP simulation model [108]. In this experiment, we decided to further extend this
interval to an appropriate length so that the simulation could be sped up without unduly affecting
its accuracy. Here, we considered four other interval lengths, which were 2, 4, 8 and 24 hours. To
validate their performance, we used the GR4SP model to simulate the performance of the markets
with these intervals, and compared the results with the historical records.

It can be observed that using a larger trading interval in the model increased the error of sim-
ulating the annual average electricity price in the market (Figure 6.1 (a)). The larger the interval,
the greater the GR4SP model overestimated the prices before 2006 and underestimated the prices
between 2012 and 2020. Specifically, the historical mean of annual average electricity prices be-
tween 2005 and 2020 is 55.98 ($/MWh) [114], and Table 6.1 shows the errors of the models with
different trading intervals. Nevertheless, the historical increase in prices from 2012 to 2014 was
due to the Carbon Pricing scheme issued by the Australian government to discourage the use of
high-GHGE generators, which was not reflected in the GR4SP model. This fact indicated that the
actual error of the model should be smaller than that shown in the figure.

In contrast, we found the GR4SP model was more accurate in simulating the annual total

GHGE in the market (Figure 6.1 (b)). Moreover, extending the trading interval in the model also
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Figure 6.1: Yearly time series of outcomes from the historical records, or simulation results
from the GR4SP simulation model using different trading intervals, in terms of annual average
electricity price in the primary wholesale market (a), and annual total GHGE (b) in the Victorian
Market.
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Interval Lengths

Mean Absolute Errors

Mean Absolute Percentage Errors

Original (30 minutes)
2 hours
4 hours
8 hours

24 hours

14.08 ($/MWh)
14.64 ($/MWh)
14.88 ($/MWh)
15.54 ($MWh)
22.10 ($/MWh)

25.2%
26.2%
26.6%
27.8%
39.5%

Table 6.1: Mean absolute errors and mean absolute percentage errors of the models with different
trading intervals compared with the historical records, in terms of the annual average electricity
prices between 2005 and 2020.

had little impact on this simulation accuracy. For example, the historical mean of annual total
GHGE between 2005 and 2020 is 61.34 (MtCO2-¢) [114], and Table 6.2 shows the errors of the

models with different trading intervals.

Interval Lengths Mean Absolute Errors Mean Absolute Percentage Errors
Original (30 minutes) 2.53 (MtCO2-e) 4.1%
2 hours 2.65 (MtCO2-¢) 4.3%
4 hours 2.61 MtCO2-e) 4.3%
8 hours 2.62 (MtCO2-e) 4.3%
24 hours 2.34 (MtCO2-e) 3.8%

Table 6.2: Mean absolute errors and mean absolute percentage errors of the models with different
trading intervals compared with the historical records, in terms of the annual total GHGE between
2005 and 2020.

The choice of the trading interval length in the GR4SP simulation model in this experiment led
to a trade-off between simulation accuracy and running time. Based on our results, we decided to
set this length to 24 hours, and consider the corresponding trajectory in Figure 6.1 as the nominal
trajectory and baseline. We believe the error caused by this approximation was acceptable com-
pared with that of the original model, because this experiment mainly focused on the performance
of our algorithms in DMDU rather than the simulation itself. However, we still argue that rerun-
ning this experiment with the original model is valuable for obtaining more accurate results if time

permits in future studies.
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Data Preloading

After reducing the bidding frequency in the GR4SP simulation model, it still took about 12 seconds
to run once, and its data loading process occupied about 70% of this running time. This process is
responsible for loading the historical data from the PostgreSQL database and predicting their future
values within the simulation date range. This process was identical in all simulations, because
the historical data are deterministic [114] and we fixed all the parameter values involved in this
process. Therefore, we created a checkpoint for the model after it completed the data loading
process, and let all simulations start from this checkpoint to avoid repeating the same process.
This data-preloading strategy helped us reduce the running time of the GR4SP model to about 3.5

seconds.

Uncertainty Space Reduction

In DMDU, the dimensionality of the uncertainty space of the problem has a great impact on the
difficulty of exploration [6]. The more complex the uncertainty space is, on the one hand, the more
scenarios are required to describe it (as suggested by stabilization analysis in Section 3.1.4); on the
other hand, the harder it is to find a robust policy to all uncertainties. This often results in a longer
convergence time for the exploration method. Therefore, we also reduced the time taken to solve
the Electricity Market problem by reducing its objective and parameter uncertainty space.

The GR4SP simulation model simulates the market performance concerning a variety of in-
dicators (Table 8.5 and 8.6). Although many of them are concerned by real rule-makers when
making plans to deliver Australia’s obligation under Paris Agreement, we only focused on the two
core indicators to define the objectives in this experiment, which were the annual average electric-
ity price in the primary wholesale market (‘Primary Wholesale ($/MWh)’) and the annual GHGE
per household (‘GHG Emissions (tCO2-e) per household’) in the Victorian Market.

Additionally, the GR4SP model also involves 28 uncertain parameters (Table 8.3 and 8.4), con-
stituting the parameter uncertainty space in this experiment. We reduced this space by removing
those parameters that have trivial impacts on the two indicators we chose. To quantify these im-
pacts, we performed a global sensitivity analysis, namely SOBOL indices [119]. SOBOL indices
work through decomposing the variances of the indicators into fractions that are attributed to all
uncertain parameters. For each indicator / and each uncertain parameter P, the fraction of the
variance of / caused by the variance of P (first-order index), and the fraction caused by P together
with interactions between P and other parameters (total-order index) are computed. The larger
these indices, the greater impact P has on /. In this experiment, we adopted the implementation of
SOBOL indices from EMA Workbench [43]. To perform this analysis, we ran the GR4SP simu-

lation model 12,600 times and randomly sampled parameter values from their possible ranges in

112



each run, in order to simulate possible market performance between 01/01/1998 and 01/01/2050.
During this process, the first-order indices and total-order indices for each year were collected for
analysis. These analysis settings referred to [108].

With regard to ‘Primary Wholesale ($/MWHh)’, it can be observed that all the uncertain param-
eters had small median S1 values (Figure 6.2). However, the median ST values of ‘consumption’,
‘generationRolloutPeriod’, ‘includePublicallyAnnouncedGen’, ‘nameplateCapacityChangeBrown-
Coal’, ‘nameplateCapacityChangeWind’ and ‘scheduleMinCapMarketGen’ were much larger than
the other parameters. These parameters together with ‘generatorRetirement’ also provided large
maximum ST values, while ‘nameplateCapacityChangeBrownCoal’ was the only parameter that
provided a large maximum S1 value. Therefore, we argue that only the uncertainty of these param-
eters had a non-trivial impact on the variance of ‘Primary Wholesale ($/MWh)’. For similar rea-
sons, we also identified the parameters that contributed to the majority variance of ‘GHG Emissions
(tCO2-e) per household’ were ‘domesticConsumptionPercentage’, ‘includePublicallyAnnounced-
Gen’, ‘learningCurve’, ‘nameplateCapacityChangeBrownCoal’, ‘priceChangePercentageBrown-
Coal’, and ‘priceChangePercentageWind’ (Figure 6.3).

Based on these results, we decided to only consider the following 7 uncertain parameters in our
experiment: ‘generationRolloutPeriod’, ‘generatorRetirement’, ‘includePublicallyAnnouncedGen’,

¢

‘nameplateCapacityChangeBrownCoal’, ‘nameplateCapacityChangeWind’, ‘priceChangePercent-
ageBrownCoal’, and ‘priceChangePercentageWind’. The uncertainty of these parameters has been
shown to have a great impact on at least one of the two indicators we cared about. Some param-
eters that also provided great impacts, such as ‘consumption’ and ‘domesticConsumptionPercent-
age’, were excluded mainly because they were involved in the data loading process of the GR4SP

simulation model, and unfixing their values would fail our data-preloading strategy.
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problem. The upper subplot shows the median of S1 (first-order index) and ST (total-order index)
of each uncertain parameter between 01/01/1998 and 01/01/2050. The lower subplot shows the

maximum of S1 and ST of each uncertain parameter during this period.

Figure 6.2
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Figure 6.3

tricity Market problem. The upper subplot shows the median of S1 (first-order index) and ST

(total-order index) of each uncertain parameter between 01/01/1998 and 01/01/2050. The lower

subplot shows the maximum of S1 and ST of each uncertain parameter during this period.
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Principal Component Analysis

To build our MDPs, we also needed to specify state variables to characterize the model state (Sec-
tion 3.1). The yearly performance indicators produced by the GR4SP simulation model (Table 8.5
and 8.6) were suitable for this purpose. We excluded the 4 indicators relevant to the hourly market
performance, because they were meaningless after we extended the trading interval to 24 hours.
However, there were still 21 x 5 = 105 indicators associated with each state, as we set the time-step
between two consecutive states to 5 years. In this case, these indicators could not be used as the
state variables directly, because such a high-dimensional state space would greatly compromise
the efficiency of the RL algorithms [120].

To overcome this issue, we applied Principal Component Analysis (PCA) [121, 122]. Given a
dataset D involving N attributes, its data entities can be represented as points in a N-dimensional
coordinate space. The principal components of D are a sequence of N unit vectors P, where the line
attributed by the k" vector (v, v, € P) minimizes its average squared distance to all the data points
and is also orthogonal to the previous k — 1 vectors. In this way, the first principal component
always guarantees to explain as much as possible the variance in D, while each subsequent com-
ponent explains as much as possible the variance that is uncorrelated with the previously explained
variance [120]. By computing these principal components and using the most effective ones as
the new attributes to characterize D, PCA reduces the dimensionality of D while minimizing the

information loss.

Principal Components Analysis
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Figure 6.4: Principal Components Analysis results in the Electricity Market problem. Each
bar shows the percentage of variance in the original dataset that is explained by each principal
component.

To apply PCA to reduce the state space of the Electricity Market problem, we followed the
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flow introduced in [120]. We first ran the GR4SP simulation model in all scenarios from the
training scenario set to collect demo trajectories. Then, we characterized each model state in these
trajectories by using the average of each performance indicator over the last 5 years. In this way,
each state was now described by 21 average performance indicators. After that, we treated all
these states as the data entities in a dataset and the 21 average indicators as their attributes, and
performed PCA on them, which ended up with 21 principal components. Figure 6.4 shows the
percentage of variance that was explained by each of these components. Based on the results, we
decided to use the first 7 components as the final state variables because they explained more than
98% variance in those demo trajectories. To achieve this, we extracted the transformer used in
our PCA to transform the 21 indicators into the first 7 components. And in every step of the RL
learning process, the agent used this transformer to transform the performance indicators produced
by the GR4SP simulation model into the 7 state variables in the same way, and used them to

characterize the current model state.

6.2.3 Problem Formalization

Finally, we formalized our simplified Electricity Market problem as MDPs based on the simplified
GR4SP simulation model as follows. The simulation settings specified in the YAML file were
considered as the parameters in our MDPs, except for the simulation date range. They were all set
to their nominal values, except for the 7 uncertain parameters. The time horizon of each episode in
this problem was 24 years, starting on 01/01/2019 and ending on 01/01/2043. We chose this start
date because the database used by the GR4SP model contained historical data before 2019 [114],
so we treated them as the known past and planned for the future. We chose this end date because the
existing data might not be used to predict the farther future accurately, where the installation of new
generators was unpredictable. We assumed the time-step between two consecutive model states
was 5 years. Therefore, each episode always contained 5 steps, corresponding to 2019-2023, 2024-
2028, 2029-2033, 2034-2038, and 2039-2042, and the agent took action at the beginning of each
step. Moreover, the uncertain parameters were fixed to their nominal values before 2019 so that the
initial model state was fixed. Each state was described by the 7 principal components, which were
transformed from the 21 average performance indicators over the corresponding step. Finally,
we embedded the simplified GR4SP simulation model directly into our MDPs as the transition
function. We will discuss this in more detail in Section 6.2.4.

In this experiment, the GR4SP model served the simulation purpose, providing a platform for
evaluating the performance of policy actions in achieving the objectives of the Electricity Mar-
ket problem. To define these action options, we referred to two existing schemes issued by the

Australian government:
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* Carbon Pricing requires electricity generators to pay extra taxes on the carbon dioxide they

produce [123]. This tax price was $23 per tonne of carbon dioxide equivalent (tCO2-e)
in 2012-2013, and increased in subsequent years due to inflation. This scheme increases
the cost of electricity generations with carbon-intensive energy, thereby increasing their bid

prices and reducing their competitiveness in the NEM, to achieve emission reductions.

Renewable Energy Target requires electricity buyers to buy a target percentage of elec-
tricity generated from renewable energy sources every year [124]. The Australian Victoria
government has set this target to 25% by 2020 and 50% by 2030 [125]. This scheme achieves
emission reductions by promoting the competitiveness of renewable energy electricity gen-
erations in the NEM.

In addition to these schemes, we also designed another one according to the nature of the NEM:

* Emission-Order Based Dispatch requires AEMO to organize bids and dispatch generators

following a merit order of emission factors rather than prices for each trading interval in the
NEM. This scheme promotes the competitiveness of low-emission electricity generations, to

achieve emission reductions.

According to these schemes, we designed the following 11 action options for our Electricity Market
problem (Table 6.3).

Indices Action Option Descriptions

—

O© o0 39 O w»n B~ W

._.,_
- O

Set the carbon tax price to $23 per tCO2-e

Set the carbon tax price to $13 per tCO2-¢

Set the carbon tax price to $3 per tCO2-e

Set the carbon tax price to $0 per tCO2-e

Organize bids and dispatch generators following a merit order of prices

Organize bids and dispatch generators following a merit order of emission factors
Set the renewable energy target to 30%

Set the renewable energy target to 50%

Set the renewable energy target to 70%

Set the renewable energy target to 0%

No Action

Table 6.3: Action options in our Electricity Market problem.
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The parameter uncertainty of this problem was constituted by the 7 uncertain parameters. We
used their possible value ranges specified in the source model as the testing parameter value ranges

and self-defined narrower ranges for training to simulate model misspecification (Table 6.4). We

Parameters Training value ranges Testing value ranges
includePublically AnnouncedGen [0..1] [0..1]
generationRolloutPeriod [1..5] [1..10]
generatorRetirement [-3..3] [-5..5]
priceChangePercentageBrownCoal [-25..25] [-50..50]
priceChangePercentageWind [-25..25] [-50..50]
nameplateCapacityChangeBrownCoal [-25..25] [-50..50]
nameplateCapacityChangeWind [-25..25] [-50..50]

Table 6.4: Uncertain parameters and their corresponding value ranges in the Electricity Market
problem, adapted from [108]. We defined these training parameter value ranges by setting them
to about 1/2 of the corresponding testing ranges. This number was chosen arbitrarily.

also defined two objectives with no assumption about their preferences, which we referred to as
price-reduction and emission-reduction. These objectives were measured as accumulated reduc-
tions of ‘Primary Wholesale ($/MWh)’ and ‘GHG Emissions (tCO2-e) per household’ in the actual
trajectory between 01/01/2019 and 01/01/2043, compared with the nominal trajectory. The nom-
inal trajectory referred to the simulation outcomes generated by the GR4SP model using random
seed 0, nominal parameter values and 24-hour intervals, as introduced in Section 6.2.2. The actual
trajectory referred to the outcomes of the interaction between the algorithm policy and its corre-
sponding model in possible scenarios, during the exploration or evaluation process. Given these

definitions, the fitness function of the EAs was defined as

2042
price-reduction = Z (NominalPrice(i) — Actual Price(i) )
i=2019
2042
emission-reduction = Z (Nominal Emission(i) — Actual Emission(i))
i=2019

where NominalPrice(i) and ActualPrice(i) refer to ‘Primary Wholesale ($/MWh)’ in year i in the
nominal and actual trajectories, while Nominal Emission(i) and Actual Emission(i) refer to ‘GHG
Emissions (tCO2-e) per household’ in year i in these two trajectories respectively. Similarly, the
reward function of the RL algorithms was defined as the weighted sum of price-reduction and

emission-reduction over each step. Finally, this problem did not involve model uncertainty.
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6.2.4 Model Implementation

To embed the GR4SP simulation model as the transition function into our MDPs, we constructed
the latter as interfaces of the former. To achieve this, we first implemented two of the three func-
tions required by MDP (‘reset’ and ‘step’, Section 3.1.2) in the GR4SP model, which we referred
to as ‘gr4sp-reset’ and ‘gr4sp-step’. These two functions were defined as follows: (1) ‘gr4sp-reset’
reads a scenario as input, restores the model from the data-preloading checkpoint (Section 6.2.2),
executes the simulation until 01/01/2019, and then sets the uncertain parameter values according
to the input scenario; (2) ‘gr4sp-step’ reads and applies an input action to the model, and executes
the simulation for another 5 years or until 01/01/2043. Eventually, both functions return the 21
average performance indicators over the last 5 years before their termination. Then, the MDP was
implemented as follows: (1) ‘init’ reads the nominal trajectory (Section 6.2.2), PCA transformer
(Section 6.2.2), training scenario set, and a YAML file that specifies the nominal values of all the
parameters into the model (Section 6.2.1); (2) ‘reset’ initializes the GR4SP simulation model pro-
gram with the YAML file, calls its ‘gr4sp-reset’ with the scenario chosen by the algorithm, and
transforms the return of ‘gr4sp-reset’ into the 7 principal components to describe the initial state;
(3) ‘step’ calls ‘gr4sp-step’ with the input action, and computes the state variables, reward and
termination flag based on the return of ‘gr4sp-step’. It is also worth noting that our MDPs were
implemented in Python but the GR4SP model was implemented in Java. The integration of these

two programs was supported by a Python package, namely JPype [126].

6.3 Experimental Setup

In this experiment, we applied four algorithms to solve the Electricity Market problem for com-
parison, which were e-NSGA-II, Robust DQN, EPOpt and Deterministic DQN (Section 4.2.2).
We excluded Borg because its implementation in EMA Workbench does not support discrete ac-
tion space, and our previous experiments had showed that its performance was similar to that of
e-NSGA-II. We excluded DQN-URBE because of its intractability in such a complex problem,
which we will discuss in detail later. Furthermore, due to the time limit and the characteristics
of our MOREA and MORRL algorithms, we still ran e-NSGA-II once and each RL algorithm 10

times with different weights for the two objectives. Table 6.5 details the experimental setups.
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Setups

Descriptions

Values

Training scenario
set size

Random seeds

Weight vectors

Number of CPUs

e-NSGA-II

Robust DQN

EPOpt

Deterministic
DQN

Size of the training scenario set (Section
3.1.4)

Random seeds used to control the randomness
of the exploration processes

Weight vectors used in the MDP reward func-
tion of the RL algorithms

Number of CPUs used to support the explo-
ration processes of the algorithms

Number of function evaluations taken in the
exploration process of e-NSGA-II

Number of iterations taken in the exploration
processes of Robust DQN

Number of iterations taken in the exploration
processes of EPOpt

Number of iterations taken in the exploration
processes of Deterministic DQN

200 (Figure 8.5)

a (Table 8.1)

(1,10), (1,20), (1,30),
(1,40), (1,50, (1,60),
(1,70), (1,80), (1,90),
(1,100)

75

21,000 function evalua-
tions

500 iterations

500 iterations

500 iterations

Table 6.5: Experimental setups for the Electricity Market problem. In this experiment, we ran
€-NSGA-II once but each RL algorithms 10 times with different weight vectors. In each of these
vector, the first value is the weight for price-reduction and the second value is the weight for
emission-reduction in the MDP reward function of the RL algorithms. Moreover, we allocated a
sufficient computational budget for each algorithm to converge its exploration process, in order
to yield a fair comparison.

6.4 Results

6.4.1 Robustness Evaluation

In this experiment, we used No Action as the baseline policy, which referred to applying no action
to the market. Compared with the other algorithm policies, No Action simultaneously maximized
average price-reduction and minimized average emission-reduction (Figure 6.5). However, we ob-
served that the performance of No Action greatly differed from that of Nominal Trajectory regard-
ing both objectives. This difference was mainly caused by the parameter uncertainty, especially for
‘includePublicallyAnnouncedGen’ and ‘generationRolloutPeriod’, and the use of different random
seeds for Nominal Trajectory and our evaluation. For example, the nominal value of ‘includePubli-

callyAnnouncedGen’ was 0, but its possible value range was [0..1]. Setting ‘includePublicallyAn-
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Figure 6.5: Policy trade-off distributions in the Electricity Market problem. Each point refers
to the average performance of a policy of an algorithm over the parameter uncertainty space,
concerning price-reduction and emission-reduction. Note that negative price-reduction means
the actual electricity price is higher than the nominal price. Moreover, Nominal Trajectory refers
to the 24-hour nominal trajectory (Section 6.2.2). Therefore, its price-reduction and emission-
reduction are both 0.

nouncedGen’ to 1 was more conducive to reducing electricity prices and GHGE in the market.
Therefore, although no action was applied, No Action still provided a higher average performance
in evaluation compared with Nominal Trajectory. It can be observed that by fixing these two uncer-
tain parameters to their nominal values, the performance of No Action moved significantly towards
that of Nominal Trajectory.

&€-NSGA-II identified many policies (105) in one run, providing various trade-offs between
the two objectives (Figure 6.5). Most of these policies were mutually non-dominated, which av-
eragely outperformed each other regarding one of the objectives. Moreover, they also provided
similar emission-reduction variances but much smaller price-reduction variances compared with
all other policies (Figure 6.6). The trade-off distribution of e-NSGA-II had the largest range but
consisted of several discrete clusters. The trade-offs in each cluster were densely distributed, but
relatively different from those in different clusters. Nevertheless, e-NSGA-II identified no policy
providing average price-reduction higher than 300 ($/MWh), although such a static policy existed
(No Action).

Robust and Deterministic DQNs performed similarly. Like e-NSGA-II, not all of their policies

were mutually non-dominated (Figure 6.5). Some of them also dominated some EA policies,
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Figure 6.6: Policy trade-off distributions and their performance variances in the Electricity Mar-
ket problem. Each point refers to the average performance of a policy of an algorithm over the
parameter uncertainty space concerning price-reduction and emission-reduction, and each error
bar connected with the point refers to the corresponding interquartile range concerning price-
reduction or emission-reduction. Note that negative price-reduction means the actual electricity
price is higher than the nominal price.
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while the others might be dominated. Meanwhile, these policies performed very differently in
their performance variances (Figure 6.6 (b,d)). Robust and Deterministic DQNs also provided the
fewest and most sparsely distributed different trade-offs. They both identified policies providing
average price-reduction higher than 400 ($/MWh), but only Robust DQN learned the policy of
doing nothing to maximize price-reduction and minimize emission-reduction. The EPOpt policies
were not always mutually non-dominated either (Figure 6.5). Some of them were dominated by
some EA policies, while the others were non-dominated. Different EPOpt policies had similar
emission-reduction variances, but relatively different price-reduction variances (Figure 6.6 (c)).
The trade-off distribution of EPOpt had the smallest range and a mediocre density, which mainly
included the trade-offs between the two clusters in the trade-off distribution of e-NSGA-II.

Next, we assumed the true weights for price-reduction and emission-reduction were 1 and
70 respectively, and compared the corresponding policies of our algorithms (Table 6.6). We chose
these numbers because Robust and Deterministic DQNs learned the same policy in this case, so we
could focus on the comparison between other algorithms. Here, we observed that the Robust and
Deterministic DQN policy statically took Action 1 in each step in any scenario, which dominated
the EPOpt policy that made decisions adaptively. The e-NSGA-II policy was similar to this model-
free DQN policy, except that it took Action 5 in the first step and Action 4 in the third step.
Nevertheless, these two non-adaptive policies were still mutually non-dominated. In fact, we also

noticed that Action 5 was always taken in the first step in any €-NSGA-II policy, but never taken

in the RL policies.
Algorithms Policies Average price- Average  emission-
reduction reduction

e-NSGA-II [5,1,4,1,1] -188.8 60.8

Robust DQN [1,1,1,1,1] 138.8 54.1

EPOpt Adaptive policy -148.4 52.3

Deterministic [1,1,1,1,1] 138.8 54.1

DQN

Table 6.6: Corresponding policies of our algorithms and the average trade-offs they provided
when the true weights for price-reduction and emission-reduction were 1 and 70 respectively.
Here, most policies are represented as sequences of numbers. These numbers refer to the actions
in Table 6.3. The EPOpt policy is an adaptive policy, which adapts its actions to the actual model
state in real-time. Note that negative price-reduction means the actual electricity price is higher
than the nominal price.
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Figure 6.7: e-progress curve for &-NSGA-II (a), learning curves for the RL algorithms when
using a weight vector of (1, 70) (b), and their 95% confidence intervals in the Electricity Market
problem. Each point on the curve represents the value averaged over 500 seconds.

6.4.2 Efficiency Evaluation

In this experiment, Robust and Deterministic DQNs provided the shortest convergence time, which
was slightly shorter than that of EPOpt and significantly shorter than that of e-NSGA-II (Figure
6.7). Additionally, compared with the multi-objective Lake problem (Figure 5.9), e-NSGA-II made
much fewer €-progresses but took much longer to converge in this experiment, but the convergence

time of the RL algorithms did not change obviously.

6.5 Discussion

Based on our experimental results and interpretation methods (Section 3.4), we argue that &-
NSGA-II generally provided the best average policy performance, robustness to the parameter and
objective uncertainties, and computational efficiency in this experiment. The only shortcoming
of e-NSGA-II was that its policies did not provide all possible trade-offs between the objectives,
which was complemented by the RL algorithms to some extent.
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6.5.1 Average Policy Performance And Robustness To Parameter Uncer-

tainty

According to the policy dominance relationship of the algorithms (Figure 6.5), we argue that Ro-
bust, Deterministic DQNs and €-NSGA-II provided similar average policy performance, while
EPOpt underperformed them in this aspect. Additionally, e-NSGA-II provided the best robustness
to the parameter uncertainty, because it also had the smallest performance variances, especially for
price-reduction (Figure 6.6). This might be because the EA policies always started with Action 5,
but the others did not.

It is worth noting that simply introducing the uncertainty of ‘includePublicallyAnnouncedGen’
and ‘generationRolloutPeriod’ significantly improved the average performance of No Action. This
observation indicated that the parameter uncertainty of this problem had a great impact on the
model performance, which might be greater than those of some action options. This fact greatly
challenged the exploration method to provide robustness in this deep uncertainty problem. One of
its effects was that it exacerbated the impact of the model misspecification on the policy perfor-
mance. When the actual parameter value fell outside the range estimated for exploration, the actual
scenario might be very different from the training scenarios. In this case, the policy was less likely
to perform satisfactorily. For example, some e-NSGA-II policies were dominated by the others
(Figure 6.5). This meant e-NSGA-II wasted time identifying non-Pareto-optimal solutions in this
experiment, which compromised its overall efficiency. This issue could be alleviated by eliminat-
ing the model misspecification (Figure 6.8). However, all the e-NSGA-II policies were mutually
non-dominated in the multi-objective Lake problem, even considering the model misspecification
(Figure 5.7). This was mainly because the parameter uncertainty had less impact on the model

performance in that problem.

6.5.2 Robustness To Objective Uncertainty

e-NSGA-II also provided the best robustness to the objective uncertainty, because its trade-off
distribution simultaneously had the largest range and density (Figure 6.5). However, this distri-
bution was clustered, whereas the distributions of the EAs were more spread out along a curve
in the multi-objective Lake problem (Figure 5.7). This was mainly because the action options in
the Electricity Market problem were discrete and had very different impacts on the model perfor-
mance. EPOpt complemented €-NSGA-II in this respect with its dynamic policies, which were
shown able to provide trade-offs between two clusters in the trade-off distribution of e-NSGA-II.
Additionally, e-NSGA-II also failed to identify all static Pareto-optimal solutions in this problem
(for example, No Action or [1,1,1,1,1], Table 6.6), and this was not caused by the model misspeci-

fication (Figure 6.8). This might indicate that, compared with this experiment, e-NSGA-II would
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Figure 6.8: Policy trade-off distributions in the Electricity Market problem without model mis-
specification. Each point refers to the average performance of a policy of an algorithm over the
parameter uncertainty space, concerning price-reduction and emission-reduction. Note that neg-
ative price-reduction means the actual electricity price is higher than the nominal price. It can
be observed that almost all e-NSGA-II policies are mutually non-dominated. Nevertheless, they
still did not provide trade-offs similar to that of No Action or [1,1,1,1,1]. Therefore, we argue that
€-NSGA-II was not able to identify all static Pareto-optimal solutions in this experiment even
without model misspecification.

actually take longer to fully converge in this Electricity Market problem, but further experiments
are needed to verify this. Robust and Deterministic DQNs complemented €-NSGA-II in this re-
spect. For example, they learned the policy of [1,1,1,1,1], which even dominated some e-NSGA-II
policies. Eventually, the poor robustness of the RL algorithms to the objective uncertainty was also
explained by their two weaknesses discussed in Section 5.3.3.

6.5.3 Policy

As introduced in Section 1.1, EAs produce static policies, which are fixed sequences of actions.
RL algorithms produce dynamic policies, which are functions that map actual states to actions in
real-time. However, in this experiment, Robust and Deterministic DQNs learned some policies per-
forming statically regardless of the actual model state, for which there were two possible reasons.
First, Robust and Deterministic DQNs did not form a comprehensive view of the uncertainty space
to correctly guide their learning processes. Robust DQN learned a robust policy by interacting with

a scenario randomly sampled from the training scenario set in each episode (Section 3.1.2). Since
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the parameter uncertainty of this problem had a great impact on the model performance, Robust
DQN might try a bad policy in an opportune scenario and receive a good reward, and try a good
policy in a dire scenario and receive a bad reward. In this case, the experiences gained by its agent
in different episodes might conflict with each other, which prevented Robust DQN from learning
policies performing adaptively. Deterministic DQN did not hold a view of the uncertainty space
at all because it ‘predict-then-act’, hence more likely to learn policies that performed statically, as
we discussed in the complex-objective Lake problem. In contrast, EPOpt was free from this issue,
because it always evaluated its current policy over the entire training scenario set and used the 10%
worst scenarios for the policy update. This observation indicated a great weakness of the Robust
Model-Free idea (Section 2.5.3). Second, the GR4SP simulation model is highly complex, so the
state variables we used might not be able to accurately characterize its states. If there were two
states with similar state variable values but different internal attributes, the RL agent would not be
able to distinguish them and also gain inconsistent experiences from interactions with them. This
prevented our RL algorithms from learning to map these model states to correct actions in this

experiment. This might also explain why EPOpt performed the worst in this problem.

6.5.4 Efficiency

In this experiment, e-NSGA-II provided the highest computational efficiency. Although it con-
verged the slowest in one run (Figure 6.7 (a)), it identified many Pareto-optimal solutions (105)
in this process, while each RL algorithm identified one solution only. Robust and Deterministic
DQNs were more efficient than EPOpt, because they had shorter convergence time (Figure 6.7 (b)).
Additionally, compared with the model of the multi-objective Lake problem, the running time of
the GR4SP simulation model was much longer. This explained why e-NSGA-II took fewer &-
progresses but longer to converge in this experiment. Meanwhile, this also indicated that the RL
algorithms failed to obviously improve their policy performance during their learning processes,
for the two reasons we discussed in the last section.

We excluded DQN-URBE from this experiment because its application in this problem was in-
tractable. As mentioned in Section 3.1.2, RMDP in DQN-URBE describes parameter uncertainty
by sampling possible scenarios in every model step [18], so this process occurs much more fre-
quently than those in the other algorithms. Hence, in the original implementation of DQN-URBE,
this process was designed to work sequentially to avoid wasting time in frequent parallelization
[18]. This strategy is applicable in simple problems such as the Cartpole problem, where the
model transition is much less computationally intensive than the policy update in DQN-URBE, but
not in this Electricity Market problem. Moreover, we found that parallelization could not facilitate

this process either. When using the multiprocessing package in Python to parallelize the RMDP of
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this problem, we needed to create a copy of the GR4SP model for each processor to work indepen-
dently at each step. However, this copying process was also extremely time-consuming for such a
complex model. In conclusion, we argue that DQN-URBE is only applicable in simple problems

until a more efficient RMDP implementation is proposed.

6.6 Reflections On MORRL Versus MOREA for Complex Prob-

lems

Overall, this experiment revealed the applicability of MORRL and MOREA in the highly complex
deep uncertainty problem, for which we mainly made the following two observations.

First, MORRL is less flexible than MOREA. e-NSGA-II evaluates the fitness of its candidate
policies for evolution based on their complete trajectories, which are collected from their interac-
tions with the model from the initial state to the terminal state. In contrast, the MORRL agents
update their policies by interacting with the model step by step to obtain rewards during their
learning processes. Hence, in this Electricity Market problem, we could have directly embedded
the original GR4SP simulation model in an EMA model to support the exploration process of
&-NSGA-II, but we had to modify the GR4SP model to make it work step-wisely to support the
MORRL algorithms. This fact compromises the problem conceptualization efficiency and fault
tolerance of MORRL in many problems, where decision-makers must have a good understanding
of the source system model and put extra effort to reconstruct it correctly before applying MORRL.

Second, the problem complexity might greatly increase the difficulty of producing good dy-
namic policies. Compared with MOREA, MORRL further requires the specification of state vari-
ables that accurately characterize the system state as input for learning the dynamic policy. How-
ever, it is often difficult to find such appropriate variables without adding too much unnecessary
complexity in the complex problem. For example, we used 7 principal components as the state
variables in this experiment. However, it turned out these components did not characterize the
model state accurately enough, which compromised the average policy performance and robust-
ness to parameter uncertainty of our MORRL algorithms. To overcome this issue, we might have
to use the original 21 performance indicators, or even some internal attributes that are not included
in the outputs of the GR4SP model as the state variables. This also requires decision-makers to put
much more effort in the problem conceptualization. Moreover, if too many state variables must be
used to characterize the system state accurately, the computational efficiency of MORRL will also
be compromised.

In conclusion, given these issues and the nature of ‘naive’ multi-policy MORRL that provides

poor efficiency and robustness to objective uncertainty, we argue that MOREA is more applica-
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ble in decision-making problems with high complex and deep uncertainty. Nevertheless, these

discussions should inspire future directions for robust planning research in the MORRL area.
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Chapter 7

Conclusion

7.1 Conclusion

Exploratory model-based DMDU approaches have been proposed to support the decision-making
process in deep uncertainty problems. These approaches are centered on exploration, so their
performance is closely related to their used exploration methods. In this research project, we
successfully introduced MORRL as an alternative exploration method into the field of DMDU. The
viability of this application was empirically proved, by showing that MORRL could be used for
exploration to solve deep uncertainty problems, while meeting the two requirements for DMDU:
(1) accept, understand and manage uncertainties; (2) adjust its plan adaptively as the future unfolds.
Moreover, we also showed that MORRL was complementary to some existing methods, because
they provided different strengths and weaknesses in terms of efficiency and robustness. Hence,
joint use of them is recommended in the DMDU approach to promote its overall performance.
To achieve this, we constructed a common environment to compare the performance of MORRL
and MOREA, which served as a representative of existing DMDU exploration methods, in one
uncertainty and two deep uncertainty problems.

In Chapter 4, we investigated the main difference between MORRL and MOREA where MORRL
provided real-time policy adaptability in the Cartpole problem. Relying on this adaptability,
MORRL generally provided much higher efficiency and robustness to parameter uncertainty than
MOREA. MORRL was also able to handle random initial states that MOREA could not deal with.
The only advantage of MOREA was that its performance was less sensitive to the exploration
randomness, so its policies could perform better in the worst case.

In Chapter 5, we compared the performance of MORRL and MOREA in DMDU by using
the Lake problem. We found that the policy adaptability also made MORRL more robust to pa-
rameter uncertainty and model misspecification in this problem. Additionally, these two methods

provided different advantages in terms of robustness to objective uncertainty. The main advantage
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of MOREA was that it was more efficient in handling multiple objectives, because it could identify
multiple Pareto-optimal solutions in one run.

In Chapter 6, we demonstrated their applications and compared their performance in a real-
world decision-making problem with high complexity and deep uncertainty, namely the Electricity
Market problem. MORRL was still applicable in this problem, but the high complexity compro-
mised its problem conceptualization efficiency and policy adaptability. In contrast, MOREA was
more flexible, and provided higher efficiency and robustness to parameter uncertainty. Neverthe-
less, MORRL and MOREA still showed different advantages in handling objective uncertainty.
This experiment proposed important directions for future research in the MORRL area. Table 7.1

summaries the key findings drawn from these experiments.

Aspects MORRL MOREA
Model (1) Simulation model (1) Simulation model
(2) Works step by step (2) Works from start to end
(3) Specifies state variables (3) No need for state variables
(4) Specifies possible objective (4) Objective function without
preferences preferences
Output policy (1) Dynamic policy (1) Static policy

Robustness to pa-
rameter uncertainty

Efficiency in han-
dling parameter un-
certainty

Robustness to ob-
jective uncertainty
(Section 3.4)

Efficiency in han-
dling objective un-
certainty

Sensitive to explo-
ration randomness

(2) A function that adapts actions
to current states in real-time

(1) High

(2) Relies on real-time policy
adaptability

(3) Sensitive to exploration ran-
domness

(1) High

(2) Shorter convergence time

(3) Adapts to more scenarios be-
fore a new policy needs to be re-
worked

(1) Large trade-off distribution
range
(2) Sparse trade-off distribution

(1) Low
(2) At most one Pareto-optimal so-
lution per run

High

(2) A fixed sequence of actions

(1) Low

(2) Relies on cycling through the
planning process to adapt to new
scenarios

(1) Low

(2) Longer convergence time

(3) Adapts to fewer scenarios be-
fore a new policy needs to be re-
worked

(1) Small trade-off distribution
range

(2) Dense trade-off distribution

(1) High

(2) Multiple Pareto-optimal solu-
tions per run

Low

Table 7.1: Summary of the key findings of the comparison between MORRL and MOREA.
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7.2 Strengths

This project has the following five strengths. First, compared with previous studies of Robust RL,
we introduced the concept of stabilization analysis into our experiments (Section 3.1.4). This tool
provides an appropriate way to describe the model and parameter uncertainties of the problem
without introducing extra noise into this process. Second, we constructed a common environment
for the implementation and application of MORRL and MOREA in DMDU, which enhanced the
fairness of the comparison. Third, we fully controlled the exploration randomness in our exper-
iments. This not only guaranteed the reproducibility of these experiments, but also reflected the
impact of randomness on the algorithm performance. Fourth, we tested MORRL and MOREA
in problems that come from different research fields, and involve various characteristics and un-
certainties. This helped to make a comprehensive evaluation of their performance under different
conditions. Finally, we also evaluated their robustness using multiple robustness metrics, which

helped to comprehensively reflect their robustness from different aspects.

7.3 Limitations

The time limit of this project also leads to the following three limitations. First, we used the
default hyperparameter values of the algorithms in our experiments, but it might still bring some
algorithms unfair disadvantages. Ideally, we should tweak the hyperparameters of each algorithm
to obtain its optimal performance for comparison in every case study. Second, due to the nature
of ‘naive’ multi-policy MORRL, we were only able to apply each RL algorithm to produce a
small number of policies in the multi-objective case studies. This prevented us from drawing a
comprehensive conclusion on their robustness to the entire uncertainty space. Finally, we also
noticed the robustness to parameter uncertainty of MORRL was generally compromised in multi-

objective problems, but we have not conducted further experiments to explain this change.

7.4 Future Directions

This project revealed the differences in characteristics of domain problems and algorithms in the
MORRL area and DMDU field. On this basis, we identified the following three directions for
future research. First, to maintain a common environment to compare our algorithms, this project
only investigated offline planning (MORRL). However, existing studies have also proposed on-
line planning algorithms for decision-making under various uncertainties. It is worth studying the
performance of these online algorithms in DMDU in future research, in order to introduce them

into the DMDU field and further complement the existing exploration methods. Second, as we
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mentioned before, no previous work has studied the integration of multi-policy MORL and Robust
RL to deal with deep uncertainty problems, and our ‘naive’ multi-policy MORRL has been shown
inefficient in handling objective uncertainty. Hence, future research is needed to propose a more
proper integration of multi-policy MORL and Robust RL to address this knowledge gap. Based
on our work, one possible idea is to introduce the non-dominated sorting adopted by MOREA
to Robust RL, so that it can identify multiple robust Pareto-optimal solutions in one run, without
requiring prior prediction of possible objective preferences from the decision-maker. Lastly, our
experiments showed that MORRL was less applicable in practical complex decision-making prob-
lems, because it required the source model to work step by step and specify state variables that can
accurately characterize the system state to support its learning. Therefore, the overall performance
of MORRL might be compromised in those problems without this functionality or information.

Future work is needed to design new MORRL algorithms to overcome this shortcoming.
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Chapter 8

Appendix

8.1 Random Seeds

We used multiple random seeds to control the randomness in our experiments. Table 8.1 shows the
mapping from the variable names we refer to them in this thesis to their actual values.

Random Seed Variable Names Random Seed Values

3186775264
3690172787
462638671
1926216712
3087161096
1793476144
1607932481652

S IS Y O R ™ R

Table 8.1: Random seed variable names and their corresponding values.

144



8.2 Stabilization Analysis

For each of our experiments, we performed a stabilization analysis to determine the appropriate
size of its training scenario set, as described in Section 3.1.4. The results are shown below. The
x-axes of these plots refer to the numbers of scenarios, and their y-axes refer to the robustness
metrics (the product of the median and the interquartile distance plus one) for the objective indica-
tors. Each line in these plots corresponds to the performance of a random policy. We determined
the appropriate set sizes according to how many scenarios were taken to stabilize the objective
robustness metrics for most policies. Although using more scenarios to describe the parameter
uncertainty often increases the stability, Kwakkel suggested balancing it with the computational
cost of the experiment [43].

Stabilization Analysis
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Figure 8.1: Stabilization analysis results for the single-objective robust Cartpole problem. It can
be observed that for most policies, the robustness metric for reliability stabilized at around 100
scenarios. So we chose this number as the size of the training scenario set in this problem. We

believed this set size was reasonable, compared with the set of size 5 used in [65] and the set of
size 15 used in [18].
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Figure 8.2: Stabilization analysis results for the complex-objective robust Cartpole problem with
fixed initial state. It can be observed that for most policies, the robustness metrics for utility and
reliability stabilized at around 100 scenarios. So we chose this number as the size of the training
scenario set in this problem.
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Figure 8.3: Stabilization analysis results for the complex-objective Lake problem. It can be ob-
served that for most policies, the robustness metrics for utility and reliability stabilized at around
200 scenarios. So we chose this number as the size of the training scenario set in this problem.
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Figure 8.4: Stabilization analysis results for the multi-objective Lake problem. It can be observed
that for most policies, the robustness metrics for utility and reliability stabilized at around 200
scenarios. So we chose this number as the size of the training scenario set in this problem.
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Figure 8.5: Stabilization analysis results for the Electricity Market problem. It can be observed
that for most policies, the robustness metrics for price-reduction and emission-reduction stabi-
lized at around 200 scenarios. So we chose this number as the size of the training scenario set in
this problem.
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8.3 Supplementary Experimental Results

Algorithms Average performance Safe scenario numbers

Random Utility = 0.28 1531
Reliability = 0.40

e-NSGA-II Utility = 0.27 2584
Reliability = 0.57

Borg Utility = 0.27 2590
Reliability = 0.57

Robust DQN Utility = 0.36 3663
Reliability = 0.77

DQN-URBE Utility = 0.40 3520
Reliability = 0.72

EPOpt Utility = 0.18 3773
Reliability = 0.79

Deterministic DQN Utility = 0.22 2698
Reliability = 0.64

No Pollution Utility = 0.28 3882
Reliability = 0.83

Table 8.2: Summary of the experimental results in the complex-objective Lake problem. Here,
the safe scenario number of the algorithm refers to the number of evaluation scenarios where the
algorithm avoided lake eutrophication (reliability = 1).
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8.4 Supplementary GR4SP Simulation Model Information

Parameters Descriptions Nominal Possible
Values Value
Ranges
annualCpi Consumer price index used to adjust 0.0233 [0.01, 0.05]
future tariffs to 2019 values.
annualInflation Annual inflation that impacts the prices 0.033 [0.01, 0.05]
of electricity offered by generators.
rooftopPV Decision variable to change the ISP both residential,
forecast on uptake of rooftop photo- business,
voltaic systems in residential, business both
or both sectors.
includePublically- Decision variable to include emerging false (0) true (1),
-AnnouncedGen projects. false (0)
generation- Number of years to roll out new gener- 1 [1..10]
-RolloutPeriod ation.
generatorRetirement Shift on closure date of brown coal 0 [-5..5]
power plants
technological- Increase the capacity factors of wind 0.01 (0.0, 0.1]
-Improvement and solar generators by adding a con-
stant factor -not compounded- every
year.
Learning curve Decrement rate of the base price of 0.05 [0.0, 0.1]
wind and solar generations.
priceChangePercentageX; Change percentage of the nominal base 0 [-50..50]
X is the generation type electricity price for each technology
nameplateCapacity- Change percentage of the nameplate 0 [-50..50]
-ChangeX; X is the gener- capacity of generators by fuel and tech-
ation type. nology type.
wholesaleTariff- Percentage contributions from whole- 0.2837 [0.10, 0.45]
-Contribution sale prices to the final electricity tariff.

Table 8.3: Uncertain parameters in the GR4SP simulation model (1) [108].
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Parameters Descriptions Nominal Possible
Values Value
Ranges
scheduleMin- Minimum nameplate capacity in MW 30 [0.1, 30]
-CapMarketGen required for schedule generation to par-
ticipate in the market.
semiScheduleMin- Minimum nameplate capacity in MW 30 [0.1, 30]
-CapMarketGen required for semi-schedule generation
to participate in a market.
nonScheduleMin- Minimum nameplate capacity in MW 0.1 [0.1, 15]
-CapMarketGen required for non-schedule generation to
participate in a market.
nonScheduleGen- Market in which non-schedule genera- none none,  pri-
-SpotMarket tion can participate. Only generation mary,
with a minimum capacity previously secondary
defined can be included in the market
selected.
consumption Market operator’s consumption fore- Central Central,
cast - ISP 2019-20. Slow, Fast,
High DER,
Step
energyEfficiency Market operator’s energy efficiency Central Central,
forecast - ISP 2019-20. Slow, Step
solarUptake Market operator’s solar uptake forecast Central Central,
- ISP 2019-20. Slow, Step
domesticConsumption- Percentage of residential consumption 30 [20, 50]
-Percentage in Victoria.
importPriceFactor Premium paid for imported electricity. 0.29 [-50, 50]

Applied to the wholesale price when
local demand is unmet.

Table 8.4: Uncertain parameters in the GR4SP simulation model (2) [108].
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Performance Indicators

Descriptions

Month/Year
Consumption (KWh) per household

Avg Tariff (c/KWh) per household
Primary Wholesale ($/MWh)

GHG Emissions (tCO2-e) per household
Number of Domestic Consumers (house-
holds)

Percentage Renewable Production
System Production Primary Spot
System Production Secondary Spot
System Production Off Spot

System Production Rooftop PV

System Production Coal

System Production Water

System Production Wind

System Production Gas

System Production Solar

Simulated current month/year

Monthly/Yearly average electricity consumption per
household

Monthly/Yearly average tariff per househole

Monthly/Yearly average electricity price in the primary
wholesale market

Monthly/Yearly average greenhouse gas emission per
household

Monthly/Yearly average number of households buying
electricity from the market

Monthly/Yearly percentage of electricity produced
from renewable energy

Monthly/Yearly electricity supply in the primary
wholesale market

Monthly/Yearly electricity supply in the secondary
wholesale market

Monthly/Yearly electricity supply outside of the whole-
sale market

Monthly/Yearly electricity supply from rooftop photo-
voltaic systems

Monthly/Yearly electricity supply from coal-powered
generators

Monthly/Yearly electricity supply from water-powered
generators

Monthly/Yearly electricity supply from wind-powered
generators

Monthly/Yearly electricity supply from gas-powered
generators

Monthly/Yearly electricity supply from solar-powered
generators

Table 8.5: Performance indicators in the output of the GR4SP simulation model (1) [108].
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Performance Indicators

Descriptions

System Production Battery

Number of Active Actors

Primary Total Unmet Demand (MWh)

Primary Total Unmet Demand (Hours)

Primary Total Unmet Demand (Days)

Primary Max Unmet Demand Per Hour

(MWh)

Secondary Total Unmet Demand (MWh)

Secondary Total Unmet Demand (Hours)

Secondary Total Unmet Demand (Days)

Secondary Max Unmet Demand Per Hour
(MWh)

Monthly/Yearly electricity supply from battery-
powered generators

Monthly/Yearly average number of generators partici-
pating in the market

Monthly/Yearly unmet electricity demand in the pri-
mary wholesale market

Monthly/Yearly number of hours where electricity de-
mand is unmet in the primary wholesale market

Monthly/Yearly number of days where electricity de-
mand is unmet in the primary wholesale market

Monthly/Yearly maximum unmet electricity demand in
any hour in the primary wholesale market

Monthly/Yearly unmet electricity demand in the sec-
ondary wholesale market

Monthly/Yearly number of hours where electricity de-
mand is unmet in the secondary wholesale market

Monthly/Yearly number of days where electricity de-
mand is unmet in the secondary wholesale market

Monthly/Yearly maximum unmet electricity demand in
any hour in the secondary wholesale market

Table 8.6: Performance indicators in the output of the GR4SP simulation model (2) [108].
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