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Impact Statement

In a nutshell, the current body of work has focused on the problem of a learning agent sit-
uated in a environment, trying to learn behaviour policies that maximise different reward
signals, corresponding to different tasks in this environment. We would argue that this is
a common scenario for many decision making systems in the real world. Reinforcement
learning, as a modelling paradigm, has already been shown to successfully tackle complex
decision making problems. Our contributions here stem from two key observations: a)
in general, we would like our agents to achieve more than one goal in a given environ-
ment; b) a lot of the methods underlying even the single task setting, involve building,
incrementally, multiple prediction problems that enable improvements in the agent’s be-
haviour. Thus, an agent’s journey to an optimal value function, can naturally be cast as a
multitask prediction problem. The only difference between a) and b) is whether or not,
one varies both the policy and the reward structure. In this work, we have focused on the
more general scenario where both of these dimensions vary. In this setting we have shown
the benefits of treating the above as a multitask problem and learning common represen-
tations to enable transfer between the many prediction problems encountered. Given the
generality of the setup and the organic nature of the assumptions imposed, we believe the
scope and applicability of this work to be quite board.

Moreover, the first part of this work has focused on an offline batch scenario, similar
to ones encountered in a real application domains, where the data was generated a priori
by a policy we might not have access to. Setups here might include recommender sys-
tems under multiple prediction metrics (engagement, retention, expenditure); medical
data collected under different protocols and different policies; energy management sys-
tems under different manual policies. Treating these problems and data sources indepen-

dently can be very expensive. In such restrictive settings, the encouraging results obtained



by algorithms in Chapters 3 - 4 suggest that modelling these problems jointly can signifi-
cantly improve the quality of the resulting policies and thus reduce the sample complexity
needed to achieve competitive performance.

The second part of this thesis investigates a different kind of representation, particularly
suitable for transferring knowledge within a more restricted set of tasks. Thisleads to a very
effective type of generalisation in the span of tasks considered. Outside its potential appli-
cations to a multitask RL agent, this line of research has already inspired studies in other
scientific fields. In particular in cognitive science and neuroscience, our colleagues have
argued similar representations are formed in the brain and they have found evidence for
this type of generalisation, via policy re-evaluation, being at the core of transfer behaviours
in several species (including humans).

Nevertheless, the above are really just scratching the surface of the potential benefits of
such representation learning in RL. Much more research is needed and we do hope that
some of the work presented here would inspired other researchers, across communities,

to investigate these paradigms further and improve on current solutions.
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ABSTRACT

Reinforcement learning (RL) provides a general framework for modelling and reason-
ing about agents capable of sequential decision making, with the goal of maximising a
reward signal. In this work, we focus on the study of situated agents designed to learn
autonomously through direct interaction with their environment, under limited or sparse
feedback. We consider an agent in a persistent environment. The dynamics of this "'world’
do not change over time, much like the laws of physics, and the agent would need to learn
to master a potentially vast set of tasks in this environment. To efficiently tackle learning
in multiple tasks, with the ultimate goal of scaling to a life-long learning agent, we turn our
attention to transfer learning. The main insight behind this paradigm is that generalisation
may occur not only within tasks, but also across them. The objective of transfer in RL is
to accelerate learning by building and reusing knowledge obtained in previously encoun-
tered tasks. This knowledge can be in the form of samples, value functions, policies, shared
features or other abstractions of the environment or behaviour.

In this thesis, we examine different ways of learning transferable representations for
value functions. We start by considering jointly learning value functions across multiple
reward signals. We explore doing this by leveraging known multitask techniques to learn a
shared set of features that cater to the intermediate solutions of popular iterative dynamic
learning processes — like value and policy iteration. This learnt representation evolves as
the individual value functions improve. At the end of this process, we obtain a shared basis
for (near) optimal value functions. We show that this process benefits the learning of good

policies for the tasks considered in this joint learning. This class of algorithms is potentially
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very general, but somewhat agnostic to the persistent environment assumption. Thus we
turn to ways of building this shared basis by leveraging more explicitly the rich structure
induced by this assumption. This leads to various extensions of least-squares Policy Itera-
tion methods to the multitask scenario, under shared dynamics. Here we leverage transfer
of samples and multitask regression to further improve sample efficiency in building these
shared representations, capturing commonalities across optimal value functions.

The second part of the thesis introduces a different way of representing knowledge via
successor features. In contrast to the representations learnt in the first part, these are policy
dependent and serve as a basis for policy evaluations, rather than directly building opti-
mal value functions. As such, the way to transfer knowledge to a new task changes as well.
We do this by first relating the new task to previous learnt ones. In particular, we try to
approximate the new reward signal as a linear combination of previous ones. Under this
approximation, we can obtain approximate evaluations of the quality of previously learnt
policies on the new task. This enables us to carry over knowledge about good or bad be-
haviour across tasks and strictly improve on previous behaviours. Here the transfer lever-
ages the structure in policy space, with the potential of re-using partial solutions learnt in
previous tasks. We show empirically that this leads to a scalable, online algorithm that can
successfully re-use the common structure, if present, between a set of training tasks and a
new one. Finally, we show that if one has further knowledge about the reward structure
an agent would encounter, one can leverage this to learn very effectively, in an oftf-policy
and off-task manner, a parameterised collection of successor features. These correspond to
multiple (near) optimal policies for tasks hypothesized by the agent. This not only makes
very eflicient use of the data but proposes a parametric solution to the behaviour basis

problem; namely which policies should one learn to enable transfer.
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The world we live in requires us to learn many things. These things obey the
same physical laws, derive from the same human culture, are preprocessed by
the same sensory hardware. . . . Perhaps it is the similarity of the many tasks

we learn that enables us to learn so much with so little experience.

Rich Caruana. Multitask Learning, 1997.

Introduction

Throughout their lifetime, human beings and other intelligent agents, are generally pre-
sented with a variety of tasks and challenges they ought to grasp. Due to the diversity of
scenarios and the sheer complexity of the world around us, the only scalable solution to
this daunting task rests on our ability to continuously learn, adapt and transfer knowledge
from one situation to another, incrementally building up expertise in both understanding
and behaving in the world. This learning can be passive by simply observing the environ-
ment and trying to make predictions regarding its current and/or future states. This type
of learning is mostly treated by the supervised (Vapnik, 2013) and unsupervised learning
paradigms (Hinton et al,, 1999; Bishop, 2006). But arguably the more interesting setting
is when the agent can also meaningfully interact with the environment and take an active
role in shaping and modifying the state of its world. In this case, the agent cares not only
about learning about the environment, but it also needs to learn how to behave, how to act
to drive itself or the system towards a desired outcome or avoid a negative one — sometimes
being faced with negotiating multiple of these objectives at the same time.

Learning through these experiences, humans gradually develop an understanding of the

world surrounding them: they are able to identify salient events, recognise which states



are good or desirable, which of them might be rewarding and which should be avoided.
At the same time, they can assemble a rich repertoire of behaviours and skills, grounded
in this understanding of the world. Maybe most importantly, this set of behaviours can
potentially be reused in different but related, future contexts and tasks. Our capacity to
reason about similar tasks, reuse and adapt partial solutions and employ previously learned
behaviours is an important part of our ability to generalise to new situations, re-assess and
re-plan efficiently. We would want our agents to possess similar aptitudes, as we conjecture

these would improve their ability to scale to more complex, longer-term learning problems.
Overarching Long-term Goal

To develop reinforcement learning agents that can learn to achieve multiple objectives,
including answering predictive and control questions, and meaningfully interact with

their environment, generalising and reusing knowledge when appropriate.

In this work, we will focus on the second part of the learning problem outlined above:
learning how to behave in an environment. And in particular, in this thesis, we investi-
gate the problem of how to represent knowledge about an agent’s behaviours and their conse-
quences in the environment in such a way as to facilitate transfer between different tasks and
enable reusability of partial policies. To model this problem, we turn our attention to rein-
forcement learning (RL). RL provides a general framework to model this kind of sequen-
tial decision making that involves reasoning and planning over extended time horizons.
The usual RL setup involves an agent placed in an unknown environment; the agent re-
ceives observations from the environment and needs to act to maximise a given reward
signal. This reward signal defines the task of interest and induces a particular behaviour in
the agent trying to optimise it. This reward can be part of the environment (if the agent
bumps into a wall, it incurs some damage, modelled by a negative reward), can be speci-
fied by a task designer (picking up the trash, driving to a particular location), or can come
from the agent itself — curiosity (Pathak et al,, 2017; Burda et al,, 2018), intrinsic moti-
vation (Barto and Simsek, 2005; Singh et al,, 2010; Achiam and Sastry, 2017). Given the
generality of this formulation, it comes as no surprise that the RL framework has been used
to model a large variety of tasks, including robotics (Kober et al,, 2013), radio-controlled
helicopters navigation (Kim et al,, 2004), autonomous driving (Wang et al,, 2018), ani-

mals behaviour (Schultz etal,, 1997) and playing board (Tesauro, 1995; Silver etal,, 2017),



video (Mnih etal, 2015) or card (Bowling et al., 2015 ) games to cite just a few.

Most of the above applications and indeed most of the recent successes in RL have dealt
primarily with the single task scenario. In the following, we would argue that there are
many situations in which we want our agents to be able to learn to perform a variety of
tasks in their given environment, not just one. For example if the task designer would be
interested in multiple outcomes at different points in time: for instance, one would want
a house-robot to be able to clean a surface, locate or fetch an object, water the plants, take
out the rubbish ...etc. Moreover, most complex tasks, we would hope to tackle in RL, tend
to naturally decompose into smaller subparts that can be learnt more easily in isolation
and reused across contexts. In the above example, one could specify a more complex or
abstract task such as: ’take care of the apartment, which will naturally require a collection
of specific behaviours: collecting the children’s toys, hoovering, taking out the trash, wa-
tering the plants, arming the alarm, securing the windows. This kind of decomposition
may enable our agents to tackle more complex tasks, as long as they are able to learn and
utilise this collection of behaviours appropriately. These subtasks can be modelled by dif-
ferent reward specifications in the same environment. Thus, as almost a prerequisite for
tackling the original problem, our agents should be able to learn how to optimise for a fam-
ily of reward signals. This scenario is a well-established paradigm in the literature known
as multitask reinforcement learning (Taylor and Stone, 2009; Teh et al,, 2017).

The above is not only a requirement for our agents but often a desirable paradigm as
tasks can help each others’ learning. And this is precisely the thesis of our investigations:
that the learning of an RL task can be improved if we could somehow leverage the infor-
mation captured by related tasks. A particular dimension of improvement we will be con-
cerned with throughout this work is sample complexity. In the author’s opinion, this is one
of the main remaining challenges and bottlenecks facing our state-of-the-art RL agents
currently (Silver et al,, 2016; Hessel et al,, 2018; Kapturowski et al,, 2019), rendering their
applicability outside simulated environments restricted at best. To give an idea, in order to
learn how to play one game of Atari (Bellemare et al,, 2013 ), an agent typically consumes
an amount of data corresponding to several weeks of uninterrupted playing. In compari-
son, it has been shown that humans are able to reach the same performance level within 15
minutes of play (Tsividis et al,, 2017).

We hypothesise that one of the main reason for this discrepancy is that, unlike humans,
RL agents usually learn to perform a task essentially from scratch. This suggests that the

range of problems our agents can tackle could be significantly extended if they were en-



dowed with the appropriate mechanisms to leverage prior knowledge. In this work, we
are going to explore how to develop such mechanisms and analyse their properties. More
concretely, in the first part of this work, we are going to investigate the paradigm of transfer-
ring knowledge between tasks by jointly training a common representation of the world,
shared by all tasks. This was mainly motivated by the rich literature and encouraging re-
sults yielded by this approach in supervised learning (Caruana, 1997; Maurer et al,, 2016;
Collobert and Weston, 2008). Here we consider an offline, batch learning scenario under
a restricted number of samples. This is akin to what one might encounter in a real-world
application, where we have access only to a relatively small set of experiences under a pre-
scribed behaviour policy that might not be optimal for any of the tasks we are interested

in pursuing (Panuccio et al,, 2013; Koedinger et al,, 2013; Thomas and Brunskill, 2016).

The second part of this work investigates a different paradigm of transfer. One in which
the agent is first exposed to a number of tasks and then asked to learn a new one. This
scenario simulates a transfer step in a more continual learning paradigm where an agent is
continually confronted with new tasks and needs to be able to learn and quickly comply.
In general, learning to solve a large collection of tasks, corresponding to a large collection
of policies and quickly adapt or generalise to unseen combinations of reward signals is an
extremely hard problem. If the tasks are unrelated and/or their number is very high, the
problem becomes intractable. Thus for this problem to become at all tractable, we require
some common structure amongst the tasks. In the next section, we will detail the type of

shared structure we assume in this study.

1.1 PROBLEM SEITING

In particular, we consider the case in which we have a single agent in a persistent environ-
ment (in the above case, the apartment), that will need, at different times, to perform a
series of tasks induced by a set of reward signals. As seen from the examples above, under
these assumptions, an agent can still exhibit a large collection of rich, modular behaviours,
which nevertheless share a common structure. An informal definition of what we will call

a persistent RL environment is outlined in Definition 1.1.



Definition 1.1: Persistent RL environment

A persistent RL environment is characterised by the family of Markov Decision Pro-

cesses that share the same state and action spaces, as well as the transition dynamics.

Now consider an RL agent in a persistent environment trying to master a number of
tasks. In order for this agent to benefit from its exposure to these many tasks, it needs
to be able to identify and exploit some common structure underlying these tasks. Two
possible sources of structure in this scenario are: i) some similarity between the solutions
of the tasks, either in the policy or in the associated value-function space, and i) the shared
dynamics of the environment. In this work, we will attempt to build an agent that can make
use of both types of structure. And in particular, we would like to investigate and answer

the following research questions:

Can joint learning across multiple tasks benefit the learning of an individual task

and improve its sample complexity? ([c1,2], Chapters 3-6)

o What structure is present in the value function space, under a persistent RL environ-
ment? Can learning a shared representation via conventional supervised multitask
learning methods be enough to induce positive transfer between tasks in this space?

(c[1,2], Chapters 3)

« What are ways of explicitly taking advantage of this structure in a persistent envi-

ronment? ([c3,4], Chapters 4-6)

« Canwe enable fast adaptation or even zero-shot generalisation to a different reward
signal within the same environment? What would be a good representation that

would enable this kind of transfer? ([c3,4], Chapters 5-6)

« Assuming additional structure across our reward family (linearity, compositional-
ity), can we improve our generalisation properties? Can we characterise the quality

of a zero-shot policy for a new task in this family? ([c3,4], Chapters 5-6)

« Can learning about multiple things (many predictions) improve the learning and
generalisation abilities of an agent, even if the tasks share the same data? This would
open the door for training under multiple auxiliary or fictitious tasks to improve the

generalisation properties of our systems. ([ca], Chapter 6)
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1.2 STRUCTURE OF THE THESIS

In this section, we include an overview of the structure of the thesis. In Chapter 2, we
review a set of preliminaries. This will include a brief introduction into reinforcement
learning and core concepts underlying the learning of value functions, like dynamic pro-
gramming, policy improvement methods and sample-based approximations to these solu-
tions. The second part of this chapter should serve as a swift review of the transfer learning
paradigm, its potential benefits and different mechanisms of representing and transferring
knowledge in RL. We will then dive into the research part of this thesis which is organised
in two parts.

In the first part (Chapter 3-4) we study the problem of multitask learning optimal
action-value functions corresponding to different reward signals in a persistent environ-
ment. In this part, we opted for an offline setting where we only have access to a recorded
set of experiences collected under some shared behaviour policy. Under these conditions,
we wanted to see if the joint learning of the tasks can indeed lead to positive transfer be-
tween the tasks and improve the performance of the inferred control policies under re-
stricted sample budgets. To test this, we focus our attention on learning a shared linear
representation across tasks, as proposed in (Argyriou etal, 2008), to support the interme-
diate regression problems encountered during each iteration of multitask fitted Q-iteration
(Chapter 3) and approximate policy iteration (Chapter 4) via residual methods.

In the second part (Chapter 5-6), we consider a different way of representing knowl-
edge in a Markov decision process via successor features. In this part, we consider a more
online scenario where the agent can interact with its environment and actively gather its
experience. Here, we also look at more challenging domains that require learning of more
powerful representations, beyond the linear approximators class considered previously.
Given the online setting, the more natural question here becomes assessing the ability of
the agent to (re)use information from the past in order to tackle more efficiently a new
task. In this setting, we will be primarily concerned with generalising to a new task and
speeding up the learning or adaptation phase to a new task.

Finally, Chapter 7 concludes this writeup with a summary of the work, discussing the
main takeaways, limitations and future research directions for this work. The appendices
are structured in two parts: one containing the derivation of some of the key results and
proofs that were omitted in the main body of the thesis and the second one containing

more detailed experimental outlines and additional results.






Theoretical Preliminaries

The first part of this chapter is meant to provide a brief introduction to Markov Decision
Processes (MDPs) and the basics concepts in Reinforcement Learning (RL), the ones
most relevant to the methods we will be employing to learn value functions in the next
chapters. We shall start by stating the model assumptions and introducing the formalism.
We will then first consider MDPs with known transition dynamics and reward functions,
but we will see how these general principles translate to algorithms that only require access
to samples from these MDDPs. In this work, we will concern ourselves only with model-free
algorithms, which can learn (optimal) value functions without an explicit model of the
world, solely by interacting with the environment. Lastly, we introduce the idea of func-
tional approximation to represent the value-functions of interest. In this context, we de-
tail two well-known methods, Approximate Policy Iteration (API) and Fitted Q-Iteration
(FQI), that use such an approximation. These methods form the basis for algorithms in
Chapters 3-4. A more comprehensive overview of reinforcement learning methods and
algorithms can be found in (Sutton and Barto, 1998; Szepesvéri, 2010) and references
therein. In the second part of this chapter, we formally introduce the paradigm of transfer

learning and review the different instances of transfer one could consider in the context of



Reinforcement Learning System
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Figure 2.1.1: Depiction of a Reinforcement Learning (RL) system, describing the inter-
action between an agent and its environment (world).

the RL problems targeted throughout this thesis.

2.1 REINFORCEMENT LEARNING

Reinforcement learning (RL) is a general formalism for reasoning about sequential decision-
making problems. As depicted in Figure 2.1.1, an RL system is made up of two compo-
nents: an agent and an environment. The interaction between these two components can
be described as follows: the agent can execute actions in the environment; once an ac-
tion is chosen, the system transitions into a new state, observable, sometimes partially, to
the agent. In addition, after each such transition, the agent receives a, potentially sparse,

reward signal quantifying the goodness of this transition.

2.1.1 MARKOV DECISION PROCESSES

More formally, in this work, we will use Markov Decision Processes (MDP-s) to describe
RL systems and the interaction between the environment and our learning agent(s). As
the name suggests, the common assumption in MDPs is that the environment dynamics

can be described by a Markov Process, i.e. the future is independent of the past given the
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present state (see formal description in Definition 2.1). In other words, we assume that the
current state of the system holds all the information regarding the future and knowing any

additional information about the history of the process will not add any knowledge.

Definition 2.1: Markov Process

A Markov process, defined by a tuple (S, P) where S isaset of states, P : S x S —
[0, 1] is a state transition probability matrix describing the probability of transition-
ing to state s’ when starting in s, P(s'|s), is a memoryless random process. That is, for

any time step t:

P(5t+1‘5t) = P(5t+1’5u us), V5 €S (2.1)

We are interested in the interaction of the agent(s) with the environment and in most
problems, we aim to identify which actions/controls are good actions and which are bad.
We denote the set of all actions available to us as A and for now, we assumed this set to
be finite. Formally, "the goodness” of an action is quantified by an (immediate) reward
signal, R, given by the environment after each action or each transition. This gives rise to
the reward functionr : § X A — R, which assigns a value to every state indicating the

expected reward that can be achieved starting from this state, s and performing action a:
r(s,a) = E[R[s, a] (2.2)
Putting it all together, we nowhave almost all the ingredients to formally define a Markov

Decision Process - see Definition 2.2 below:

Definition 2.2: Markov Decision Process

A Markov Decision Process (MDP) is a tuple (S, A, P, r,y) where S represents
the set of states, A is the set of actions the agent can take in the environment; P :
S X A x 8§ = [o,1] denotes the state transition probability, P(s'|a, s), which fully
describes how the system will evolve; r : S X A — Risareward functionr(s, a) and

7 : S8 = [0,1] is a continuation function (commonly known as discount factor).

Although in general y : S — [0, 1] can be an arbitrary function of the state s, through-

out this work, we will consider a constant discount factor y(s) = y € [0,1],Vs € S,

11



unless s is a terminal state where ¥ (Sirming1)) = 0. A terminal state marks the end of an
episode, in an episodic setting, and setting y to o beyond this state simply implies that we
only care about what happens within the current episode and rewards are not accumulated
across episodes, just within episodes.

Based on the reward signal, we can define the return, G; as the total discounted rewards

collected from time-step t onwards:

T

Gi=Rips +Repa +---+7 Rp= Z Y Revit (2:3)
k=o

where y € [o, 1] is the discount factor' - which says immediate rewards are more important
than rewards seen further in the future (which are discounted by a factor of ¥, after k-
steps), and T — 00 for non-episodic or continuing environments.

In order to characterise the behaviour of an agent within a MDP, we will introduce a
function that for every state s € S returns a distribution over actions, characterising the
likelihood of taking each action at a particular state s. We will call this function the policy

of an agent and we will denoteitas = : S X A — [o,1]:
n(s,a) = P(als),Va € A,Vs € S (2.4)
Depending on the nature of the policy, 7, we will use the following notational convention:

« Deterministic policies: # : S — A and 7(s) denotes the action chosen on state s.
Note that in this case, the above probability distribution will concentrate all mass

on only one action a = = (s).

« Stochastic policies: = : S — Distr(A) and 7(als) denotes the probability of taking

action a in state s, where Distr(.A) denotes the set of distributions on the set \A.

In most RL problems we are interested in either discovering a good (or even optimal)
such policy, 7 or simply to evaluate a particular behaviour, 7, if one is already prescribed.

In the next section, we will show how one can build this type of evaluations.

!Note that it is sometimes possible to use undiscounted MPDs, i.e. y = 1, if all sequences terminate.
In general, we are going to work with discounted MDPs mainly for mathematical convenience, but
also in the financial setting the discount factor arises naturally because of the (risk-free) interest rates:
immediate rewards may earn more interest over the delayed rewards

12



2.1.2 VALUE FUNCTIONS

Given an MDP, M = (S, A, P,r,7), and a policy 7, we can define a value function,
V(s), quantifying how good a particular state s € S, is in terms of potential future rewards
- in essence, this summarises the future expected interaction with the MDP, in terms of
the cumulative reward. Of course, the ‘goodness’ of such state is at least partially related
to what our agent’s behaviour will be in the next steps. Thus formally we will define the
state-value function, V", with respect to some policy = as the discounted return G; that the

agent is expected to collect starting from state s, = s and behaving according to 7:

o0

V¥ (s) = E;[Gi|s: = s] = E, Z YR i|se = s| , Vs € S. (2.5)
k=o

Note that G; is a random variable, similar to {R, } =7 and the above captures its expected
value under the random process defined by the MDP and policy 7. In a similar manner, we
can define the action-value function, Q" (s, a) with respected to a policy 7 as the expected
return an agent will gain starting from state s, = s, taking action a; = a in this state and

thereafter acting according to policy :

o0

Q"(s,a) = E;[Gylsy = s,a, = a] = E, ZykRH_k_,_l]st =s,as=al|,Vs€S,ac A

k=o
(2.6)

Note that by definition, there exists a very close relationship between the two value

functions above, that ensure consistency. In particular, we can write:

W(S) = En[Gt‘st = 5} - Ea~7‘r(.|s) En[thst =S5 4a= at]

Q" (s,a)

= Eoun(f [Q(ss0)] = Y 7(als)Q(s, a) (2.7)

ac A
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and respectively:

[e.9]
Q(s,a) = EffGlss=s,a,=a] =E; |Reps+ > 7 Repppls =s,a=a
k=1

[e.e]
r(s,a) + 7E, Z Yri s =s,a,=a
k=0

GtJrl
= 1‘(5, a) =+ 7/]Esr+1~73(.\st=s,a¢=a) [Eﬂ [Gt+1|5t+1H
—_—

V7 (st41)

Moreover these lead to a recursive relationship for both value functions that will be at the
core of many of our optimisation techniques. These recurrences are commonly known as

the Bellman Expectation Equations (Definition 2.1) and are summarised below:
Theorem 2.1: Bellman Expectation Equations

Given an MDP, M = (S, A, P, r,7), for any policy =, the value functions obey

the following expectation equations:

Vi(s) = Zar(s,a) r(s,a)—|—7/z73(s’|a,s)V”(s') (2.8)
Clsa) = roa) + 7Y Pl Y w@)QE ) (20)

aeA

Moreover, based on the above equations we can define an operator, T%, for each policy 7

whose unique fixed point satisfy Theorem 2.1.
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Definition 2.3: Bellman Expectation Operator

Given an MDP, M = (S, A, P,r,7),let Q = Qg 4 be the space of bounded
real-valued functions over S X .A. Then for any policy 7 : S x A — [0, 1], we can
the define, point-wise, the Bellman Expectation operator Tg : Q — Q as:

(Tf)(s,a) = r(s,a) + 7273(5/|a,s) Z 7(d|s)f(s',d"),Vfe Q (2.10)

adeA

This operator has one unique fixed point which corresponds to the action-value func-
tion Q" in our MDP M. Thatis: TG Q" (s, a) = Q7(s,a), Vs € S,a € A.

Similarly, for the state-value function V*, we can define the Bellman Expectation op-
erator Ty, : V. — V), where V is the space of bounded real-valued functions taking

values from S, as:

(THA)(s) = Y w(s.a) |r(ssa) +7 Y P(Elas)f) |, eV (2a1)

a s

This operator as well has only one unique fixed point that corresponds to the state-
value function V*: (T{,V")(s) = V*(s),Vs € S.

The proof of the above is omitted in this exposition but can be found in (Szepesvéri, 2010).
Also in general, we will omit the indices Q and respectively ) when talking about these
operators, but it will be evident from the cardinality of the arguments the function is called

with, which of them we are referring to.

2.1.3 GREEDY PoLiCY IMPROVEMENT
Given an MDP M, let Q” be the action-value function for a stationary policy 7. Now, let

us consider the greedy policy 7g .4, with respect to this action-value function:

1, for a = argmaxye 4 Q" (s, b)
ﬂgreedy(a‘s) =
0, otherwise

where we assume any ties in max,ec 4 Q (s, b) are resolved deterministically. In this way,

we can obtain a deterministic policy 7gecdy (s), which greedily chooses at each state, the
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most promising action — or one of these actions if multiple achieve the same value — under
policy 7. This results in a policy that is guaranteed to improve the expected return at every

state. The proof of this result can be found in Appendix A.1.1 (or Puterman (1994)).

Theorem 2.2: Greedy Policy Improvement

Givenan MDP, M = (S, A, P, r,7),apolicy = and its associated action-value Q%,
then if we consider the greedy policy T ety (s) = arg max, Q7 (s, a) we have that:

Q=¥ (s,a) > Q"(s,a),Vs € S,a € A

with equality satisfied only when 7 can not be improved any more: x(s, a) € argmax, Q¥(s, a),

Vs e S,ae A

2.1.4 OPTIMALITY IN MDPs

For control problems, we are interested in finding an optimal policy where we define an
optimal policy as the policy that achieves the greatest expected return. First let us define

the optimal expected return, or the optimal state-value function, V* as:

V*(s) = max [V*(s)],Vs € S (2.12)

T

That is, for each state s we define the optimal value function as the expected return if after

state s we were to act optimally. Likewise one can define the optimal action-value as:
Q*(Sa a) = max [Qﬂ(s7 a)],V(s, a) €ESxA (2.13)
T

An optimal policy 7*, which might not be unique, is defined as any policy that attains this

optimal value function:
7" is optimal < V=V (& Q" = Q") (2.14)

Note that such an optimal policy always exists for an given MDP. Moreover, given the

optimal action-value function Q¥, one can easily construct such an optimal policy by just
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acting greedily with respect to the action-value function.

Tgreedy(5) = arg max Q' (s, ) = Tyyeeqy (s) is optimal. (2.15)

The above follows immediately from the Theorem 2.2 (Greedy Policy Improvement)
which states that the greedy policy on Q* = Q* will improve the value function unless

already at optimality, thus it follows that Q™% = Q* — therefore 7,4, is an optimal
y at op Y, greedy p

policy.

Theorem 2.3: Bellman Optimality Equations

The optimal value functions satisfy the following equations:

Vi(s) = max f(s,a)+YZP(S'!a,5)VW(5') (2.16)
Q*(s,a)
Q) = o) 7P g [CC)] )
S V*(s')

foranys € S,andanya € A.

Naturally, there is a strong relationship between the optimal value function V* and the
optimal state-action value function Q*. This can be derived by recalling the relation be-
tween the state-value function and the action-value function in Eq. 2.7 and applying it for
the optimal policy 7 = 71';, cedy defined in Eq. 2.15. Using this relation in conjunction with
Bellman Expectation Equations we can derive the Bellman Optimality Equations (Theo-
rem 2.3). As we shall see later, these play an essential role in solving value-based control
problems.

As before, based on the above equations we can define an optimality operator , T%,

whose unique fixed point satisfies Theorem 2.3 — see Definition 2.4 below.
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Definition 2.4: Bellman Optimality Operators

Givenan MDP, M = (S, A, P, r,7),let Q = Qs 4 be the space of bounded real-
valued functions over S X A, we can the define, point-wise, the Bellman Optimality

operator T*Q :Q = Qas:
(Tof)(s,a) = r(s,a) + 752/73(5 |a,s) ;peaﬁf(s ,a),¥feQ (2.18)

This operator has one unique fixed point which corresponds to the optimal action-value
function Q* in our MDP M. Thatis: T5Q*(s,a) = Q"(s,a),Vs € S,a € A.

Similarly, for the state-value function V*, we can define the Bellman Optimality op-
erator T}, : V — V), where V is the space of bounded real-valued functions taking

values from S, as:

(T3)(s) = max |r(s,a) + 7 ) P(la,fs) |,V €V (2.19)

s

This operator as well has only one unique fixed point that corresponds to the optimal

state-value function V*: (T}, V*)(s) = V*(s), Vs € S.

For convenience, moving forward, we will omit the index (V or Q) associated with the

space of functions over which this operator is defined and simply use the notation T™*.

2.1.5 DYNAMIC PROGRAMMING (PERFECT KNOWLEDGE RL)

In the following section, we assume complete knowledge of the MDP in question and we
are going to explore how one can address two major classes of problems in RL: prediction
(or evaluation of a particular policy) and control (finding the optimal policy). In general,
please note that we usually only have access to (trajectory) samples R, S’ ~ P(r,s|s,a)
from the underlying MDP, but we will see that the principles highlighted in this section,
can be very naturally extended and adapted to work with sampled experience.

Under perfectknowledge — that is, we have access to S, A, P, r, y — the simplest way we

can perform both prediction and control is via dynamic programming. This follows imme-
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diately from the Bellman Equations which expose the compositional structure present in
the solutions we are targeting. A simple closer inspection of these equationsreveal that one
can first solve sub-problems (like V(s")) and then put them together to gradually build the
overall solution in these optimisation problems. Note also that these sub-problems tend
to reoccur and thus these partial solutions, once found and cached in, can be easily reused.
This is a core principle in dynamic programming. This paired to the Markov assumption
which provides a simple, step-by-step decomposition, ensures a particularly rich structure

in the solution space that can be effectively exploited by RL algorithms.

2.1.5.1 PRELIMINARIES

Most of the methods we are going to the discuss in this chapter, as well as the majority of
the methods in RL trying to estimate value functions, consist of an iterative procedure of
building and refining these values at every step. The convergence of these methods rely
heavily on the properties of the two operators introduced in the previous sections: the

expectation operator T” and respectively the optimality operator T™*.

Definition 2.5: Contraction mapping

Let BB be a Banach space. An operator T : B — B is a contraction mapping if for
anyu,v € 3, 3a € [o,1) such that:

1Ty — Tul| < aflv — ull

One can show that both of these (T” and T*) are in fact contraction operators with the
contraction constant given by y (see Definition 2.5). In the light of this fact, the conver-
gence if these iterative processes follows from the Banach’s Fixed Point Theorem (Theo-
rem 2.4). In a nutshell, the contraction property ensured that with each and every applica-
tion of these operators, we get closer and closer to their respective fixed points, and under

the right conditions, ultimately converging to them.
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Theorem 2.4: Banach Fixed Point Theorem

Let B be a Banach space and T : B — B a y-contraction mapping, then:
1. Thasaunique fixed pointx € B, s.t. Ilx* € Bs.t. Tax* = «*

2. Vx, € B, the sequence x,4, = Tx, converges to T’s unique fixed point x* in

a geometric fashion:
s — &7 < 7"lx0 — &7 (2:20)

Thus lim,— 00 ||, — 2™ < limy—y00 (7"||%0 — x*||) = o.

2.1.5.2 Poricy EvaLuaTioN

We begin by considering the prediction problem - that is the problem of evaluating how
good a particular policy is in our MDP. This is formally described as:

Problem 1 (Predictioninaknown MDP). Givenan MDP (S, A, P, r, ) and apolicy m, or
alternatively a Markov Reward Process (MRP) (S, A", P”, 1", v), compute the action-value
function Q™ (s, a) (or state-value function V*(s)).

A solution to the above problem is known as Policy Evaluation and involves using dy-
namic programming together with the Bellman Expectation equations with respect to the

policy &, we are trying to evaluate. A full description is provided in Algorithm 2.1 below.

Proof: Convergence of Iterative Policy Evaluation V™ (Algorithm 2.1. ) The update equations

can be re-written using the Bellman expectation operator T7:

T"(V)(s) = Y als,a)r(s,a) +7Y_=x(s,a) Y P[5, a)V(s)

acA acA sesS
= () +7 Y PEVE)
ses
=T(V) = " +yP*V

As a reminder, note that V7" is a fixed point of T”. Moreover this fixed point turns out to
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Algorithm 2.1 Iterative Policy Evaluation

Require: MDP M = (S, A, P, r,y) and policy =

Problem: Evaluate a given policy 7
Solution: Iterative backups using the Bellman Expectation Eq. (Theorem 2.1)

Initialize: V() (or Q(©))
for each k <MAX_ ITERS and for each states € S do

VD (5) =) " (s, a) <R(s, a)+7 > P(|s,a)vt¥ (s')>

ac A sSesS

QW (s,a)

or if interested in the action-value function, forall (s,a) € S x A

Q(kJ“) (s,a) =R(s,a) +y ZP(SI|57 a) Z (s, “/)Q(k) (s, d')

seS a'cA

v(k) (s")
end for

return VO — V@ 5 v 5.0 5 v (or QW — QB = QB ... — Q%)

be unique. This follows immediately from the fact that T” is the Loo-norm > contraction
through the direct application of the Banach’s Fixed Point theorem (Theorem 2.4). All that

remains to be shown is that T” is indeed a y-contraction, with respect to the co-norm:

IT°(V) = T"(V)loo = 1" +7P7V) = (" + 7PV )]0
= [7P"(V-V)lx
< 7PNV =Vl
< V=V

Thus, repeated applications of the Bellman Expectation operator, T”, leads to:

(T (V) = (T (V) oo < 7 IT)HV) = (T4 (V) lloo
YNV = Vs

IN

*Where the co-norm is defined as: ||V]|cc = maxies V(s)
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Now remember that V* is a fixed point for T7, thus (T7)¥*(V*) = V. Therefore we get:

(T (V) = Vil < 75V =Vl (2.21)

Thus, as k — 00, the repeated applications of the Bellman Expectation operator drives
the value function closer and closer to the unique fixed point, (T7)*+) (V) — v*. O

The proof for the action-values Q(s, a) rests on the same contraction-based argument

to show convergence to the fixed point Q" (s, a), in a geometric fashion.

2.1.5.3 VALUE ITERATION

Now we turn our attention to the harder problem of inferring how to optimally behave in
a known MDP. In this case we want to find the optimal way to act in this environment, in

order to maximise our expected return. The control problem can be formalise as follows:

Problem 2 (Control in a known MDP). Given an MDP (S, A, P, R, v), compute an op-
timal policy «* (or its optimal value function V*/Q* ).

Although one could try to optimise for the policy directly, this might be hard to do as
the ‘goodness’ of the policy is assessed by its corresponding value function Q" and as we
have seen in the last section computing this is not immediate — in fact this is a problem of
its own. An alternative way of approaching the control problem is to try to build the opti-
mal value function itself and then, as discussed previously, one can obtain an optimal be-
haviour policy by greedification. The advantage of such approach is that the optimal value
function is always unique — although this might correspond to multiple optimal policies.
Moreover, the Bellman optimality operator turns out to be also a contraction mapping.
Thus we can devise a similar procedure as in Algorithm 2.1, but now we will be using the
Bellman Optimality equations to gradually improve our value-function till we reach the
optimal value. A full description of this algorithm is provided in Algorithm 2.2, along with

a proof of convergence to the unique optimal V*(resp. Q*).

Proof: Convergence of Value Iteration to V* (Algorithm 2.2). Similar to the above proof, let
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Algorithm 2.2 Value Iteration

Require: MDP M = (S, A, P,r,7)

Problem: Compute the optimal value function V* (or Q*)
Solution: Iterative updates/backups using the Bellman Optimality Equation. (Theo-
rem 2.3)

Initialize: V() (or Q(©))
for each k <MAX_ITERS and for each states € S do

k) (s) = max (r(s, a)+y Z P(s[s, a)V(k) (s’))

ac
s'es

QW (s,a)

or if interested in the action-value function, forall (s,a) € S x A:

Q¥ (s,a) = | r(s,a) +7 D P(<ls, ) [;}leaﬁ QM a')}

sesS

(k) (s")
end for

return VO — V() 5 vy .. 5y (or Q(l) — Q(l) N Q(3) — Q%)

us recall the Bellman optimality operator T™:

(T*V)(s) = géa}Q(w)

= max |r(s,a) +7y Z P(s'|s, a)V(s)

ac A Jes
= max [ +yPuV]
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First, we will prove that T* is a Y — contraction mapping:

| T*V = T*Ul| oo = max[r +yPs V]_inaj\([r + PP U]
€

< |magl(r + 7P - (7 P30

o0

< [lmsg P - U)]HOO — | mag (P v - v

[e.e]

< ymax[V(¥) — UG (a5 32, P(<J5,a) = 1, a)
s'e

<7I(V=0U)lls

This implies via the Banach’s Fixed Point theorem, that T* has a unique fixed point and
that repeated applications of the operator induces a sequence that converges to its fixed
point, V*:

v = Ty = (V<k))k20 il V* (2.22)

at a geometric rate:

[V — V¥ o = [TV, — (T Voo < 7 1Ve = Voo (2:23)
Since this fixed point is unique, we can conclude that:

The sequence (V(k))kz(, defined by Vi) — Tyl converges in ||.||o0 to V*,

for all starting points VVask — 0.

2.1.5.4 GENERALISED POLICY ITERATION

We have seen in the previous section how one can construct an optimal policy by first com-
puting the optimal value function and then acting greedily based on this value. Although
convergence is guaranteed in the value function space, in practice the policy tends to con-
verge faster than the actual value-function. That is, we could have sought to act greedily
with respect to an intermediate value QW (s, a) and that could already provided an optimal
policy even before the sequence of value-functions, (Q(k) )k>o, reaches optimality.

Building on this observation, one can construct a general procedure called (Generalised)
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Policy Iteration (Algorithm 2.3) where we evaluate our current policy, 7, by building its
corresponding value function and then based on this value we seek to improve our be-
haviour (for instance by acting greedily with respect to the current value function V")
leading to #"®". By iterating this procedure we continue to improve our policy and, at least
in the finite case, we are guaranteed to converge to both an optimal policy and the opti-
mal value-function. This principle actually results in a very general framework that we will
use abundantly for planning in control problems, with various instantiations of the Policy

Evaluation and Policy Improvement steps in Algorithm 2.3 below.

Algorithm 2.3 Generalised Policy Iteration

while (Not converged) do

(Policy Evaluation): Given policy 7, estimate/evaluate Q = Q.
(e.g. by Iterative Policy Evaluation - see Algorithm 2.1)

(Policy Improvement): Generate 7" > 7.
(e.g. by Greedy Policy Improvement - see Section 2.1.3)

if QF == Q™ then
We converged. TERMINATE
end if
This becomes the new policy for the evaluation step 7 = 7.

end while

In principle, one can employ any method of improvement in the second step, but the
greedy alternative is both easy to implement and guaranteed to improve the value-function
point-wise. A slightly different improvement strategy, particular suitable for the multitask
scenario, is to apply a more general policy improvement step over a number of policies, if
we can obtain multiple of these evaluations. We will see that some of the methods pro-
posed here enable us to get, essentially for free, multiple evaluations of different policies
for the tasks of interest. This property also translates to a potentially better improvement

step for each task under consideration.

2.1.6 SAMPLE-BASED REINFORCEMENT LEARNING

In the previous section, we assumed full knowledge of the MDP at hand, but in practice

this is rarely the case. More commonly, we would have to interact with the environment
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and generate experiences from which to learn. In even more restrictive cases, we would
actually only have access to recorded interactions with the MDP in question. Thus, we have
to either build an explicit model of the transitions’ distribution and reward function based
on the sampled episodes and then apply the above methodology to these approximations
or attempt to approximate the value functions of interest directly from the experience. The
second approach bypasses building a model explicitly and is thus refereed to in literature
as model-free reinforcement learning. Throughout this work, we will be taking this latter

approach to all control and prediction problems we are going to consider.
2.1.6.1  MoNTE Carro (MC)

The Monte Carlo (MC) procedure implements probably the simplest estimate of the value-
functions, approximating the expected return with the empirical mean return seen over
a set of samples. To ensure that well-defined returns are available, here we define Monte
Carlo methods only for episodic tasks. This means that our experience will consider episodes
of experience: D = {1;};—, n,where 7, = {s,,a,, 73,8, a5, - =+ , 57}, ar ~ 7(.]s¢), Sp41 ~
P(.|st, a), Vt = 1, T is the trajectory of experience seen in episode i, by interacting with

an environment P, r while following a behaviour policy 7.

N

V*(s) = Ex[Gi[S; = 5] ~ NL Z Gs(i) (2.24)

$ =1

where G() is the return achieved in episode i, from state s onwards and N is the number
of visits we made to state s in the trajectory sample set D. If state s was not encountered in

()

an episode i, then its corresponding return G = o. Moreover, there exists two versions
of this estimate: i) first-visit MC estimate, which takes the averages over returns starting
from s only in the first time s was visited in that episode and ii) every-visit MC estimate,
which takes the averaged over all future returns starting from s, for every visit to s. Both
of these estimates will converge asymptotically (as Ny — 00) to V* (Singh and Sutton,

1996; Sutton and Barto, 1998). The resulting, episodic update is of the form:
V(St) < V(St) + a (Gt - V(St)) (2.25)

Thus, the above equation gives us a very simple model-free policy evaluation algorithm
that can be used directly for prediction or as the first step of the (generalised) policy iter-

ation procedure for control purposes.
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It is worth noting that in order to build the above MC estimate for the value function
V7, we need access to trajectories that were generated by acting according to the evaluated tar-
get policy 7. This also means that for control purposes, whenever we switch the evaluation
target, from one policy iteration to the other, we would need to re-generate on-policy ex-
perience for our new target. Of course, one could use importance sampling corrections
to facilitate reuse of data collected under a different behaviour policy than the one we
are currently trying to evaluate. Nevertheless, the importance ratios here are considered
throughout a full trajectory, thus the feasibility of this approach depends quite highly on

the overlap between our behaviour policy and our target for the evaluation.

2.1.6.2 TEMPORAL DIFFERENCE (TD) LEARNING

Although MC will converge to the true value function given enough samples, the variance
of this estimator given a finite sample tends to be very high. Also note that we need to wait
till the end of episode to make any updates to our current estimate of the value function,
which again can be very (sample) inefficient. To address these issues we will introduce a
family of algorithms called temporal-difference (TD) algorithms that are able to learn con-
tinuously from incomplete episodes by bootstrapping.

TD learning methods are really a combination of Monte Carlo learning and dynamic
programming(DP) divide-and-conquer ideas explored before. Like MC methods, TD
methods can learn directly from sampled experience without a full model of the environ-
ment. And similar to DP, TD methods will update estimates based on partial (learnt)
solutions, without having to wait for the final outcome of an episode.

The simplest version of temporal-difference learning, TD(o0), replaces the return G;
with an estimate of it, Gy.t+, = Ret, + 7V(St+.), given by the Bellman Expectation Equa-

tion. Consequently the update becomes:

V(SE) = V(Se) + alRet + 7V(Se) —V(S))) (226)

Gf:!+1

where we will commonly refer to Ge.1, = Ryt, + yV(Set,) as the TD target and we can
define the TD error as the mismatch between this estimated target and our current value

function at this state:
St = Gt:t+1 — V(St) = Rt-‘rl + YV(SH‘I) — V(St)
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It is important to note that by updating our value function towards the TD target, we will,
in general, be introducing some bias in our estimate of the value function. Nevertheless,
it was shown in (Dayan, 1992; Dayan and Sejnowski, 1994), that TD(0) does asymptoti-
cally converge to the true value function V* under a decaying learning rate, following the
Robbins-Monro conditions ®. In general, this estimate has a much lower variance as com-
pared to its Monte Carlo counterpart, but can introduce a bias that might be hard to un-
learn. In essence, a bad initialisation could considerably delay our convergence.
Something in-between the full history return used by the MC update and the one-step
TD target, is considering computing TD targets based on multiple steps returns. Let us

define the n-step return:
Getn = Repy + YR + - - + 7" 'Reqn + 7" V(Sttn) (2.27)

and making this our new TD target(n-step TD target) towards which we update our cur-

rent estimate of the value function, we obtain:
V(Se) < V(S¢) + a(Grpgn — V(Sh)) (2.28)

Note that by setting n = o, we recover TD(0) and if we set n = 00 we recover the Monte
Carlo update in Eq. 2.25. Furthermore, we can think about combining these n-step targets
(which we use as a guess for V(S;) = E,[Gy]) to get a new target. We define the A-return,

Gi‘ as a linear combination of the n-step returns:

o0

G} = Z anGt:ttn (2.29)

n=1i

witha, = (1—2)1", and where A € (o,1)*is the decaying factor across the n-step returns
Gt:t4+n+1- As defined above, in order to compute G? we would need to wait till the end of the
episode in order to update our value function - same as for MC learning. Fortunately there
is a backward view of TD(A) that provides us with an update rule that can be immediately
be applied after seeing just one additional transition, as we did in TD(o). For this, we

define the eligibility traces e(s) which, for each state s, will weight the corresponding TD

3This convergence holds for table-based representation of the value functions, but does not gener-
ally hold for arbitrary function approximation of the value functions (Dayan, 1992)

*Notethat 302 a, = 372 (1= WA" = (1-2) 102, 2" = (1-1) - 235 = & Thus G} is actually
a convex combination of the n-step returns.
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errors, as follows:
eo(s) = o, ei(s) = yle—,(s) + I(S; == s) (2.30)

In doing so, we can dynamically assign credit to the most recently and the most frequently
visited states. The resulting algorithm is described in Algorithm 2.4 below and relies on
re-writing the episode TD error, G} — V(S;), in terms of the per-step TD errors, §; =
Repy + yV(St41) — V(St), and weighting them accordingly to these “visit counts” im-
plemented by the eligibility traces. It has been shown that using eligibility traces, with

Algorithm 2.4 TD(2) for Policy Evaluation (Result: V — V)
Initialise V(s) = V,(s), Vs
for all episodes do
e(s) =0,Vs €S

Initialise s = s, ~ p, (starting state)

for all steps t = o, T of an episode do
Select action a; ~ 7(.|s;)
Take action g; and observe reward r;, and next state s.4,
Update:
8¢ 4 g + yV(se) — V(se)
er(se) < er—y(s¢) +1
foralls € S do
V(s) < V(s) + a8ei(s)
e(s) < yde(s)
end for

end for

end for

an offline update at the end the episodes, the forward and backward view of TD(}) are
equivalent - see (Sutton and Barto, 1998) and (Singh and Sutton, 1996) for details. More
recently, the same equivalence has been proven to be achieved for online updates, under a
slightly different definition of the eligibility trace - please consult (Seijen and Sutton, 2014;
Sutton et al,, 2014) and (van Hasselt et al., 2014) for full details.
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2.1.6.3 TD coNTROL

So far, we have looked at how one can approach the policy evaluation problem for an un-
known MDP, where we have access only to sampled trajectories. In this section, we will
revisit the control problem under the sample-based regime. As a reminder, the control
problem aims to learn the optimal policy or the optimal value function Q*. Note that in
the model-free control problem we are interested in estimating the state-action value func-
tion, Q* (s, a) rather than V*(s) as this will immediately give us greedily the optimal policy
without an explicit model of the immediate reward function. The simplest way to do this,
is to recall the framework of Generalised Policy Iteration (Algorithm 2.3) and simply plug
into the policy evaluation step, one of the model-free evaluation algorithms introduced in
the previous section (MC, TD(0), TD(1)). The policy improvement step can remain the
same: greedy improvement (or ¢— greedy” to insure some exploration).

Another crucial observation we need to make is that in order to build the estimate Q” at
each policy evaluation step in a model-free fashion, we will need experience(samples) gen-
erated by acting out the policy we are trying to evaluate. This means that after each policy
improvement step, when our policy changes, we need to interact with the environment to
collect samples for the current evaluation step. This can be very sample-inefficient and in
cases where environment interactions are costly, a straightforward application of on-policy
TD might prove to be too expensive. An explicit focus of this work will be to increase the
sample efficiency of RL algorithms. As such, most of the time, we will be looking at off-

policy methods that would allow us to reuse transitions previously generated.

2.1.6.4 Q-LEARNING

Fortunately, it turns out that we can do model-free control without having to act out the
intermediate policies encountered throughout our optimisation. Instead we can use a be-
haviour policy that generates diverse experiences and then employ backups according to
the Bellman Optimality operator T* to achieve convergence to Q. This algorithm was
introduced in (Watkins and Dayan, 1992) and is commonly known under the name of
Q-learning. 'This has become one of the most popular control algorithms in RL and we

provide a full outline of this algorithm in Algorithm 2.5 below.

$An ¢-greedy policy is the policy that follows the greedy policy with probability (1 — ¢) and with
probability ¢ selects a random action from A.
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Algorithm 2.5 Q-Learning (Off-Policy TD Control)
Initialize Q(s,a) = Q,(s,a),Vs € S,a € A

Consider b a behaviour policy

for all episodes do
Startats, € y,
for all steps t = o, T of the episode do

Take action a; ~ b(.|s;)
Observe reward r¢y, and next state s,

Update (One-step update based on Optimality Eq.)
Qls. @) + Qlse ) + alrs + 7 maxy Qscsnra') — Qlsi )]
end for
end for

Under the assumption that every state-ation pair is visited infinitely often, it can be
shown that the expectation of the TD error, §; := [R; + y maxy Q(Sey,a") — Q(St, A¢)]
converges to o. When the TD error approaches o, thisis equivalent to saying that (T*Q(s, a) —
Q(s,a)) = o,Vs € S,a € A, which implies that the obtained Q-estimate satisfies the
Bellman Optimality Equation. Since this operator has an unique fixed point Q*, the result-
ing function that obtains a zero TD-error across the state-action space, recovers the opti-
mal action-value Q*. Further details on the conditions and requirements of the behaviour

policy, as well as a detailed proof of convergence can be found in (Szepesviri, 2010).

2.1.7 MODEL-FREE RL wiTH FUNCTION APPROXIMATION

So far, all the algorithms presented here assumed a table-based representation of the value
functions — that is, we assumed we can enumerate(S is finite) and treat each state(or state-
action pair) separately when computing the value function. Nevertheless, this is not always
feasible and generalisation is required in problems with very large state-action spaces. Nat-
urally, we would want to extend our RL algorithms to deal with these situations. To do this,
we can use a real function to approximate (as closely as possible) our target value functions,

instead of an exhausted enumeration of the values for V (or Q). For every state s:

V(s) = fo(s),Vs € S, fy € F (some parametrisation family) (2.31)
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As with most problems in statistical learning, we will choose an appropriate function class
F, parametrised by a set of parameters § and we will try to learn from samples which of
the functions in F most closely captures the value functions of interest. Such an example
of a widely-used and well-studied parametrisation class are linear approximations. Thus

one can consider:

V(s) ~ GTgo(s) (or Q(s,a) ~ GTgo(s, a)) (2.32)

where ¢(s) is a feature space and 0 is a real-value vector of parameters that weights the fea-
tures in @(.). It is important to note that in general, this is just an approximation — in the
best-case scenario, we will recover the function f € F, in our approximation class, that is
closest to our real target V* or V*. Only if our true target belongs to the approximation
family J, we can converge to the true value function, otherwise, we hope the approxima-

tion is close enough to still provide us with a close-to-optimal behaviour.

APPROXIMATE PoLICY ITERATION (API) METHODS

In the following we are going to discuss Approximate Policy Iteration (API) methods. As
the name suggested, these methods will mimic a PI procedure, under approximation. As
a reminder, these are algorithms that alternate between a policy evaluation step and a pol-
icy improvement step. Given a current policy 7, the evaluation step aims to compute (or
approximate) its corresponding value function Q”. In most cases, this step will make use
of the Bellman expectation equation (Eq. 2.8-2.9). In the approximate case, at each itera-
tion, we aim to find the best approximation to one application of the Bellman expectation
operator T”f (Theorem 2.3). Other methods will use the fact the fixed point of this op-
erator is unique and thus will try to find directly the function fin the hypothesis class F
that most closely satisfied its fixed point equation (Definition 2.1). In both of these cases,
we end up with an approximate version of the policy evaluation step. After this step, as in
the exact case (Algorithm 2.3), we can do a greedy improvement step and then iterate the
alternation of these two steps. The convergence to the true value function Q" has been
investigated under different functional approximations and different learning criteria. Ap-
proximative PI was shown to be particularly well-behaved under a least-square projection
criterion — see (Bertsekas et al., 1995; Bradtke and Barto, 1996; Bertsekas and Tsitsik-
lis, 1995; Lagoudakis et al., 2001), overcoming even unknown divergent cases of Fitted Q

Iterations (Lagoudakis and Parr, 2003 ). For a general survey on error bounds for approx-
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imative policy iteration please consult (Munos, 2003; Bertsekas, 2011; Scherrer, 2014).

Frrrep Q-ITeration (FQI)

Fitted Q-Iteration(FQI) (Algorithm 2.6) is a general method of extending Q-learning (Al-
gorithm 2.5) to the approximate case. This method was first introduced in (Ernst et al,,
2005; Riedmiller, 2005) and can, in principle, be used with any functional class approx-
imating the action-value functions. Popular choices include decision trees (Ernst et al,,
2005; Castelletti et al,, 2012), linear approximations (Antos et al., 2007, 2008; Farahmand
etal, 2009) or (deep) neural networks (Riedmiller, 2005; Gabel et al,, 2011; Mnih et al,,
2013, 2015); although convergence properties and training behaviour highly depend on
this choice. It is worth noting that, in general, FQI is not guaranteed to converge to the
best approximator in our approximation class and moreover this best approximator might
not give rise to the optimal policy we are looking for. Nevertheless, in practice, it has been
shown that we can achieve convergence or at least a hovering behaviour around the opti-

mal value function and in many cases, this does indeed lead to a close-to-optimal policy.

Algorithm 2.6 Fitted Q-Iteration

Require: D ~ 7 - set of experiences

Initialization: Q < Q, (can be arbitrary)

fork =1:Kdo
(Compute targets): using the Bellman Equation(s): Y% ~ T*(Q®)
forall (s;, ag, 41, St41) € DK do

# = e+ ymax, QW (s a) (e & Qlsirar))
end for

(Q-Fitting)°®: generate Q(k'H) = Regress(D(k), Y<k))

end for

Recently, (Mnih et al,, 2015) introduced Deep Q-Network (DQN), which uses a neu-
ral network to implement an off-policy non-linear function approximation of the optimal
value function. The study of RL algorithms that use neural networks as function approx-
imators has since then been dubbed deep reinforcement learning. Deep RL removes the
requirement of a good handcrafted feature representation by requiring instead an effec-

tive network architecture and learning algorithm. Mnih et al. (2015) for example, when
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introducing DQN used a neural network composed of three hidden convolutional lay-
ers (LeCun et al,, 1995, 2010) followed by a fully-connected hidden layer. These deep
learning-based representations (Bengio et al., 2017) have been shown to be extremely ef-
fective, allowing us to scale up to more complex tasks and scenarios where coming up with
good features is not trivial (Mnih et al,, 2015; Silver et al,, 2016, 2017). The network pa-

rameters are updated through gradient-descent with the following update rule:
0 < 0+a [Rt+1 + 7 max Q(S+,al07) — Q(St,At](?)} VoQ(S, Ail0)  (2:33)

where 0~ denote the parameters of a target network, which is a duplicate network from a
past iteration that will be updated at a particular frequency, less often than the online net-
work, to improve stability (Mnih et al,, 2015 ). An additional insight that aids the training
is the use of an experience replay buffer (Lin, 1993; Schaul et al,, 2015b) to improve the
sample efficiency and decorrelate observations. Since its introduction, DQN has inspired
a great collection of follow-up work combining RL methods and deep neural networks
(Van Hasselt etal., 2016; Horgan etal., 2018; Hessel et al., 2018; Kapturowski et al., 2019).

In this work we will investigate various instances of these algorithms, under a linear
function class, given a feature space ¢(S) in Chapter 3 (FQI) and respectively Chapter 4
(API). And in Chapters 5-6, we will employ an n—step version of FQI (Peng and Williams,
1994) to learn optimal value functions represented now by a much more flexible and pow-
erful class of approximators, deep neural networks (Le Cunetal,, 2015; Bengio etal,, 2017)

when dealing with complex observational spaces like pixels, as in DQN.
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2.2 TRANSFER LEARNING

Traditional paradigms in machine learning, such as supervised learning and semi-supervised
learning, assume data distributions at training and testing time remain the same. In con-
trast, in transfer learning, we are concerned with capturing the change, the shift in the data
distribution, in the domain or task at hand. A core assumption of this paradigm, even out-
side RL, is that something changes in the environment, but at the same time, something
remains the same: there is a connection between the previous tasks and the current task,
otherwise, there is no hope for generalisation. And the aspiration here is that this relation-
ship can be effectively exploited to aid the learning process in this new variation.

Empirical evidence suggests that even relatively small changes in the data distribution
can negatively impact the predictive performance of classifiers (Shimodaira, 2000), espe-
cially in the case of neural network based architectures that are more prone to overfitting
to the training data distribution due to over-parametrisation. There have been many stud-
ies showing just how fragile machine learning systems can be, when presented with data
just outside the training manifold (Goodfellow et al., 2014; Gu and Rigazio, 2014; Nguyen
etal, 2015). In reinforcement learning, the problem is aggravated by the fact that we are
effectively using these predictions to do (long-term) planning in the environment and in
this case even small errors can, over time, be amplified and policies can collapse under very
small variations in the input space, as noted in (Rusu et al,, 2016; Huang et al,, 2017). We
wouldlike to avoid learning from scratch every time there is a change in the task conditions
or specification. We would like our representations and knowledge to be robust to these
shifts in the data distribution and our policy to have the ability to adapt to new scenarios.

What we are essentially saying is that i) we desire a stronger generalisation property be-
yond the training data distribution to a broader distribution over related tasks/domains,
and ii) the ability to rapidly adapt to variations of tasks sampled from this broader distribu-
tion. In other words, we would like to avoid re-learning the commonalities between these
tasks when trying to master multiple of them. Moreover, we would like to use the knowl-
edge already acquired to boost our learning for a new instance of a task. This is partially
motivated by the fact that people can intelligently reuse and apply previously accumulated
knowledge to solve new problems faster or find better solutions. We would like our agents
to display the same characteristics and flexibly adapt to new demands in their environment
without completely re-learning/re-programming to account for these changes.

The field of transfer learning is quite broad as it aims to cover various ways in which the
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environment and/or the task might change. In this section, we will look at some of the
variations considered in the literature and for the rest of this work, we would focus on one
particular paradigm outlined in the introduction (Definition 1.1) that we believe to be the
most natural in studying the development of an RL agent.

When we think about transfer learning, there are three major research questions that
come up and one would need answering when developing a transfer learning algorithm.
The answers to these might be dependent on the applications we are targeting, the assump-
tions about the domains and the variations allowed (sharing the same input space, differ-
ent features, shared output space ...etc), as well as the properties of the true underlying
distribution over the tasks we would like to generalise over. Regardless, the thought pro-

cess and the resulting algorithm should aim to answer the following:

« What to transfer?
This question targets the process of identifying the subset of the knowledge ac-
quired, that is useful when the change in task occurs. In a sense, this is trying to
separate the parts that are tasks specific and the ones that are more general and are
invariant under changes observed, such as shifts in data-distribution. This is not
a trivial process as it is rooted in our assumptions of how the tasks/domains may
vary and “forcing’ transfer outside those assumptions may hurt the learning process,

which leads us to the next question.

« When to transfer?
This question asks in which scenarios transfer can be done and likewise, what are sit-
uations in which transfer is not desirable — when the change is too big and the tasks
become essentially unrelated. If we are considering a series of supervised learning
tasks — say sentiment analysis, cat pictures classification, cancer detection, language
translation, stock market prediction — this becomes a relevant question. Which
tasks are more similar to the one at hand and what we can use to map knowledge
from one domain to the other. A potential answer here might be the similarity in
the input domain: text (translation, sentiment analysis), pixel-based classification

(cats, cancer detection).

For an RL agent, we will usually assume some consistency in the environment it
operates in, the sensory information it gets, the range of movements it can exert
onto its environment. Thus in principle, most tasks will be related as they all ought

to reveal information about the environment and our agents’ interaction with it.

36



Nevertheless, negative transfer can still happen depending on how we choose to in-
corporate previous knowledge into the new task or how we constrain the learning
problem on the new task to focus resources based on previous interactions. In this
case, we would like to identify the tasks that are indeed most relevant to the target

tasks and use information coming primarily from those.

« How to transfer?

This refers to exactly how algorithmically we incorporate previous acquired sam-
ples, solutions, abstract distilled knowledge into the learning process of a related
task. Although there are various ways of approaching this question and numerous
instantiations of these in the literature, we remark four prominent approaches out-

lined as such in (Pan and Yang, 2009):

— Instance Transfer. This is probably the most intuitive way of transferring in-
formation and relies on the assumption that, although the data distribution
might change between tasks, there is at least a part of the training data that

can be re-used for the current task.

— Transfer via Feature Representation. The feature-representation transfer ap-
proach aims at finding “good” feature representations to minimize domain
divergence and classification or regression model error. This is similar to com-

mon feature learning in the field of multi-task learning (Argyriou et al.,, 2007).

— Transfer via Parameter Sharing. Most parameter-transfer approaches assume
that individual models for related tasks should share some parameters or a
prior distribution of hyper-parameters. Examples of this paradigm include
regularization frameworks, parametrised shared representations and hierar-

chical Bayesian frameworks.

— Relational Knowledge Transfer. Different from other three contexts, the relational-
knowledge- transfer approach deals with transfer learning problems in rela-
tional domains, where the data are non-i.i.d. and can be represented by mul-
tiple relations, such as networked data or graph relations. This approach as-
sumes data drawn from each domain not to be independent and tries to trans-

fer the relationship among data from a source domain to a target domain.

In the following we would take a closer look at these ways of transferring information,
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but first we will introduce a formal definition of the transfer framework and some of the

desired objectives — aiming to measure benefit over learning each task in isolation.

2.2.1 DEFINITIONS AND TAXONOMY

In this section we will introduce a formal definition of transfer learning. Firstly we will
do this in the context of supervised learning, mainly as the literature is more abundant in
this setting and the terminology is much more unified, with several surveys offering a good
overview of the field (Weiss et al,, 2016; Pan and Yang, 2009). Then, we will extend this for-
malism to reinforcement learning. Although throughout the years there have been some
significant contributions in applying transfer to RL situations — a good overview of the
these can be found in (Taylor and Stone, 2009; Lazaric, 2012) — the literature is still signif-
icantly sparser when compared to the supervised scenarios, with transfer being recognised
as crucial problem and one of the next frontiers in machine learning and RL much more
so only in the recent years.

Let us define a domain D = (X', P(X)) as a tuple of an input space X’ and a marginal
probability distribution over this space P(X). For a given domain, we define a task 7 as
a tuple made up of the output space (or label space for classification problems) ) and a
predictive function f : X — ), which in a supervised setting is to be learnt by pairs
(%1, ;) € X x V. We can define transfer learning as:

Definition 2.6: Transfer Learning

Given a source domain Dg = (X, Ps(X)) and a corresponding task 7s = (s, fs),
and a target domain Dr = (X, Pr(X)) with a desired target task 77 = (Vr, fr),
transferlearning is the process of improving the target predictive function fr by using

the information from Dg, Ts.

In the full generality of this framework the source and target domains, as well as the tasks
can all be different - Ds # Dr, Ts # Tr - but some of the most interesting situations
arise when some of these components are shared. And the more they share, the more
information is potentially available for transfer.

For instance, one of the most natural scenarios encountered in the literature is to as-

sume that the input space stays the same X5 = X7, but the marginal distribution over

"The case where X5 = A’y is referred to as homogeneous transfer learning, and when the input
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this shared input space changes, i.e. Ps(X) # Pr(X). This is reflective of most systems
that evolve smoothly over time and it is one of the most relevant paradigm for practical
applications: where the data used for training is collected somewhat in the past and then
the trained classifier will be deployed at a later time into the future when the process might
have changed. An example of this would be recommender systems that have to account
for the ever-changing product/market conditions.

Another scenario that lends itself nicely to transfer is keeping the domains the same,
but having different tasks 7s # 77 - and thus the prediction functions are different.
This might happen when the output spaces are different. For instance, consider as input
a dataset of pictures and based on this dataset we can formulate multiple tasks: classifi-
cation of objects (the output here is a probability distribution vector over the possible
classes), a caption describing what is happening in the picture (the output here is natural
language/ text), a segmentation of the image into background and foreground (the output
space there is pixel space). Although these tasks might be quite different in their predic-
tions, it has been shown that learning jointly to predict multiple things about the same

instance can improve the performance on all tasks (Kokkinos, 2016; Zhang et al., 2017).

2.2.2 OBJECTIVES AND DESIDERATA

Previously we have argued that we can use knowledge accumulated from previous tasks
to aid the learning of a new task. In this section, we aim to be more concrete about what
benefits one could expect to gain from transfer learning and formalise some measurable
objectives associated with these potential gains.

We will follow and adapt the formalism used in (Pan and Yang, 2009; Weiss etal., 2016)
(supervised learning) and (Lazaric, 2012) (reinforcement learning). These transfer objec-
tives and potential gains equally apply to both RL settings and more traditional supervised
learning settings. Although we will argue that RL scenarios pose additional challenges, but
also maybe more natural opportunities for transfer. Following (Lazaric, 2012) we will dis-
cuss the three major potential improvements a transfer learning system offers over learning

from scratch:

« Improvement in learning speed on the new task. Depiction of learning curves are

displayed in Figures 2.2.1a, 2.2.1b. This criteria can be split into two different ob-

domain changes we refer to this as heterogeneous transfer (Weiss et al., 2016)
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jectives that could result in a speedup in learning:

— Reduction in sample complexity (Figure 2.2.1a). This objective says that by em-
ploying transfer we could get off the ground more quickly (with fewer sam-
ples) and achieve a certain performance without seeing a vast amount of ex-
perience in the new setting. This is particularly relevant when data in the tar-
get domain/task is limited or hard to obtain, but we have related (training)
tasks where data is more readily available. Sample complexity is something
many RL algorithms struggle with, especially under functional approxima-
tion. Thus this is an objective we would want to improve on. Moreover, in
RL the learning problem is compounded by the exploration problem. This
can make the problem more challenging, but in terms of transfer, this can also
be an additional opportunity. An RL system can benefit from transfer both
the learning process (in the value function/policy approximation), but also

to inform a better exploration in a new task.

— Speed-up in the training time of our algorithms. (Figure 2.2.1b). This can hap-
pen if one could make use of training tasks to inform a more effective search
in the space of solutions for the new task. Or alternatively, reduce the hy-
pothesis space of candidate functions to be considered for the new task. It is
important to note that although this might be a very effective way for speeding
up learning, we are usually in a situation where we cannot recover the target
function and the accuracy of our approximation is strictly dependent on the
structure of this hypothesis space. Thus restricting this space too much, can

lead to poor asymptotic performance and negative transfer.

Note that one criteria does not exclude the other and a speedup in learning can

come from making progress on either or both of these fronts.

« Jumpstart - a boost in the initial performance. (Figure 2.2.2a). This objective as-
sesses the initial, often zero-shot, performance on a target task. Without transfer,
the learning process usually starts with a random initialization of the parameters. If
our hypothesis space is generous enough to allow good approximations, this start-
ing point might be arbitrary bad and delay convergence. On the other hand, a good
initialization has been shown to greatly help speed up convergence in Value Itera-

tion/Policy Iteration based methods. Thus one can use the training tasks to build
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IMPROVEMENT IN LEARNING SPEED (SAMPLE EFFICIENCY) IMPROVEMENT IN LEARNING SPEED (ALGORITHMIC EFFICIENCY)

System using Transfer System using Transfer

Baseline (No Transfer) Baseline (No Transfer)

Performance
Performance

Experience (Number of samples seen) Training Time (or iterations)

(a) Sample complexity reduction (b) Speed-up in the training time

Figure 2.2.1: Transfer learning objective 1: producing a speed up in the learning pro-
cess for a new task.

an informative prior to better initialize the learning process for the target task. This
is again a particularly important objective in an RL context, as a better initial per-
formance can have a huge impact on the quality of data we get during exploration,

which in turn has the potential of helping the learning problem itself.

A known potential caveat here is that initialisation, even one with good initial per-
formance, can sometimes have detrimental effects on the learning process, both
in terms of speed of learning and even asymptotic performance. For instance, ini-
tialising with the policy of another agent that was trained on a task that partially
overlaps with the target task, could quickly converge to a suboptimal performance
by exploiting only the common part of the two solutions. In order to converge to
an optimal performance two things must happen: i) the approximation can escape
this local (sub-optimal) solution, ii) exploration strategy will venture outside the
state-space around this suboptimal path and will produce informative enough data
to allow recovery of the optimal solution. Note that these two points are very dis-
tinctive in nature, one has to do with the way we are learning the target function
(value/policy for RL) and the optimisation surface in the chosen hypothesis space
and the second one is a bias introduced by this initial solution in the way we explore

the space.

Therefore, even if we are making progress on this objective, it is good to keep in
mind that this might hurt us in the long run, especially as the learning and explo-
ration processes are generally interlinked and will be biased by this initialisation.

Nevertheless, there might be situations where long-term optimal performance is
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JUMPSTART (STARTING WITH A BETTER INITIALIZATION) ASYMPTOTIC IMPROVEMENT

System using Transfer

System using Transfer

Baseline (No Transfer) Baseline (No Transfer)

Performance
Performance

Experience (Number of samples seen) Experience (Number of samples seen)

(a) Jumpstart - improving the initial per- (b) Asymptotic performance boost — bet-
formance on a new task. Some type of ter generalisation could obtained by
zero-shot transfer can happen. incorporating past knowledge

Figure 2.2.2: Further transfer learning potential benefits and objectives

not as important as getting off the ground as quickly as possible and acting coher-
ently in a new domain. For instance, in robotics one cares much more about having
an initialisation that has a better initial performance: a policy that can move around
and respond to the change in the environment, safely exploring the new domain
and avoid cases where it might break the robot, even at the cost of asymptotic per-
formance. Learn from scratch, in this scenario might lead to a better solution in
the long run, but the time, effort and hardware to get there might far outweigh the
asymptotic performance gap. At the end of the day, it is a question of which objec-
tive is more important to optimise so that we can properly safeguard against possible

negative effects of this initialisation.

« Asymptotic performance improvement. (Figure 2.2.2b) This says that the final perfor-
mance on the target task could be improved by transfer and we can measure this
gap at the end of the training process. The final performance is one we would ide-
ally want to optimise for — in supervised and reinforcement learning scenarios alike.
But, as highlighted previously, there might be a trade-off between this objective and

other improvements we can get via transfer — like initial performance (jumpstart).

However, we would argue that in most practical applications we care more about
the sample complexity, and we will, realistically, never be in the asymptotic sce-
nario with respect to the experience seen, especially when operating in infinite state
spaces. Thus this criterion might be problematic to measure fairly, as intrinsically

this measure of performance disregards the time or number of samples required
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to reach convergence; two algorithms may eventually reach the same performance,
but do so in very different ways: time-wise and sample complexity-wise. Moreover,
the time to convergence may be prohibitively long and in practice, we are back to ef-
fectively comparing performances on finite sample sizes and finite wall-clock. Thus
although this is a crucial objective for our transfer algorithms, setting up a 'fair’ com-

parison might be problematic.

2.2.3 METHODS OF TRANSFERRING KNOWLEDGE IN RL

In this section, we will re-visit the last question we posed above: How to transfer? and we
will focus primarily on methods of transferring knowledge in reinforcement learning set-
tings. Moreover we will focus our attention to the particular case where the source and
target MDP-s share the same state and action space, as well as the dynamics - Mg =
(S, A, P, Rs,7), Mr = (S, A, P,Rr, 7). Thus the difference in the tasks is incor-
porate in the reward. Note that this is the scenario proposed in the introduction as the

persistent environment assumption.

2.2.3.1 INSTANCE TRANSFER

Considering that our tasks share the same state and action space, a natural way of trans-
ferring information is using samples from the source task(s) to improve performance on
the target task. Note that most RL algorithm would require full transitions (s, a¢, r¢, St4)
which are not necessarily transferable unless we assume some common structure in the re-
ward specification as well. Note that this is reasonable assumption around the reward/task
distribution - for instance, most of the states would not give you any reward, or just a time
penalty or some states will always give you negative reward. In this case, the question be-
comes when to transfer or what are the samples that are ’safe’ to transfer. If the samples
being transferred from the source tasks differ a lot from the target task, negative transfer
can occur (Lazaric, 2012).

Even without making any assumptions about exactly the reward functions, we can some-
times reuse samples in building individual parts of our training algorithm. For instance, if
we adopt a model-based approach and seek to estimate the transition model in order to
plan, this estimation can be done using samples from various (training) tasks and could
readily be used in the target domain. More generally, the core idea would be to identify,

and if possible, separate in the learning that reward and the state-transition information —
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the invariance and the task specific part. In this way we can reuse samples safely. Examples
of such architectures include successor features (Barreto et al., 2017) and the multitask

least-squares policy iteration method proposed in Section. 4.3 of this work.

2.2.3.2 REPRESENTATION TRANSFER

The idea here is to use the source task(s) to infer and extract general characteristics that
are likely to be present in the target task as well. The aim of the transfer algorithm here
is to use these inferred characteristics to change the representation of the solution space
to speed up the learning by reusing relevant parts of the policies previously inferred. Ata
more abstract level, it is the same idea of trying to figure out what is shared, what remains
invariant throughout the source task(s) and then leverage this information to more rapidly
make progress on the target task. We single out two major ways of achieving representation

transfer in RL and our work will mostly revolve around these:

« Feature transfer.

This transfer paradigm aims to build a set of features {‘Pi}?:l that have been deemed
important for the source task(s) and (re-)define the hypothesis space of the solu-

tions considered for the target task, based on these features.

There are multiple instances in the literature and it is the focus of the next chapters
(Chapters 3-4). An example of this can be seen in (Mahadevan and Maggioni,
2007) that introduces a way of building proto-value functions using the Laplacian
of the estimated graph of the source MDP. Generalisations of this work relax the
constraint of the dynamics of the source and target MDP and they now can slightly
vary and extend this framework to the case when the source and target MDP can

have different dynamics and different reward.

More recently, progressive networks were introduced in (Rusu et al,, 2016) and
these allow features learnt in previous tasks to be used if necessary for the target
task. The power of this architecture lies in essentially constructing a very large set
of features, from different levels of abstractions that might be helpful. On top of
these, the target task can still learn from the raw input and develop a new repre-
sentation that can estimate the target function, even if the source tasks are not par-
ticularly relevant or related. This results in a safe way of doing transfer, where we

essentially safeguard against negative transfer if the source tasks are not a good in-
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dication of what to expect in the target task. The potential problem here is that the
number of features coming from previous tasks might be overwhelmingly large, by
constructions, thus the learning problem might become harder as now the learner
has to distil what is important from the abundance of features coming from pre-
vious tasks and complement them with the learning of its specialized features. As
the number of tasks grows, this problem is aggravated and the learning in the new
task sometimes gives up on re-using the available features from the previous tasks
and will essentially default to learning its own representation and use that for its ap-
proximation. This is somewhat counter-intuitive in terms of learning, as we would
want our performance and transfer abilities to improve as the number of tasks we

experienced increases.

Option or subpolicy transfer

Another way of transferring information in an RL setting is at the policy level. The
assumption here is that the source task and the target task can be decomposed into
sub-problems that at least partially can overlap. In this case, these sub-policieslearnt
on the training tasks can be readily used to make progress in the target task. The
idea here is to exploit as much as possible the shared dynamics between the source
and target domains and identify in what part of the state space the source policy
is still sensible/valid and which states actually contain information about the tasks
and reward. This typically allows for planning at a lower time resolution and enable
the reuse to learn skills to navigate between this crucial state where (higher-level)
decisions have to be made. Although most transfer algorithms in this section share
this outlined idea and structure, the critical point is how to identify the subgoals and
learn the options (Sutton et al,, 1999) from the estimated dynamics. Inferring these
sub-policies or, mostly known in the RL literature, as options (Sutton et al., 1999;
Perkins et al., 1999) or subskills (Konidaris and Barto, 2009; Da Silva etal.,, 2012) is
a notoriously hard problem. Nevertheless, options are very natural way of thinking
about transfer and can potentially have major benefits as it provides a temporal ab-
straction that can speed up the learning and planning process as the effective time
horizon for which we are optimising is decreasing substantially. Another benefit
of these temporal abstractions would be using them for more informative, targeted

exploration (using the previously inferred subgoals).
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2.2.3.3 PARAMETER SHARING

In the previous methods of transferring, evolving features or options, we will assume that
the training and test tasks are similar enough to allow for positive transfer and we usu-
ally try to safeguard against negative transfer — this is done typically but augmenting the
hypothesis space between the common features or options, thus making sure that a (non-
transfer based) solution can be recovered at least theoretically. In these methods we as-
sume similarity, but will typically never explicitly model, nor measure it. In contrast, parameter-
transfer algorithms do try to explicitly model the underlying distribution from which the
source and target tasks are assumed to be drawn. These methods will typically parametrise
the MDPs, thus Mg = My, and M1 = My, and seek to model the distribution over
these parameters § ~ p(.|w) and infer the hyperparameters w. The assumption here is
that the tasks seen, and consequently the target task are drawn i.i.d. from this underlying
generative process. Methods here include a variety of hierarchical and Bayesian RL meth-
ods (Wilson et al,, 2007; Cao and Ray, 2012). The major advance of these methods is the
distillation of the knowledge gathered from previous task into the prior or the parameters
the generative process of the task experience, conditioned on 6 is assumed invariant and

can be learnt using all task available during training.

46



Part1

Transferable Representation

Learning

47






Representation Learning in Multitask

Reinforcement Learning

In this chapter, we are going to consider a multitask Reinforcement Learning (MT-RL)
scenario and explore sharing information between the multiple tasks by learning a shared
representation across the value functions of interest. As the name suggests, in MT-RL we
reason about scenarios in which an agent needs to learn to perform a set of different tasks.
Assuch, our goal here will be to design algorithms that are capable oflearning good policies
across many of these tasks, leveraging commonalities whenever possible. As prefaced in
the introduction, in this work we restrict our attention to tasks that take place in the same
persistent environment, as described in Definition 1.1.

In this formulation, each task, indexed by j, formally gives rise to a different MDP,
M; = (S, AP, 7/}-), that share the same state space, S, and action space, A, and dy-
namics. And the reward signal rj canbe an arbitrary functionsr; : S x A = [Riins Rinax), Vj.
Mastering a task j in this environment is equivalent to finding an optimal policy, ;, for its
induced MDP, M;. This is one of the most popular choices considered in multitask RL,

although there are many studies that allow for changes in the transition model - for in-
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stance (Ravindran and Barto, 2003 ) and (Ferguson and Mahadevan, 2006). Note that the
methods developed in this chapter would be applicable to this extended setting as well,
although we leave this as a subject for future investigations.

Out of the many various attempts of phrasing the multitask learning problem in rein-
forcement learning and formalising the relativeness between tasks, we distinguish mainly

two prominent ideas in the literature:

o Tasks are drawn from some (un)known distribution. This is the most common sce-
nario treated in the literature and the one we will operate under at this stage. An
early work by (Tanaka and Yamamura, 2003 ) introduced that idea of maintaining
a sampling distribution over the tasks and implicitly over possible MDPs, an agent
would need to solve in its lifetime. They then used very basic statistics, like mean
and standard deviation, to better initialise the agent’s value tables for the follow-
ing task. Unfortunately, the modelling of the common structure in the tasks is very
limited and transfer of the summary statistics of the value functions are not always
the most informative for a different task - for instance, if the task distributions are

multi-modal.

o Tasks are constructed and presented to the agent in a progressive fashion. Madden and
Howley (2004) introduced a way of transferring experience between progressively
more difficult environments and tasks. They propose mastering partial or simpler
tasks at first, then within an introspection phase, the agent rationalises the experi-
ence gained and formulates a rule-based policy that can readily be used in a more
complex situation. This kind of task learning seems to be more intuitive and aligned
with the way humans acquire knowledge and expertise, but the applicability of the
proposed method is quite limited. Nevertheless, there has been some recent work
along the lines of formalising the idea of lifelong learning and curriculum learning
(Thrun and Mitchell, 1995; Eaton and Ruvolo, 2013; Ruvolo and Eaton, 2013) to
the RL framework (Brunskill and Li, 2014; Tessler et al., 2017).

The methods we will propose and investigate in this part of the thesis, could be readily
applicable to either these scenarios when considering tasks within the same persistent en-
vironment. In other words, whether or not the reward functions are drawn from some
known distribution or potentially increasing in their complexity (in terms of the tasks spec-

ified by these reward signals), the methods proposed in the next two chapters do not rely
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on any of these assumptions; although we expect empirically that the performance and
the benefits of transfer to be dependent on the nature of the underlying problem. In this
first part, we will be looking at methods that perform transfer within a set of tasks, rather
than transferring knowledge to a new task in order to speed up learning. Thus, since we
are not testing the generalisation outside the training set (in terms of tasks), the nature of
the underlying generative process, giving rise to these tasks, is less important. In this first
part, we are looking to methods to would improve generalisation across a set of given tasks.
Typically this is usually the case when we have data already collected for a set of tasks and
would want to use the communality of the environment and state-action space to improve

learning across these tasks.

3.1 SHARED REPRESENTATION LEARNING FOR MDPs

As a brief reminder, in RL an agent interacts with an environment and selects actions to
maximise the expected amount of cumulative reward received Gy = > .= y* R4 1, where
Ry = (8¢, A¢) (Sutton and Barto, 1998). We model this scenario using the formalism of
Markov Decision Processes and as discussed in Section 2.1.5, a principled way to address
the RL problem is to use methods derived from dynamic programming (DP) (Puterman,

1994). These usually compute the action-value function of a policy 7, defined as:
Q(s,a) =E; [G¢| Sy = 5,A; = a], (3.1)

where E[-| denotes expectation over the sequences of transitions induced by 7.

The computation of Q" (s, a) is called policy evaluation. Once a policy x has been eval-
uated, we can compute a greedy policy 7' (s) € argmax Q" (s, a) that is guaranteed to per-
form at least as well as , that is: Q" (s, a) > Q" (s, a) forany (s,a) € S x A.

In this work we are interested in the problem of transfer in RL (Taylor and Stone, 2009;
Lazaric, 2012). Specifically, we ask the question: given a set of MDPs that only differ in
their reward function, how can we leverage knowledge gained by interacting with all these
MDPs to speed up the learning or improve the quality of the resulting solutions?

We are going to assume that our agent has access to a high-dimensional, highly struc-
tured observational space (for instance, pixels) which also doubles as the state of the agent,
St and that was generated by a much lower dimensional variable. While this is generally

the case with all high-dimensional input, we do not claim nor explicitly target recovering
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this true structure that gave rise to our agent’s observations. Instead we relax the above,
by requiring that there exists a low-dimensional Y; that can compactly capture all the rele-

vant information needed for our tasks — these will be defined later. That is, we require that

I, : S = RY st VS € S:
fo: S = Vst Y =f(St) (Low-dim embbeding of the input ;)

While this trivially holds for the "true” low-dimensional structure underlying our obser-
vations, it is not crucial for us that the reconstruction mapping exists. Thus the projection
fe can be lossy, as long as it supports the evaluation and control problems we are consider-
ing. This also means any information, or artefacts present in the observation space can be

eliminated if they do not improve our ability to approximate the value functions of interest.

3.1.1 GENERALISATION OVER TASKS

We want to achieve good generalisation and transfer of knowledge between tasks. To do
so, in this chapter, we hypothesise we can achieve this by declaring the representation Y;
(or an abstraction on the joint (Y}, A;) space), to be invariant across tasks. In other words,
we will train a representation of the environment that is powerful enough to accommodate
learning good approximations, for all of the tasks under consideration.

In the following, we show how DP-based paradigms of learning optimal policies can be
extended to multi-task RL and in particular to the case where we are interested in learn-
ing a common abstraction of the state-action space to be shared across all value-functions
of interest, for all tasks j € 1,]. A graphical depiction of the set of dynamical systems
under this constraint is available in Figure 3.1.1. We will be essentially learning a shared
representation for the action-value functional space. Moreover, we will see that the emerg-
ing structure is quite specialised and encodes the shared structure among expert policies.
Maybe unsurprisingly in hindsight, this turns out to be a very efficient way of representing

the state-action space for the computation of optimal value functions.

3.1.2  MULTI-TASK FITTED Q-ITERATION

In this section, we outline a general framework of using approximate value iteration to com-
pute the optimal Q-values (and optimal policies) for a set of tasks, in a given environment

following the MT-RL setup previously introduced. The proposed algorithm is an exten-
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States

V Y
[ Q; (St Ar) ] [Qj(St+1,At+1)] [Qj(5t+2w4t+2)]

Tasks j €1,J

Figure 3.1.1: Enforcing a shared representation of the state-action space, to be used in
modelling all action-value functions, Q;, across a set of tasks j =1,].

sion of Fitted Q-Iteration (Algorithm 2.6) that allows for joint learning and transfer across
tasks. Following the recipe of FQI, at each step in the iteration loop and for each sample in
our experience set D = {(s, a,r,s')|s’ ~ P(.|s,a)}, we compute the one-step TD target
based on our current estimate of the value function. This is can be done online or from
arecorded set of experiences. Then, treating these estimates as ground truth, we obtain a
regression problem from the state-action space onto the TD targets; in the simplest case
T* Q. In the case of MT-RL, we obtain such a regression problem for each task j. Now we
could, in principle, solve all these regression problems independently for each task, which
would amount to applying FQI individually for each task. But our assumption here is that
there is shared structure between tasks and we would like to make use of this common
ground to aid the learning process. Thus we propose that the resulting regression prob-
lems are to be solved jointly, accounting for such a common representation. A detailed

description of the proposed procedure can be found outlined in Algorithm 3.1.

Note that, in the spirit of generality, we do not specify a particular algorithm for the
multi-task learning step (MTL in Algorithm 3.1). This is on purpose, as there exists an

extensive literature of how to deal with the resulting multi-task regression problem and
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Algorithm 3.1 Multi-task Fitted Q-Iteration

Require: D = {D; }]-:1 ~ p, P - set of experiences/episodes for each task j
Initialize © = ©,, k = o (parameters of our considered approximation)

while convergence not reached (d® < ¢ ork < MaxIter) do
Compute Targets:
Jij(k+1) = {y]-(k+1) (s,a) = r(s,a) + y maxy QO (s, a)|(s,a,5) € D}, Vj =1,]
Multi-task Learning:
1 k
k+) — MTL (D = (D}, ¥ = [ )}}zl)

do = [|0*) — oW | k= k+1
end while

return © = {9;‘},]-:1 (= Qi(s,a) =fo(s,a),Vs,a € S x A)

exploit shared structure between tasks in purely supervised settings. In this work, we will

take a look at only one particular instance of this step to serve as proof-of-concept.

3.2 LEARNING LINEAR REPRESENTATIONS FOR VALUE FUNCTIONS

In the following sections, we will restrict our attention to the class of linear functional ap-
proximations of the value functions. Thus we assume there exists a representation ®(s, a)
such that for any policy 7 the corresponding value function can be well approximated by

a inner product of this representation with some parameter vector.
T
Q"(s,a) = O(s,a) w”" (3:3)

Now let us consider a class of reward functions: {rj|j = 1,]}. These reward functions
will induce, a set of optimal Q-functions one for each task j, {Q; }ﬁ that specify the op-
timal behaviour for that task. Our objective is to infer a small set of features @ (s, a), that
are powerful enough to approximate any of these optimal value-function Q" Vj = 1]
Unfortunately, we do not know the optimal value function in advance and thus will have

to iteratively build up those values and a good feature representation that can model the
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intermediate and optimal values. This leads to the following set of equations:

(3.4)

<:>[— O(s,a) —} W, w, wy %[T*Ql T"Q, --- T*Q]}

And in particular for the optimal value functions, the above implies that there exist a set of

weights {wf}jzlJthatcancapture [Q:‘ Q - Q}"} ~ [T*Q:‘ Q7 --- T*Qﬂ

Without further constraints solving the above problem is equivalent to performing in-
ference over the optimal value function for each task individually, without any exchange
of information between tasks. Instead, we would like to use data from all tasks to inform

and improve all individual learning problems by exploiting relationships between tasks.

In the following section, we will look at a particular method of performing the multi-task
learning step in MT-FQI when considering linear approximations of the value functions.
We specify a feature space @(s, a) that can be used to express all value functions, for all
tasks, and then using MT-FQI we can learn the corresponding weight vectors. Although
the feature space considered should be able to fit any value function, we will show that it
only needs to be able to fit good/optimal strategies — and this is precisely the represen-
tation we want to capture. In general, we try to start with a very general representation of
the input space and then progressively specialise and compress this representation to fit
efficiently optimal policies across tasks. In the following, we present a method of evolv-
ing this representation that have been proposed and have been studied extensively in the

multi-task learning literature for supervised tasks.
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3.2.1 LEARNING SHARED LINEAR REPRESENTATIONS VIA A CONVEX REFORMULATION

In terms of estimating the action-value functions, the joint problem we are trying to solve

can be formalised as inferring

{wj}]]-:1 = argmrzlin ;ﬁ (ijCD(s, a),y,—) + H(W) (3-5)

where y; = (s, a) +7 max, Q(s', b) and H (W) is a regulariser on the weight vectors, that
encourages feature sharing. At the same time, we wish to learn a more compact abstraction
of the state-action space, that will be shared among tasks. To make this a bit more formal,
letQj, : Sx A — R, Qju(s,a) := ((s, a), w;). Then our assumption can be expressed
as follows: Ja small set of features ¥ = {1//1} i=1,Ny obtained as linear combinations of the
original set of features ® — note this is just a change of basis, through a matrix U. Thus we
obtain a reparametrisation of our value functions, where for every task j its corresponding
value function can be re-written as a linear combination in the low-dim representation
Y = U®:
Qi(s,a) ~ Z ¥, (s,a) = (a;, U D(s, a)).
i
Since we want the above representation to be sparse, for each task j, one could try to

solve an optimisation problem of the following type:

fi=(a;,UTO®

Q = argmin> ZCD]. (jj(s, a),yj) + |la[} (3.6)
j

Nevertheless, it has been proposed that we can look at such problems jointly, under a sim-
ilar sparsity regulariser that also promotes features sharing among tasks. This leads to a joint

optimisation problem of the form:

(U",A") = argmin [¢(U,A) + A4 (A)]  (Problem 3.1)
AU

= argmin Z Lo, ({2, UTD(s,a)), ;) + AH(A)
AU ;

where A = [a,,- -+ , @, ,aj]and H(A) = 1||A[[;,. The above equation can be broken
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up into two parts: the empirical error in fitting T* Q; and the regulariser H(A). There are
detailed below:

L

(U.A) =370 L0( )+ ymax Qs ). (96" o). (Ua))

j I=1 -

1 4
xj( ) w]

(Empirical error)
L

= Z l Z E(rj(s(l), a") + 5 max Qj(s/(l), a), <UT<p(s(l), a(l)),Aj>)
i m = a N—— —’

" ¥(sD ,a)
i

where we used subscript (1) to index the samples from our datasets (s(), (), r()), /1) ¢

D;, and

d d
= Z Z Ay = Z ||Ar||, where Ay j is the element in A at position (k, j).
k=1 j k=1

H(A) = ||A

(Regulariser)

It was shown in (Argyriou et al,, 2008) that Problem 3.1 is equivalent to solving the fol-

lowing convex problem:
(W*,D*) = arginf [e(W) + ATr(W'D'W)] st. D > o, Tr(D) <1 (Problem 3.2)

where we denote by (W) the joint empirical loss in Eq. 3.5 and by D™ the inverse of D.

More precisely if (U*, A*) is a solution for Problem 3.1 then W* = U*A* is an optimal
solution for Problem 3.2 (Theorem 1 in Argyriou et al. (2008)). Moreover, given a fixed

W, the optimal D* is given by:

D* (W) _ (WWT) :

T W) (3:8)

® =

as discussed in Appendix A.2 and (Argyriou et al,, 2008).

Now keeping D fixed, we get another convex problem that we can now solve for W. In

doing so, note that the above amounts to a minimisation over w; that can be carried out
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independently for each task j as both objectives factorise over tasks.

W* =arg inf Z e(wj) +2 Z(wj,D_le> (Problem 3.2a)
; ,

W= [wx; T] ;

This leads to a very intuitive alternating minimisation algorithm proposed in (Argyriou
et al,, 2008), that we outline in Algorithm 3.2. Note that we prefer the non-perturbed
version of this alternating algorithm as we empirically observed convergence even under
these conditions. More details about the algorithm can be found in Appendix A.2 and
original works (Argyriou et al,, 2007, 2008). Moreover, keep in mind this optimisation is
to be performed at every iteration k of the MT-FQI algorithm. Thus partial, rapid solutions
are preferred. In the description of the algorithm below, we assume the input of this sub-
procedure to be a regression-like dataset, which contains state-action pairs from D and 1-

step sampled targets T* Q]-(k_l) (s, a) based on our current estimates Q’(k_l) = Q)wj(k_l).

Algorithm 3.2 Joint MT feature learning for MT-FQI
Require: The dataset corresponding to the joint regression problem at iteration k:

{D]-(k), Y i = 1,]} for each task j as define in Alg. 3.1.

Initialisation: D = ;1d
while representation has not converged do
forj=1:]do

Solve for each vector w; under a sparse regularisation weighted by D:

wj = argmin [[,Di(k) ((w, q)(sj(l), a}(l))>7y],(l)> + Aw, D+w>]

w
end for

Compute new relation matrix D:
C(wwT):
Tr(WWT):

end while
return Rotation matrix U, D and weight vector matrix W.
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3.3 EXPERIMENTS

In this section, we present an empirical evaluation of the previously proposed algorithms
and try to validate to what extent learning a shared representation over our set of value
functions is possible and whether this indeed leads to better generation and increased sam-
ple efficiency. Throughout these experiments, unless specified otherwise, we will use a
batch set of experiences D = U{ZID]-, created under a uniformly random behaviour pol-
icypu : S x A — [o,1], with p(als) = GES A,s € S, where | A| denotes the
cardinality of our action set .A. For each task j, we have a fixed budget of Nepisodes €Pisodes
with a maximum length of 25 steps. These will be trajectories generated from a random
start location while following the behaviour policy y. As we are going to be looking at
fairly restrictive budgets when generating the datasets for each task j, we make sure that
D; contains at least one transition to the goal location Gj, otherwise, the agent would have
no information where the location of the goal is. This data will be generated upfront, at
the beginning of the experiment and all algorithms presented will use the same dataset D.
Thus comparisons between the algorithms will be purely based on how well each of them

manages to utilise this predefined dataset D.

3.3.1 TASK DESCRIPTION: MULTI-GOAL NAVIGATION

In this experiment, we consider two gridworld navigation tasks: a variation of the 4-Rooms
problem proposed in (Sutton et al,, 1999) and a 3-Rooms world, that breaks some of the
potential symmetries present in the first scenario. The environments are depicted in Figure
3.3.1.

The agent can move deterministically in all the cardinal directions A = {up(?), down(]
), left(<—), right(—) } throughout the empty space (orange squares in the Figure 3.3.1).
Bouncing into walls (black squares) has no effect on the position of the agent. In this
maze-like environment, we consider several navigation tasks to different goal locations in
the maze. We consider a sparse reward signal, where the agent gets a positive reward (+10)
when it reaches the active goal location and o (no signal) otherwise. Thus in our setting,
the goal location will fully specify the task. To generate multiple tasks, we simply gener-
ated different goal locations { G; };—, j, sampled uniformly at random from the achievable
positions in the grid. Once a goal is reached, on a particular task, the episode ends and

the agent re-spawns in a new random initial position. Note that this final transition will be
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Four-Rooms Grid Three-Rooms Grid

(a) 4-Rooms Grid (b) 3-Rooms Grid

Figure 3.3.1: Environments considered for our navigation task. Starting states S are
chosen at random and the goal states G describe a particular task j.

particular to each task and thus the considered MDP will share all transitions, apart from
this one. Thus, technically for this terminal state we are violating the shared dynamics as-
sumption. At the same time, this is a terminating transition, which is modelled by y = o,
as we are going to be bootstrapping on the immediate (terminal) reward only. Thus in
this case the future transitions do not matter for the learning problem, as we are not boot-
strapping beyond termination. It follows that, in the learning problem we are going to be
using transitions (s, a, s') that always share the probability of transitioning to s/, from s,

after executing action a.

The observation space of the agent is a one-hot embedding of the agents’ grid location.
No other information about the environment is provided: in particular, note that the walls
and goals locations are not part of the observation space. Thus the agent needs to discover
the environment and reward structure, purely through the samples in D. This makes the
inference problem more challenging as FQI will take quite a few iterations to propagate
that weak signal throughout the environment into parts of the state space away from the
goal. Moreover, under a restricted budget of interactions, the algorithm is exposed to only
a small set of transitions that actually lead to a reward in any given task. That is why, under
this regime, the single-task FQI might fail to recover the optimal value. In this case, jointly

inferring a shared structure of the state-action space might help this generalisation problem
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n L L L L
1 2 3 4 5 6 7

(a) Task 2: FQI for single task (b) Task 2: Feature learning MT-FQI

1 2 3 4 5 6 7 8 9 10

(c) Task 17: FQI for single task (d) Task 17: Feature learning MT-FQI

Figure 3.3.2: Examples of the inferred value functions (V(s) = max, Q(s,a)) and poli-
cies (greedy) achieved by single-task FQI vs MT-FQI learning. One can
see we indeed obtain a better generalisation when sharing information
and representation across tasks.

and this will be precisely the setup we are considering in our experiments.

To make this a bit more explicit, in Figure 3.3.2 we provide two examples of the value
functions and greedy policies obtained for two of the navigation tasks considered in the
3-Rooms Grid. The first row corresponds to value functions inferred for the second task,
which achieved a good performance on all training algorithms (Task 2); the second row
illustrates a case where single-task learning fails to generalise properly beyond the imme-
diate vicinity of its goal state and this results in a very poor empirical performance (Task
17). For this experiment, we trained an agent on ] = g = 20 tasks, randomly sam-
pled from the set of all reachable positions in the MDP, and we provide a budget of 50
episodes per task of maximum 25 interactions. Please note that all algorithms have access
to the same training sample set and are run for 100 Q-iterations, at which point they all

exhibit convergence. Thus, the superior performance of MT-FQI is due to its ability to
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transfer knowledge across the state-action space by sharing a common subspace with the
other tasks.

Nevertheless, thisis just one example illustrating qualitatively the difference of behaviour
we get under the single-task versus multitask FQI. Next, we are going to look at a larger
quantitative study to assess the benefits in performance, one could expect under a multi-
task training procedure. In particular, we were interested in assessing how the number of
tasks 14,5s considered and regularisation parameter A, (Eq. 1.1) impact the MT-FQI per-
formance. In order to assess this more broadly, we vary also the sample budget for each
task: Mepisodes = {25, 50,100}. Results are summarised in Figure 3.3.3. These were ob-
tained in the 4-Rooms environment and we are showing the (undiscounted) cumulative
reward obtained by our agents, averaged over the tasks and over 3 random seeds. These av-
erages were computed in an evaluation phase: for each iteration of learning, for each task
j we compute the greedy policy 7; on the current estimate of the value function Q, and
evaluate its performance in the environment. We compute this performance by an average
Monte Carlo return over 100 evaluation episodes with random starting locations.

Looking at Figure 3.3.3, within one row — that is for a given number of tasks nyg; —
for each random seed, we sample the tasks (goal locations) once and we keep this set fixed
over the different sample budgets. Thus we get the expected monotonic increase in perfor-
mance as the sample size increases. Across all variations, we can clearly see that there are
always instances, depending on the regularisation parameter Ap, where MT-FQI substan-
tially improves over its single-task counterpart. Although empirically we have found that
we can obtain positive results for a generous range of 1p-s, there are still values that could
hurt the performance and going beyond certain values, the performance degrades consid-

erably, leading to a form of negative transfer. We can see signs of that for A\p > o.oo1.

3.3.2 LEARNT SHARED REPRESENTATIONS

Probably the most interesting phenomenon encountered in learning these shared repre-
sentations is the nature of the low dimensional representations inferred. We visualise the
inferred set of shared features (Figure 3.3.4) and their respective weights in the value-
function (Figure 3.3.5). These were produced via MT-FQ], training on a set of ] = 30
training tasks in our 4-Rooms Grid. We obtain strong activations (significant weights in
the a matrix) only for the top 3 features inferred V., Asa reminder, the learnt shared

representations (s, a) = UT¢(s, a) aim to represent linearly the value functions for each
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Figure 3.3.3: Performance comparison between a single-task FQI and MT-FQI agents
with different 2p, under different conditions: number of tasks nyy, €
{5,10,20,30} (top entry in the title of the cell) and the budget per task,
Nepisodes € {25, 50,100} (bottom entry in the title of the cell). This illus-
trate that data from different tasks and be used effectively by Alg. 3.1
to overcome a small budget of per-task iterations. Results were averaged
over 3 seeds (data generation). Tasks were samples once for each nyg;.
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Figure 3.3.4: [To be read row-wise] The first three most relevant shared features
‘/’1:3(57 a) — corresponding to the top three eigenvalues — learnt via MT-
FQI under 30 tasks randomly sampled in the 4-Rooms Grid. Please note
that these already enable the navigation between any pair of rooms.

task j:

Qi(s,a) = y(s,a)"a;,

A similar phenomenon happens in the 3-Rooms Grid - check Figures B.1.1-B.1.2 in the

Appendix B.1. Thus, it seems that across different situations, the learnt representation

seems to converge to a very low dimensional compression, that at the same time seems to be

expressive enough to effectively approximate the desired optimal value functions.
Moreover, if we take a closer look at Figure 3.3.4, we can see that the learnt representa-

tion recovers very intuitive features. As reminder this is the linear representation obtained

as Y(s,a) = UD(s,a), foralls € S,a € A, where transformation matrix U and cor-

responding coefficients a; where obtained by a eigen-decomposition of matrix D defined

in Eq. 3.8. The most prominent feature, corresponding to the highest eigenvalue, captures
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Coefficients o;

Feature ID

5 10 15 20 25 30
Task ID j

Feature ID

5 10 15 20 25 30
Task ID j

Figure 3.3.5: Weighting Coefficients a,.,; and a,.,; for the above three most promi-
nent shared features. We can see from these values that the first feature
clearly dominated in all tasks. Bottom: Rescaled version of a,.,; such
that we can see the activation of the other two prominent features. Blue
corresponds to negative activation and red to positive ones. Given the
nature of the features one can readily read out, just by looking at the
sign of the weight, which room that task’s goal state is. For instance, if
we look at second task: negative activation for both ¥, = north-side of
the environment and ¥ = west-side of the environment. The goal G, is
indeed located at position (2,1) in the top-left room.

the layout of the environment, while the second and third features seems to encode the
navigation between different parts of the state space. For instance, the second feature v/,
has a high value in the lower part of the state space, supporting value functions that need to
encode transitions to the south rooms. At the same time, note that if the weight a, ; for this
feature is negative, this feature also encodes the opposite navigation pattern to the north
part of the grid. A similar thing can be said for the third feature ¥, which encodes navi-
gation from the left to right and vice-versa depending on the sign of the weight associated
with it. We can see that just by looking at these features and the sign of their corresponding
weights, Figure 3.3.5, one can immediately read off the room in which the goal is located,
for a particular task. For instance, for the second task, both activation are negative, thus
we can infer that the room where the value function is highest would the NW room; like-
wise for the last task, both activations are positive, thus its goal is situated in the SE room.

Similar patterns have been observed in the other scenarios (Mahadevan and Maggioni,
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2007; Konidaris et al,, 2011; Machado et al,, 2017a). What this analysis is showing, maybe
not surprisingly, is that indeed the optimal value function space for MDPs that shared the
same state-action space and transition dynamics has a lot of common structure. Moreover,
what is more encouraging is that this structure can be learnt as part of a multitask learning
procedure, as we have done here and can promote positive transfer between the tasks and

lead to better generalisation.

3.3.3 CONNECTION TO OPTIONS

As discussed previously, the learnt shared representation seems to account for the general
topology and dynamics of the environment in the value functions. They nicely partition
the environment into relevant regions to facilitate the global navigation to a local neigh-
bourhood of the goal. Some of these characteristics are reminiscent of the options (Sutton
etal,, 1999), subskills (Konidaris and Barto, 2007) or macro-actions literature (Dietterich,
2000) and have the potential to drastically improve the efficiency and scalability of RL
methods (Barto and Mahadevan, 2003; Hengst, 2002). And much like our shared repre-
sentation, one of the appealing qualities of options is that they could be shared and re-used
across different tasks. Thus, we would like to investigate this connection further.
Following the formulation in (Sutton et al,, 1999), an optiono = (Z, u,, B), is a gen-
eralisation of primitive actions a € A to a temporally extended course of action. Z is the
initiation set Z C S from which the option is available, y is the policy we are going to
follow once the options is triggered and  : S — |0, 1] is the probability of termination.

In this case, the action-value function takes the form:

K
Q' (s,0) =E | > 7Frie 4+ (<5, 0) V] (<)
k=o s/

rj(s,0)

where s’ is in the termination state of options 0. We denote P°, = >"7° p,(s', k)y*, where
po(s', k) is the probability that options o will terminate in state s’ after exactly k steps. Note
that this term does not depend on the reward function and only accounts for the transi-
tion dynamics, the policy of the option and its termination criteria — all of which are task-

invariant. Moreover note that for us, 7¢(s, 0) is generally o unless the option happens to hit
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the goal. Thus the above equation, simplifies to:

Teo=X| F V)

s task independent  task dependent(j, ;)

This is a linear combination between the option transition models P?, = ¢to(s, s') in the
termination set (subgoals of the option) — which is independent of task j and 7, it only de-
pends on g, — weighted by the value function of the termination states V7 (s’), for each task
—which incorporates the dependency on task and the individual policy employed after the
option has terminated. This is very similar to the parametrisation we assumed in Eq. 3.4.
This also suggests that the learnt representation is able to capture and represent efliciently
some option-like transition models without us specifying any subgoals, sub-policies nor
initial states. We hypothesise that the learnt shared space is actually a compressed basis for
these option-transition models. In order to test this hypothesis, we consider an intuitive set
of options O (like navigation to a particular room) and test if this learnt basis can span P?,
for some option 0 € O and can successfully represent an option-policy.

We define an option o, to be navigating to a specific room, say room 1 (NW). The initial-
isation set Z,, is the set of states outside the room and termination set contains all states in
the desired room. We also can define an MDP that maintains the same transition dynam-
ics, state and action space, but now the reward signal is zero outside the target room and
a constant positive reward in any of the desired termination states s’ in room 1. Note that
the value function corresponding to this newly defined semi-MDP (Sutton et al,, 1999)
is given by: Q"(s,0) = >, P, as V*(s') = const. In this semi-MDP, we run FQI and
indeed see that we are able to construct a value function, based solely on the learnt s-dim
feature space v/, that successfully completes the newly specified task. Results for all such
navigation options are available in Figure 3.3.6.

Please note that the abovely defined options are quite extended ones. Simpler ones
would include finding a way out of a particular room - these are along the lines of the
options defined in (Sutton et al,, 1999) and (Stolle and Precup, 2002) - can be easily re-
covered as well. Actually, for these simpler options, we require very few samples to obtain
the desired behaviour (10-30 samples), although they might not be optimal. The fact that
we are able to express a whole variety of such intuitively defined options — much more than

the dimensionality of the common subspace on which we are building - is a clear indica-
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Policy: Option - Room 1 Policy: Option - Room 2

- = |

Figure 3.3.6: Learned greedy policies (as indicated by the arrows) and value functions
(V(s) = max,(Q(s,a)) ) enabling navigation to any of the four rooms,
based only on the share feature subspace discovered in the multi-task
value function learning of 30 goals randomly sampled in the environment.
The value functions were learnt using (single-task) FQI on the top 5 fea-
tures ¥(s,a) and required = 10 episodes to recover option-like policies
that enable the agent to reach the desired room.
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tion of the expressiveness of this shared representation and its potential transferability in

aiding learning of new tasks within the same environment.

3.3.4 TOWARDS ON-POLICY DATA GENERATION

The last study we conducted for this work, is going towards a more on-policy data collec-
tion scenario, where after each iteration of Q-fitting, we go back to the environment and
act according to an e-greedy policy (with ¢ = o0.1) based on our current estimate of the
per-task action-value function. Thus after each iteration, we would collect new data and
use this new dataset in the next iteration of the algorithm. One could also consider a more
additive approach to this data collection process, where the new experience is added to the
old one, but that would mean that over time our dataset would increase considerably. Due
to this effect, it would be hard to compare the efficiency in learning under a constrained
budget. Thus, we opted for having a constant budget of episodes and populating our ex-
perience buffer with the most recent experiences only. This is similar to having a replay
buffer, where only the new on-policy transitions are stored.

With this modification, we repeat the experiments on our 4—Rooms environment (Fig-
ure 3.3.1), training agent in both a single task setting and under a multitask regime using
MT-FQI. We do this varying the number of tasks ny, € {s,10, 20,30} under a fairly
restrictive budget of 15045 = 50 episodes or maximum 25 steps. The results are sum-
marised in Figure 3.3.7. One thing to notice here is that this new regime of data collection
might be quite restrictive for the single-task agent — what we have noticed is that under
these conditions, the single-task agent will need on average 300 — 500 episodes to solve
the task. This is mainly because the on-policy data will be quite biased around regions of
the policy that the agent currently thinks are good.

Nevertheless, we can see that the multitask agents can do substantially better. This
might be in part because they are making better usage of the data, as the previous exper-
iments have shown. The other cause might be credited to the different data generation.
Although still on-policy as in the single-task setting, the multitask algorithm looks at dif-
ferent datasets collected under different behaviour policies. Thus even though these poli-
cies are fairly limited in their coverage of the state-space, the combination of the station-
ary distributions induced by all of these policies might still result in diverse coverage of
the state-action space. In general, it would hard to distinguish how much of the improve-

ment is due to better learning and how much is due to better data — the latter still possibly
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Figure 3.3.7:

Empirical analysis of the performance achieved by the FQI single-task vs.
MT-FQI agents, on the 4-Rooms Grid, in a setting where the dataset is
refreshed on-policy (e-greedy on the current estimate) at each iteration in
the optimisation. The budget is restricted at so episodes worth of sam-
ples. We can see again that the MT agents manage to achieve a better
performance and this effect is now amplified by on-policy collection of
that data that now can produce more useful experiences as the agent's
competence increases. Results are averaged over 3 random seeds.

powered by better learning in the previous iteration. Nevertheless, this is more of a san-

ity check that seems to indicate that the insights we have established in the offline batch

setting, could have similar benefits and implications in a more online, on-policy setting.

3.4 CONCLUSION

3.4.1 RELATED WORK

Multitask and transfer learning are one of the most important problems in RL in our am-

bition to scale up our agent to perform more and more complex tasks. As such, over the

years there have been various attempts at modelling this problem - a fairly extensive survey

can be found in (Lazaric, 2012; Taylor and Stone, 2009). All in all, there are at least four
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different strains of multitask reinforcement learning that have been explored in the litera-
ture: off-policy learning of many predictions about the same stream of experience (Sutton
etal, 2011; Gruslys et al,, 2017; Mankowitz et al,, 2018; Borsa et al,, 2019) most of them
building multiple value function predictions, but also other auxiliary tasks as in (Jader-
berg et al,, 2016; Pathak et al,, 2017), continual learning of a sequence of tasks (Thrun,
1996, 2012; Ammar et al,, 2014; Ruvolo and Eaton, 2013) that aim to draw on previous
knowledge to learn a new task while trying to protect the previously trained policies (Rusu
etal, 2016; Kirkpatrick etal,, 2017), distillation of task-specific experts into a single shared
model (Parisotto et al., 2015; Rusu et al,, 2015; Teh et al,, 2017; Berseth et al., 2018), and
joint learning of multiple tasks at once (Caruana, 1997; Caruana and O’Sullivan, 1998;
Sharma and Ravindran, 2017; Du et al., 2018). In this work, we have focused on the lat-
ter under a batch mode assumption. Nevertheless, as mentioned previously, the proposed
algorithm s applicable under a different, online behaviour policy as long as we still have ac-
cess to a replay of experience per task, from which one can sample corresponding datasets
D;.

One of the methods investigated in (Calandriello et al,, 2014) as part of a study on spar-
sity in multitask RL, is very closely related to our learning procedure and this work can be
seen as a generalisation of that method, although the focus and model assumptions we are
making are quite different. Perhaps the most relevant prior work that shares our vision and
some of the modelling assumptions is the approach in (Schaul et al,, 2015a) which mod-
els a shared state representation between goals and assumes a linear factorisation between
this state embedding and task or goal embedding. In our work, this can be seen as the a
learnt to specify the task in the learnt shared representation.

Some other works investigating joint training of multiple value functions include (Wil-
son et al,, 2007) and (Lazaric and Ghavamzadeh, 2010) which both employ a hierarchical
Bayesian model to learn a prior over value functions. More recently (Laroche and Barlier,
2017), a follow-up work on ours, proposed a model exploiting the same shared structure
property induced by the shared dynamics across our tasks. A different, but related line
of work has been exploring structure in the policy space, rather than values (Dimitrakakis
and Rothkopf, 2011). The properties of those representations can be very different as they
model commonalities in a different space, but in principle these two could be used to-
gether in an actor-critic-like algorithm (Witten, 1977; Barto et al,, 1983; Grondman et al,,
2012), trying to share representation across both functional approximation classes. Along

these line, IMPALA (Espeholt et al,, 2018), an importance weighted actor learner, has re-
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cently achieved state of the art for multitask RL (on both the Atari suite and across the
30 DeepMind lab levels). Nevertheless, these results are far from the human level perfor-
mance demonstrated by deep RL agents on the same domains, when trained on each task
individually. Building upon this work, later on, (Hessel et al., 2019) manage to improve
these results by stabilising the learning across multiple objectives by PopArt (van Hasselt
etal, 2016). This is notably one of the only results in literature where training over such
a diverse set of tasks is not only possible — previous works have struggled to even obtain a
solution that caters to all tasks (Parisotto et al,, 2015; Du et al,, 2018) — but improves the
single-task performance, which was the main motivation behind our work as well as the

wider literature in multitask RL (Thrun, 1996).

3.4.2 SUMMARY

In this chapter, we studied the problem of learning multiple optimal value functions in a
multitask RL scenario where the class of MDPs we considered for generalisation shares
the environment and actuators specification but differ in their reward. In this scenario, we
explored the feasibility of learning a joint representation over our value functions and as-
sess the ability to transfer knowledge between tasks by treating the estimation of the value
functions as a joint multitask regression problem (see Section 3.1, Algorithm 3.1). We
proposed a very general extension to the popular fitted-Q learning iterative algorithm to
encompass this joint learning. Next, focusing on linear representations, we studied an in-
stance of this algorithm with a popular multitask learning procedure proposed in(Argyriou
etal, 2008). We tested the resulting procedure experimentally in a batch learning scenario
with a restrictive sample budget and showed that we can indeed get positive transfer be-
tween the tasks through this multitask procedure. We then examined the resulting repre-
sentation that enabled this transfer. As presented in the experimental section, the learnt
representation seems to capture nicely the joint structure in the optimal action-value space
and due to their linearity leads to quite interpretable features.

It is worth noting that, in principle, Algorithm 3.1 can be instantiated with any multi-
task regression solver and depending on the tasks and MDDPs, there might be better choices
out there, including some that deal with non-linear features. The purpose of this work was
mostly to show that formalising the problem in this way and treating the backup steps of
the optimal Bellman operators jointly can lead to positive transfer. It is worth mention-

ing that we did investigate one other multitask learning mechanism here, based on (Ando
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and Zhang, 2005). The study and results can be found in (Borsa et al,, 2016). This was
prompted by the observation that in some scenarios tasks can benefit from having a small
and sparse set of features that represent the particularities of each individual task on top of
a low-dimensional shared subspace. This is definitely the case in many practical applica-
tions and had been observed in purely supervised settings as well. It is sometimes simply
too restricted to constrain all tasks to be using a single shared structure. Thus researchers
have come up with various ways of incorporating task-specific components — see (Zhou
etal,2011; Chen et al,, 2012) and reference therein — and showed that modelling these
explicitly can improve both the learning (in accuracy and speed) and interpretability of
the resulting representations. We showed that these results translated to the RL setting

and result in an improved performance.
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Least-Squared Methods for Multitask Policy

Iteration

In this chapter, we are going to explore a series of methods following the general paradigm
of Approximate Policy Iteration (API), introduced in Section 2.1.7. In particular, we will
take a close look at least-squares approximations of the policy evaluation step in API (Buso-
niuetal,2012). One of the most iconic algorithms in this class is Least Square Policy Itera-
tion (LSPI) introduced in Lagoudakis and Parr (2003 ), which extends the use of the least-
squares temporal-difference( LSTD) learning algorithm proposed in Bradtke and Barto
(1996). In this work we are going to briefly re-visit and re-phase those in a more general
light that will allow us to extend these to our multitask scenario, taking advantage of the

rich common structure present in a persistent environment, shared across our tasks.

4.1 BACKGROUND

As before, we are interested in a family of MDDPs that differ only in their reward speci-

fication M = (S, A, P, v,r), where the reward signal r can be an arbitrary function
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r: S X A = [Ryin, Rpax]. Given multiple of these MDP { M, };—, j, our goal is to learn
optimal policies 77 : & x A — [o,1] that maximise the value functions, V¥ (or Q7),
associated with these reward signals r;.

In the single MDP setting, Policy Iteration(PI) (see Section 2.1.5.4 or Sutton and Barto
(1998)) represents a particular class of methods that aim to build optimal value functions
(and therefore optimal policies) within this MDP. PI methods rely on an iterative proce-
dure that alternates between a policy evaluating step and a policy improvement step. As
the name suggests, the policy evaluation step will build the value function associated with
the current policy — evaluating ‘goodness’ of the current policy. Then, the policy improve-
ment step computes a new and improved policy, usually based on the previously built value
function. The procedure continues until we can improve the policy no more. When & and
A are finite and we use exact representation for the value functions — no approximation
error incurred — a greedy policy improvement step is guaranteed to produce a strictly bet-
ter policy than the one considered at the previous iteration. Since in the finite state-action
space, there are only a finite number of deterministic policies, PI is guaranteed to converge
to the optimal value function (and associated greedy optimal policy) in a finite number of
iterations.

Since the improvement step can be addressed greedily, let us focus our attention onto
the policy evaluation step instead. This step consists of building the Q*-function associ-
ated with a policy 7. In order to do this, we recall that Q” satisfies the Bellman expectation

equation:

Qﬂ(57 a) - TJTQﬂ(Sa a) (4-1)
= r(s,a)+7ZP(5/]5,a)ﬂ(a/‘s/)Qﬂ(s/,a/) (4~2)

Based on the above equation, there are a number of algorithms that we can employ to
obtain Q7, such as directly solving the linear system induced by Eq. 4.2 over all states and
actions, iterative application of the Bellman operator, temporal-difference methods, etc.

Nevertheless, in most problems of interest, we will not be able to represent the value
function of interest exactly. Instead, we will try to approximate our values within a func-
tional approximation class /. And we would settle on finding a good approximation within

this class. In doing so, we distinguish two main types of approaches to approximatively
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solve the Bellman equation above (Eq. 4.2): projected policy evaluation methods and Bell-

man residual minimisation (BRM) methods (Busoniu et al,, 2012).

Projected policy evaluation methods will approximately enforce Eq. 4.2 via a projection
of the Bellman operator onto the space of approximations F. More specifically given an
approximation Q € F, we apply the Bellman operator T™ which would likely result in a
function outside our approximation space. Then we project this function back onto the
space of representable functions F and require this projection to be close to the original

point Q. Thus methods in this class will try to solve the following approximate problem:

Q" = argmin[|Q — I+ (T"Q)|| (43)

QeF
where ||.|| denotes a norm, or measure of distance in the functional space and the mapping
IIr : Q — F isa projection operator from the space of all Q-functions, O, onto the

approximation space F. Note that this is solving the projected Bellman equation:
Q~I#(T7Q) (4.4)

which gives the name for this class of methods. It is also worth noting that for linear ap-
proximation, F = Fp = {Q = ®Tw|w € R}, the above equation can be solved ex-
actly, whereas for arbitrary F, this might not be the case. We will revisit this case shortly.

The other class of methods are Bellman residual minimisation methods. These do not
involve a projection step, instead they simply try to solve directly the Bellman equation

(Eq. 4.2) in an approximate sense:

Q~ T°Q (4.5)

As mentioned before, T”Q might not be in the same space as Q, thus the above problem
will typically not admit an exact solution. Instead, this class of methods will try to find an

approximation, Q7, such that:

Q" = argmin [Q — (T°Q)| (4.6)

QeF

The difference ||Q — T™Q|| is referred to as the Bellman residual indicating the degree

to which the approximation violates the Bellman expectation equation. As the name sug-
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gests, BRM methods will try to find the approximation that minimises this residual.

4.2 LEAST-SQUARES METHODS FOR PoLICY EVALUATION

In this section, we will take a closer look at the policy evaluation step and review some
classical takes on using least-square methods to provide (approximate) solutions to this
step. We start with a somewhat idealised setting where we consider discrete states and
actions: (s,a) € S x Awith |S| < oo, |A| < 0o. This is mainly for the sake of clarity in
exposition, but we will show that the studied algorithms have online, incremental, sample-
based versions that support their applicability to more complex, possibly uncountable and
continuous state spaces. The above assumption also enables us to use the matrix form

notation associated with the Bellman Equations.

We consider again the linear approximation of the value functions: Q(s, a) = ¢(s, a)Tw
where w € R is a set of weights and ¢ are a set of d independent features (s, a) =
[9,(s,a),0,(s,a), - ,,(s,a)]" € Riforalls € S,a € A. Thus in this case the class of
functional approximators considered is /' = F, which is the span of the features ¢. For

convenience, let us denote the matrix of features ¢ for all state-action pairs as O:

- go(sl,al)T -

o= |- o(s,a)T - (4.7)

= o(sisppaja)’ —

For the class of methods reviewed in this section we would consider a (weighted) Eu-
clidean norm. More formally, given a probability distribution over the state-actions space

p:S x A— [o,1] the corresponding weighted Euclidean norm is defined as:
A =D pls.a)lf(s, @) (48)
And we denote the corresponding (weighted) least-square projection operator, IT°:

I (f) = argminge]:Hg—fo, (4.9)
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Moreover, for /' = F,, the above operator has a known close-form solution Hp]_-q) =
O(OTA,0) 'O A, where we define A, to be the diagonal matrix with entries p(s, a).

This property makes linear approximations particularly appealing.

4.2.1 PROJECTED PoLICY EVALUATION

Let us now revisit Eq. 4.3-4.4 under a linear parametrisation of the value functions. Again
we would want to approximate the value function corresponding to a given policy 7 and
we will do so by finding the approximation that minimises the distance to the projected

Bellman operator. Using the matrix form, one can write:

Q~ I, (T°Q) = dw ~ x5, (T7(dw)) (4.10)
For linear parametrisations, the above can be solved exactly IT, = ((DTAPCD)_‘(DTAP:
Q* = CD((DTAP(D)_I(DTAP (T,,Q”) (4.11)
= ow" = O(0TA,D) O A, (R+ yP"DW") (4.12)
which leads to:
OTA, (O —yP"®) w" = OTA R (4.13)
p ( Y )\ , N ,
kxISIA] - ISIAIxE B sy ISTADG
kxk
And finally:
w' = | ®TA (O — yP*D) ®"A,R (4.14)
——

B by

In order to compute the above solution, we only need B” and b,, which are independent
of the original dimensionality of the problem, independent of the size of state and action
space, and only depend on d, the dimensionality of the feature set ¢. Notice that B” and
b, = ®TR can be computed from the samples, making this approach extendable beyond
finite state and action spaces. Moreover note that b, is essentially policy independent (thus
for each task, we need to compute this vector only once) and B” is task-independent as its
computation involves just the considered policy 7 and the dynamics of the environment,

which is considered shared across tasks. This will become relevant later in the chapter.
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4.2.2 BELLMAN RESIDUAL MINIMISATION

Letus nowrevisit the Bellman residual minimisation problem Eq. 4.6, underlinear parametri-

sation and a £, , norm:
minQe}‘¢HQ_ T"Q|| = min,,||dw — T”waH:, (4.15)
Expanding and re-arranging terms, we obtain:

min, [|Ow — (T"@w)||> = min,|[®w — (R+ P"Ow)||;

min,, [|(® — P*®)w — R||;

= min,||Z;w — R||} (4.16)

Note that the above is now a least-squares (weighted) linear regression problem. And thus

its minimiser has again a closed-form solution:
ZiNZow = ZIAR = w= (ZLA,Z:)  ZEA,R (4.17)

Based on the above equation, one can see that these methods enjoy the same scalability
properties as the projected policy ones. In particular, one can easily show that ZT Az, €
R4 and ZTA R € R9 scale in the number of features d, not in the state-action space and
can be built from samples (s, a, r, s') drawn from p. A small caveat here is that in order to
get a consistent sample-estimate for ZI A,Z, we might require a double sample for s’ ~
P(.|s, a). In the following we will restrict our attention for deterministic environments and

as such this will not be a concern for us.

4.3 MuLTIiTASK - LSPI viA TRANSFER OF SAMPLES

In this section, we revisit our previous discussion on Projected Policy Evaluation (Section
4.2.1), now in the context of a multitask RL scenario. In this case, we are interested in
learning how to behave in a collection of MDDPs that share the same dynamics, but differ
in their reward and we adopt a linearly parametrised functional approximation space F,
induced by a given set of d features ¢ : S x A — RY. This can be seen as the sensory
system of our agent and will therefore be persistent over all tasks considered. This means

that now we would like to find in the span of ¢, an approximation for all value functions
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Q7 for the tasks considered and policies encountered at different iterations of PI:
Q;’(s, a) = o(s, a)Tw;T7Vs €S,ac A, andVj € {1,---,]J} (4.18)
Revisiting the Projected Expectation equation, for each taskj € {1, - - - , J} we obtain:
Qj’ R Hf¢(WQ7) = Ow] ~ I1x, (T"(Ow])) (4.19)

And following the argument above, for every task j, be obtained the parameters w]’-’ that

most closely minimise the distance between the LHS and RHS of the equation above is:
wl = (OTA,(® — yP*®)) " ®TAR; = (B") b (4.20)

To obtain the matrices B and vectors b; in the equation above, we would ideally need
access to the transition function P(s'[s, a) of the MDP and reward functions associated
with each task r;, which are usually unknown in a reinforcement learning context. For-
tunately, sample-based version of these algorithms exists, especially when the density p
under which we can consider the projection in Eq. 4.19 matches the sampling distribu-
tion under which our trajectories have been collected in the environment. In this work we
are going to consider a batch setting, where we have access only to a fixed set of samples
collected under some behaviour policy g, under each of these tasks j. We denote these
datasets generated by interacting with each task jby D; = {(s, a,;,5')|s' ~ P(.]s,a),a ~
U, s ~ d“}. Revisiting the expressions of B” and b; in Eq. 4.20, we get:

B" = O"A,(®— yPILO)
- Z P(57 a>¢(57 a)(go(s, a) - YES/NP(.Is,a)Ea’Nﬂ(.|s’) [?(Slv a,)])T
Esanp[9(s,0)(9(s; @) = YEgp( ) Barmn( ) [0(s, @ ))T]  (421)

and respectively

b = ®TAR = Z p(s,a)p(s, a)ri(s,a) = Eganp [p(s, a)ri(s, a)] (4.22)

s,a

And now we can see that B” and b; can be easily approximated via samples in D;. To make

this explicit, if we assume we have access to a dataset for each of the tasks of interest Dj, we
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can use this data to:

+ Build b, for each task j:

bip, = Z (s, a)r;, V samples (s, a, rj,sl) € Dj on taskj (4.23)

s,a

« Build B”, for any policy 7:

Bj, = Z o(s,a)[o(s,a) — yo(s', 7(s'))]", V samples (s, a, 1;,5') € D; on task

(4.24)
where by ¢(s', 7(s")) we denote the expected feature value at state s’ under policy
m: (s, 7(s) = B or oy (s, a)]T = 3 w(d']s)o(s', a’). Note that in order
to compute this expectation we only need access to the = which is the behaviour
we are trying to evaluate. In this chapter we would look primarily at deterministic
strategies that were computed via a greedy improvement over previous estimates.
In this case, the computation of the above expectation is particular simple as we

need to evaluate the feature set ¢ at (s, 7(s')).

Thus for any policy 7 given these two estimates, we can compute w7 via Eq. 4.20 and ob-
tain Q}T — which represents the least-squares solution to the (projected) policy evaluation.
If we consider this procedure in the context of Policy Iteration we obtain Algorithm 4.1.
This is a straight-forward application of LSPI (Lagoudakis and Parr, 2003 ) to each task j
independently, that uses the batch collected on task j to build the B, b;.

The assumption in a multitask setting is that the ] independent problems in Algorithm
4.1 may share some common structure and we could do better by considering the joint
learning problem instead. We have already seen evidence of that in the last chapter, where
we showed how one can learn a shared representation across tasks to benefit all tasks. In
this chapter we are going to do something similar, but taking explicit advantage of the per-
sistence property across the transition kernels. The main insight here is to notice that com-
puting the parameters w] involve two estimates B” and b; that nicely decouple the environ-
ment (and policy) and the task (reward signal). In particular, note that the computation
of the matrices B” do not contain any information particular to any of the tasks and for
any policy 7, in order to build an estimate of B” we only need access to samples (s, a,s'),

where (s, a) are drawn for the stationary distribution under the behaviour policy y and
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Algorithm 4.1 Least Squares Policy Iteration for Individual tasks

Require: D = UJI-ZID]-, set of experiences for each task j
Initialise ® = ©,,k = o

Precompute for all tasks j:

bip, = Zs,a o(s,a)rj, Y(s,a,1;,s') €D

while convergence not reached (d® < ¢||k < Maxlter) do
Policy Improvement:
k k—1
77]-( )(a]s) = argmax,(@(s, a)ij( ))

Policy Evaluation:

j k
By = Y 9(s)lp(s,a) = 79(¢, 5 ()7, V(s a1, ) €D,
wj(k) = (ng) bj,Di

end while

return © = {w,-}{:1 and learnt policies IT = {711-}]].:1 ~ IT*

s’ ~ P(.]s,a). Thus any of the samples in D = UJJ-ZIDj could be used for this estimate.
This essentially means that we can use all samples collected under any task to build a much

better estimate of B* in Eq. 4.22.
B = Z o(s,a)[p(s,a) — yo(s', x(s)]*, V samples (s, a, r,s’) € D (4.25)
s,a

The only problem now is that in order to compute w}" we would need b; p and for this com-
putation we would need r;(s, a) for all samples (s, a) € D. If one has access to the full set
of reward functions via the task specifications, one could compute the rewards associated
with samples (s, a) € D\ D; on demand. For instance, if the task is defined as navigation
to a target position g, the reward function can be simply z > oats = gand o for any
other transition. In this case, we can compute the missing reward evaluation r;(s, a) for
each tuple (s,a) € D\ D; and it should be clear that we can effectively extend the task
datasets to include all samples across tasks and apply Algorithm 4.1 for the extended sets
Dj = {(s,a,7;,5)|(s,a,s') €D,r; =r,(s,a)}.

Nevertheless, in general we might not have access to the functional form of r; for the

tasks of interests. In this case, we will build an estimate of b; p based on previous estima-
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tions of w}" across the tasks. To see how one can do this, let us recall the Bellman Expecta-

tion equation:

Q(s,a) = ri(s,8) + YEyop([s0) [QF(SI’ 77(5,))]

Rewriting this, we can see that one can express the reward function r;(s, a) as

yEs/Np( I5,a) [ (s ,ﬂ(s/))])wa (4.26)
) = 79(s',7(s))] W, fors' ~ P([s,a)  (427)

= rj(s,a) = Q] = By p(sa) [Q;T(S/’ ﬂ(S/))}
(9(s
[p(s

;j(57 a) ~

Note that in the above equation, the only term that depends on the task j is w7 and all

others depend solely on samples (s, a,s’) ~ (d*, u(.|s), P('|s,a)). This holds for any
(k)

policy 7 and any task j. Throughout learning, we would generally have access to w;

(k—1)

which corresponds to evaluating policy ; = argmax ¢(s, a) ij . Thus we build term
s,a s, 7(s'))]" form; = argmax (s, a Tw(k_l) for all experience (s, a,s’) € D
(k)

and use w; "’ to get an estimate for the reward function 7;. Moreover, it is worth noting that

we do not need to compute 7; explicitly, but only its summed projections:

ijD = Z @(57 a)rj(sﬂ a)

(s,a,s')ED

%
(]

o(s, a)7i(s, a)

= o(s,a) [p(s, @) — 7o(s, 7())] w’ = Bfw  (4.28)

Allin all, the above give us a way of approximating b; p and this particular form enjoys the
same scalability properties associated with LSPI. In particular, note that all matrices and
vectors we need to build and remember between iteration depend only on d, the dimen-
sion of the feature set ¢ and not the number of samples.

Based on the above, we can formulated a multitask LSPI (MT-LSPI) algorithm that
can effectively use the data across all tasks. Before we do that, we make a final observation,
which is: if we do have access to rj and can build D; as explained above one ought to do
so and use the real reward r;(s, a). When that is not the case, Eq. 4.28 gives us a way of

effectively inferring 7; & r;. In our considered scenario, on-task samples, coming from Dj,
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will contain the actual reward function r;(s, a) and for all other off-task samples we will
use the estimation scheme proposed in Eq. 4.28. This results in the following combined

estimate:

bip = Z @(57a)77(5a a)

(s,a,5')ED
) eanlsa)t D elsa)is,a)
(s,a,5')€D (s,a,s")ED\D;
b o
bj.n, + Bf\p, 7 (4.29)

Based on this last modification we can now introduce our proposed algorithm MT-LSPI
with reward prediction, detailed in Algorithm 4.2 below. Note that the estimation of b;p
needs to be done only once and then re-used for the all the subsequent iterations of PI.
This is akin to the pre-computation of b; p, in Algorithm 4.1. In Algorithm 4.2 we propose
revisiting this computation at each iteration, but we indicate that this is an optional step,
once we have computed at least one off-task reward estimate b; p\p . The reason behind
revisiting this estimate is that we expect later iterations of PI to produce better estimates
to the target evaluations, which could result in a better estimate of the inferred rewards
7;. Finally, we note that this is more likely to happen in a online setting and we will see in
the experimental section that this would have almost no effect when considering a fixed
dataset. Other alternatives one could consider here are averaging over estimates produced

at each iteration or simply selecting the one which produces the smallest residual.

4.4 MuLrtiTAsK - LSPI: A RESIDUAL MINIMISATION APPROACH

In this section we will pick up our discussion from Section 4.2.2 on least-squares meth-
ods for Bellman residual minimisation and extend it to our considered multitask RL set-
ting. The idea behind this section is to investigate how one can approach the individual
BRM minimisation problems as a (joint) multitask learning problem predicting the re-
ward associated with each task. As before, we are going to be approximating the action-
value function via a linear approximation in the span of a d dimensional feature space
9:SxA— R

Although we are considering a Policy Iteration procedure, the multitask learning prob-
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Algorithm 4.2 Multitask Least Squares Policy Iteration (MT - LSPI)

Require: D = {D; }11:1 , set of experiences for each task j
Initialise © = ©,,k = o

Precompute for all tasks j:
bjp, = Zs,u o(s,a)rj, V(s,a,1j,s') €D, bip\p, = 0
while convergence not reached (d® < ¢||k < Maxlter) do
forall tasksj =1: Jdo
Policy Improvement:
ﬂ](k)(u|s) = arg max,(p(s, a)ij(k_l))
Policy Evaluation:
1) On-task Evaluation:
By = Y0 (s @)lp(sa,8) — 79(s', 7 (D)), (s 0,1, 8) €D,
2) Off-task Evaluation:
B = Y, 0 005, )lp(s,0) = 79(s' 7 (DI, (s, a1y, ) €D W #
Bg(\kl;j =24 Bg,ik)
3) New parameters based on both on- and off-task evaluations:

k ) O
W}_( ) = (Bg} + BS\D}) (bijj + bj,D\Di)
4) [Optional for k > 1] Off-task Reward Prediction:

_ pa® (k)
bip\o, = Bp\p, W
end for
end while

return © = {w]-}]]-:l and learnt policies IT = {nj}}q ~ IT*
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lems we will be considering occur in the Policy Evaluation step. In the multitask sce-
nario, every (full) step of policy iteration, k, will involve coming up with approximations
{erj = (Dw;rj }j=1 for a set of policies n® = {#;}j=.; - This is akin to the MT-FQI
algorithms proposed in the last chapter —Section 3.2, but in this section we will explore a

different joint evaluation problem, solved via Bellman Residual minimisation.

Let us first recall that the state-action value function Q] representing the target for our
policy evaluation steps, is the solution of the Bellman Expectation equation, for a given

policy 7 and reward signal ;:

Qi (s;a) = ri(s,a) + yZP(s'\s, a) Z 7r(a’|s’)Q;-r(s/7 a) (4.30)

s a

A way of finding a good approximation to Eq. 4.30, is by finding the approximation Qe
Fo that satisfies the above equation as closely as possible: ming 7, 1Q— (TZ Q)|],. Thisis
the idea behind BRM methods. Following this reasoning, substituting the approximation

Q’»’ in the above equation, we obtain:

Qi (s;a) =~ ri(s,a) +7 ZP(S’]S, a) Z 7(d'|s")Q

a/

S
2
B
=
3
¢

rj(sv a) + 7ES/NP(.\s,a) [(D(Sla 77(5/»] W;‘T
((D(Sv a) - YES’NP(.\s,a) [(D(S/7 71'(5,))]) W;‘r ~ rj(sv a)

:=2,(s,a)

L

where, as before, we denote by f(s, #(s)) the expectation of the function f with respect
to the policy 7: f(s, 7(s)) = Euuy [f(s,a)]. Leading to the following linear regression
problem:

2z (s, a)w] ~ri(s,a),V(s,a) € AX S (431)

And note that the least-square solution of the above is:
wf = (Z};Z,,) _IZE;R]- (4.32)

where Z, R; denotes the vectors z, (s, a), respectively r;(s, a) across the space S x .A. Note
that the above recovers the known BRM solution introduced in Section 4.2.2. Hence, if we
were to consider each policy evaluation problem independently, the PE step would involve

building matrices Z, for each policy j and then regressing on the reward vector associated
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with the tasks R;.

As before, in the multitask/multi-policy setting, we assume that the evaluation prob-
lems considered are related and the scope of this work is to find a way to expose and ex-
ploit the common structure. To do so, let us first take a moment to observe that z, (s, a) =
(9(s,0) — YEyrp( 5.0 [@(s' 7(s'))]) is task-invariant, but policy dependent, as we require
that the action at the next state s’ is chosen according to policy 7 which we are currently
trying to evaluate. Based on this observation we will proceed to formulate two different
multitask problems one can tackle for a multi-policy, multitask evaluation step. Let us first

revise the evaluation problem we are interested in for such an MT-evaluation step:

/

Z,w* =R, Zg (s,a)wl = r(s,a)
Z, Wy =R, Zg, (s, a)w)> = r,(s,a

i & (5,2 ( ),V(s,a)ESX.A (4.33)
Z,,]w}r] ~ Ry Zx (s, a)w}rj ~ 11(s,a)

In the following, we propose two methods for solving the above regression problem under
slightly different assumptions on the common structure present in the problem. The first
proposal will deal with the above problem directly, inferring w™; and the second one will
focus on z,, for a particular policy # and will try to learn commonalities of this policy across

tasks, inferring {w7 } for every 7 € I = {m;}i=, ).
4.4.1  LEARNING SHARED REPRESENTATION OVER CONTROL POLICIES

In this section we explore tackling the multitask problem in Eq. 4.33 and a fairly standard
way of doing this is by a regularised version of this objective. In particular, the optimisation

problem we are trying to solve can be expressed as:

]
W = arg miny Z HZ,,],w;Tj — R} + AH(W) (4-34)
j=1
where W = [w™, w™, -+ ,wy’] € R®J and H (W) is a regulariser over the set of weight
1 2 ] g g

7
vectors w;',

problem characterises each step of multi-policy, multitask evaluation step for a given set

modelling the structure between the individual learning problems. The above

of policies I1. In general we will encounter these types of problems in the inner loop of

Policy Iteration and this will be the focus of our investigation. The proposed algorithm, in
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the context of PI, is detailed in Algorithm 4.3 below.

Algorithm 4.3 Least Squares Policy Iteration via Multitask Bellman Residual minimisa-
tion (LSPI-MTBRM)

Require: D = {D; }11:1 , set of experiences for each task j
Initialise ® = ©,,k = o

while convergence not reached (d® < ¢||k < Maxlter) do

Policy Improvement:

Compute improved policies TT%) = [7‘[1, C Ty ,7‘[]] ¥
7j(als) = arg m;a.x(go(s, a)ij(k_l)) for each task j

where w]-(k_l) is the j-s column of W=,

Policy Evaluation:

1) Compute z,, for all policies 7 € 1) ;

Zﬂj(sv a) = [@(57 a) - 7?(517 77].(5/))] V(S, a, Sl) € Djvvj = {17 T 7]}

7j

2) Compute W = [wf‘, W ,w}”} via Alg. 3.2:

wk) — argminwz{w;r,-}j:“] ZEDj ((zm (s, a),w;rj>, ri(s, a)) + H(W)
j

end while

return © = {w;ri }]]-:1 and learnt policies IT = {7‘[]-}]-:1 ~ IT*

A particularly effective way of doing so was discussed in the previous chapter: H (W) =
W2, = Tr(WWT). We will adopt this as our multitask learning procedure for the rest
of this chapter, although other approaches can be swapped in. We have seen in Section
3.2 that in the above formulation one can learn compact linear representation of the state-
action space shared across all tasks. As a reminder, the assumption we were making there

was that: there exists a more compact representation y based on ¢ that can span the value
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functions we are interested in representing:

JUst. y(s,a) = Ulp(s,a) = Q = (p(s, a), w;) = (U'p(s,a), Uw)) = (y(s,a), a;)
(4.35)
where we impose that this representation supports a sharing structure across tasks, en-
couraged by a £, ; regularisation on matrix A = [a,, - - , aj]. In (Argyriou et al,, 2008)

was shown that solving the optimisation problem in Eq. 4.34 is equivalent to solving:

J
argming y = Z HZm.Ua;Tj — R[5 +2H(A) (4.36)

j=t

which leads to an alternating minimisation algorithm that factorises over tasks. For further
details, we would refer the reader to Section 3.2 and the original work in (Argyriou et al,,

2008).

Note that the assumption on the joint representation considered here is essentially the
same as the one made in the last chapter, Section 3.2, as if 3U, unitary matrix s.t. ¥(s, a) =

Up(s, a) then:

9’(57 a) = UT‘//(Sﬂ “) =2z = (gD(S, a) — Ey [?(5/7 77(5/))])
= U (y(s,0) —Eely(s,n(s))])  (437)

Zxy

Thus there exists a compact representation z, y = Uz, via the same shared rotation
U. Nevertheless, the nature of the (multitask) regression problems is different: one was
considering iterative backups of the Optimality Bellman operator, as the other is consid-
ering a regression towards the reward signals associated with each task. Thus here the PE
step this is not an iterative process any more, it is a one-shot solution that yields the BRM
least-squares solution. Also worth noting that this rotation matrix U is independent of the
policy 7, but at the same time it will only need to accommodate the current set of policies
up for evaluation at the current iteration. Note that although, we assumed a universal U
for all policies we might encounter, in practice this transformation U can and will evolve
throughout iterations as the estimation problems it is trying to support do too. In the end,
this learnt transformation will represent the common structure in the optimal policies, if

achieved in the improvement process.
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4.4.2 LEARNING POLICY-DEPENDENT REPRESENTATIONS

In this section, we propose a different way of approaching the multi-task, multi-policy eval-
uation step. In the last section, we proposed solving the MT-evaluation problem in Eq.
4.33 by finding a common linear transformation U. Note that in this formulation the in-
put representation of each task z, is policy dependent — thus for the first time in this work,
we were tacklinga MT problem that has a task-dependent input. Nevertheless, we propose
alearning procedure based on the factorisation presented in the solution space W and the
duality of this transformation, acting as a shared representation for the common feature
space ¢. Note that this transformation is universal as it applies to any set of policies. We
would argue here that, in general, it might be hard to learn such with a common trans-
formation over a set of task-dependent features, especially during the early stages of PI.
Instead, in this section, we propose tackling the MT-evaluation step via a series of simpler
problems that look at evaluating just one policy at the time, but using all data available.
This is partially inspired by Section 4.3, where we have looked at re-using data off-task to
help build the evaluation for policy  on a given task. The idea here is similar, but the way

we are going to tackle this evaluation problem, per policy 7, is a bit different.

More specifically, for any given policy = we are trying to evaluate, we are going to be

considering the following joint optimisation problem:

J
W” = arg miny Z |Zew] — R[5 + H(WT) (4.38)
=1
where W* = [wl wl, -, w}’] € R¥J, Now the difference with respect to the pre-

viously investigated problem in Eq. 4.34 is that, in the above, we are considering repre-
sentation of z,; for one policy =, rather than across the batch of policies we are trying to
evaluation at this PE step. Although we might not use all of the entries in W”, the above
formulation let us use all data across all tasks to learn about policy 7, under different reward

signals.

Note that we would have one such problem for every policy # € II for all tasks for
which we are interested in finding the optimal policy. As the number of tasks increase, so
does the number of problems we will need to solve at each evaluation step. Nevertheless,
as argued above, these individual problems are much simpler as they do not need to model

the relationship between the optimal/intermediate solutions, but only need to account for
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the similarities across tasks ,under a fixed policy .

Algorithm 4.4 Least Squares Policy Iteration via Multitask Bellman Residual minimisa-
tion over Policy Representations (LSPI-MTBRM-PR)

Require: D = {D; }11:1 , set of experiences for each task j
Initialise ©® = ©,,k = o

while convergence not reached (d® < ¢||k < Maxlter) do
Policy Improvement:
Compute improved policies [T*) = [711, S Ty ,71]}

7j(als) = argmax(o(s, a)ij(kﬂ)) for each task j

) is the j-s diagonal entry of wik=),

where w]-(

Policy Evaluation:
1) Compute z,, for all policies 7 € 1) ;

zx(s,a) = [o(s,a) — yo(s', 7(s"))] V(s,a,') €D

2) Compute WK = [Wf‘, e ,w;ri, e ,w}”}
forall tasks in1: ] do

T oo, T oL
1) ]7

Compute W = [w . ,wﬂ for 7 = my via Alg. 3.2:

W™ = argmin ZED). <<z7,(s, a), wi), r;(s, a)> +H(W™)

w={wl}i=y |

end for
Store W* = {W;T}j:n] in the j' column of wik),
end while

return © = {wf’ }]].:1 and learnt policies IT = {711'}]]‘:1 ~ IT*

Thus the proposed algorithm follows a similar structure as Alg. 4.3, but now the opti-
misation step in the policy evaluation will involve learning a shared representation that is

policy dependent. The full algorithm is detailed in Alg. 4.4.To be consistent with previous
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algorithms we opted not to change the improvement step. Nevertheless, we could in prin-
ciple employ an improvement step that looks at all the current policies IT and tries to act
greedily with respect to the best one under current evaluation. This is a generalisation of
the normal greedy improvement step, and readily applicable to any situations where one
has access to multiple policy evaluations (Barreto et al,, 2017). This is indeed the case for
the Algorithm 4.4 proposed here, as the set {W” } .11 estimated at each iteration, readily

provides estimations for evaluations {Q;’ = q)w]?’} , for every 7 € I1.

4.5 EXPERIMENTS

In this section, we empirically validate and investigate the effectiveness of the algorithms
proposed in the last sections. In particular, we show that our multi-task variants consis-
tently improve performance over their single-task counterparts — LPSI and PI with least-
squares BRM. As before, we study these problems under a constrained per-task budget —
this is the regime in which we expect these type of algorithms to be helpful. The more we
increase the budget (within a task), the less the learning has to rely on information coming

from the other tasks.

Two-Room MDP

Figure 4.5.1: Depiction of the Two-Room MDP. Starting states, S and Goals states, G
were sampled randomly. The goal states define the different tasks.

Similar to the experimental setup proposed for MT-FQ], we consider a series of navi-
gation tasks in a 10 X 10 maze-like environment — see Figure 4.5.1 — to test the proposed

algorithms. We sample 4, goal locations, at random from the set of reachable positions
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and we provide the agent with a positive reward (+10) once the goal is reached, and no
reward signal otherwise. All transitions in this environment are deterministic and interac-
tion with the walls is purely elastic - has no effect on the agent’s position nor does it provide
any (negative) reward. We vary the number of tasks 1,4, but for each choice, we sample
the corresponding goals once and keep this selection fixed throughout our experiments.
This is mostly to make the different version of the algorithms and baselines comparable, as
the inter-task variance is quite high, especially for small 1445,. Across multiple experiments
conducted, the trends remain the same: we consistently improve over the single-task algo-
rithm, but the magnitude of this improvement is dependent on the set of tasks selected, the
data gathered under each of these tasks and the amount of information the data collected
under the different tasks brings to each on-task optimisation problem.

As before, we opt for a batch-mode validation'. This means we provide the agent with
Nepisodes WOTth of experience for each taskj € {1, -+ ,J} —each of these episodes is at most
25 steps in the environment, after which the episode ends and the agent is re-spawned in
a random location in the grid. These episodes were sampled a priori under a behaviour
policy y which in our case was the uniformly random policy and this (per-task) dataset,
D = U;D; will not be revisited or augmented with online interaction with the environ-
ment. Throughout these experiments we restrict the number of samples in D; to a small
enough number as that most of the time, we are in a sample regime in which the single
task methods, based solely in D; for each task j, fail to recover the optimal policies/value
functions.

As a teaser, in Figure 4.5.2 we present some of the value functions and policies MT-
LSPI is able to learn in this environment. We can see that the learnt value functions give
rise to nearly optimal policies for all tasks considered, even when the per-task data is not
enough to learn the full value function. These were policies learnt via one of the MT Bell-
man Residual minimisation method proposed in Section 4.4. In particular, the above value
functions were obtained by running Alg. 4.3, for n4, = 10 tasks, under a budget of
Mepsiodes = 100 episodes per task. The training curves for this experiment can be found in
Figure 4.5.5 in the results’” discussion below. Looking at this figure (reporting aggregated

performance across tasks), one can see that, under these conditions, the single-task BRM

'Our proposed algorithms extend easily to an online/on-policy interaction. Nevertheless, for this
investigation, we opted to focus on the benefits for the MT treatment of the problem and the better
generalisation that this formulation can bring about in estimating value functions, eliminating effects
due to exploration.
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Figure 4.5.2: Samples of the value functions and policy learnt via MT-LSPI

although it obtains a reasonable performance, fails to solve the task 30% of the time, while
Alg. 4.3 manages to further improve on this performance and achieve close to optimal be-
haviour - as illustrated by the estimated value function in Figure 4.5.2. In the following,
we will go through more empirical results generated by the different algorithms proposed

in this chapter.

4.5.1  RESULTS: TRANSFER OF SAMPLES

We start with Alg. 4.2, which is an extension of the popular LSPI algorithm where we pro-
pose a more effective way of using data across tasks in the (MT) policy evaluation step.
This method relies heavily on the assumption that our agent resides in a persistent envi-
ronment which enable us to transfer samples of the form (s, a,s”) € D to build the estimate
of the matrices B” for any policy 7. But as discussed in Section 4.3, in order to compute
the parameters, w7, of the approximation Q}’-’ = 0w =~ Qf, we would need the corre-
sponding approximation of b; under the same sample set. Thus if we want to use the whole
dataset, generated by aggregating the experience across all tasks, we will need to come up
with estimates for r; or all samples outside D;.

Now;, if we have access to the analytic form of the reward functions r; we can easily

evaluate all samples in D and effectively create a much larger on-task data set. Thisisindeed
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the case in our example, as the reward structure is very simple and re-assessing samples
collected under different tasks requires just a comparison with the goals of the task we are
pursuing now. Thus, in our case, this re-evaluation is easily feasible and this will be one
of our baselines. We denote this baseline as MT-LSPI (actual reward) as it has access to
the actual reward functions and we do not need to infer it. Note that in principle this is an

upper bound of what we can do by using the whole data in D if one has access to 7.

The more interesting, yet more challenging case is where we have access only to on-
task samples of this reward function and we have to resort to inferring the missing rewards
for samples in D \ D;. This is precisely what Alg. 4.2 proposes. And we will look at two
variants of this algorithm. In the first one, we build the estimate of b; p for each task j just
once at the beginning of learning, based on our first iteration of policy iteration and keep
this estimate fixed for future iterations. We refer to this variant as MT-LSPI (data aug),
as for all iterations but the first one, this acts as a per-task data augmentation procedure.
The second one will constantly revisit and recompute the estimation of b; p based on the
parameters values estimates at the latest policy iteration. We denote is variant of Alg. 4.2

as MT-LSPI (reward prediction).

We ran the above variants and a single-task LSPI baseline on the experimental setup
outlined in the previous section. The results are compiled in Figure 4.5.3. We include
the results for two types of budget #1ypsidoes € {50,100} and different number of tasks
fuasks € {5, 10} (this indicated in the title of the cell in each of the plots). The first thing to
notice is that across all conditions we are substantially improving over the single-task coun-
terpart. Moreover, if we look at the performance of MT-LSPI (actual reward) which uses
the same data, but has access to the true reward functions, we see that in this scenario, both
versions using the reward prediction match the performance of this upper bound. We hy-
pothesise this is mostly due to the simple structure the reward signals have in our tasks.
Furthermore, as discussed in Section 4.3, we expected the two variants of reward predic-
tion to have very similar performance under a fixed dataset, as the first iteration contains
as much information about the reward as do the subsequent ones. Moreover, one can see
that we can obtain optimal performance much sooner (with less data), as long as we have

a decent budget and increased number of tasks (regimes in the bottom-right corner).

In Figure 4.5.4 we include further results on varying the budget and the number of tasks.

We can clearly see a monotonic increase in performance as more data is available. This is
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(a) Undiscounted episode return. Training under a batch of so episodes.

Perfomance
5 10

agent_name
== LSPI (single task)
5- MT-LSPI (actual_reward)
MT-LSPI (data_aug)

Episode reward

—— MT-LSPI (reward_prediction)

0-
0 25 50 75 100 0 25 50 75 100
Iterations

(b) Undiscounted episode return. Training under a batch of 100 episodes.

Figure 4.5.3: Performance of different variants of MT-LSPI with data augmentation
and reward prediction, as compared with a single task LSPI and the ac-
tual reward for all data in the individual on-task batches. Results were
average over the number of tasks (top of the plots) and over srandom
generations of these set of tasks.

more noticeable for the single-task learning, as we can see that the multitask methods,
making use of all data available across tasks manage to get very good performance even

under very reduced budgets (see left column in Figure 4. 5.4).

More surprisingly maybe is that we can achieve the same performance as knowing the
actual reward associated with each transition in the off-task datasets D\ D;. We hypothesise
this might due to a couple of effects, but one of the main ones could be the particular
reward structure we assumed for our tasks. The only non-zero rewards in this environment
are at the goal state for each task and we make sure that the on-task dataset D; has atleast one
instance of this positive reward. The rest of the rewards are zero and are shared between the

many tasks considered. Thus in a sense, all the information needed to predict the reward
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Figure 4.5.4: Empirical analysis of the dependence on number of tasks nyu; €
{3,5,10,20} (top entry in the title of the cell) and the budget per task,
Nepisodes € {25, 50,100,200} (bottom entry in the title of the cell). This il-
lustrate that data from different tasks and be used effectively by Alg. 4.2
to overcome a small budget of per-task iterations. Results were averaged
over s seeds (data generation). Tasks were samples once for each n;

for a given task j is captured in D; and the generalisation for the other states is trivial. The

sparsity and determinism in reward signals benefit our inference problem in b; p\p,.

4.5.2 RESULTS: MULTITASK BELLMAN RESIDUAL MINIMISATION

Next, we are going to turn our attention to evaluating our multitask Bellman residual meth-
ods proposed in Section 4.4. We consider the same experimental setup outlined at the be-
ginning of our experiments section. Our baseline for this set of experiments will be the
single-task LSPI seeking to minimise the Bellman residual (LSPI-BRM single task) as
described in Eq. 4.16 with the least-squares solution given by Eq. 4.17.

Firstly, let us consider the multitask algorithm outlined in Alg. 4.3 (LSPI-MTBRM).

This algorithm at each iteration of PI will try to solve the joint multitask regression prob-

98



lem Eq. 4.35 by learning a linear common representation that would support the current

policies up for evaluation. As in this algorithm, we are not going to re-use any of the off-

task data, the transfer of information between our task can only happen through this shared

representation. This is similar to our setup in the MT-FQI case (Chapter 3), but the na-

ture of the regression problem here is different. In the previous case, we were performing

iterative backups of the per-task optimality operators, whereas here BRM methods aim to

20

directly come up an approximation Q’»j that minimises the residual for the current set of

policies nk = {ﬂ]-(k)}.
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(a) Undiscounted episode return. Training under a batch of so episodes
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(b) Undiscounted episode return. Training under a batch of 100 episodes

Figure 4.5.5: Performance of different variants of LSPI-MTBRM under different reg-

ularisation strengths for H(W) in (Eq. 4.34). Results were average over
the number of tasks (top of the plots) and over 3 random generations of
D; under a fixed set of tasks.

We trained our agents over 3 random selections of tasks and data generations. As before,

we varied the number of tasks n,ts € {5, 10} and the sample budgets Nepisodes € {50,100}
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Figure 4.5.6: Top 3 features learnt by LSPI-MTBRM (end of training). Feature maps
are presented row-wise. Each of the four columns corresponds to the
value of the feature for each state in the grid, with respect to the four

actions available: ¢,(s, =), ¢,(s, 1), ¢,(s, <), ¢,(s, |).

and consider multiple value for the regularisation parameter Ap for the multitask regres-
sion problem. We include a selection of this results in Figure 4.5.5. For larger value of
Ap, the performance degrades considerably. This is may be due to the fact that we keep
this parameter fixed throughout the learning process, although the regression problems at
each iteration might be very different and the similarity between them is a combination
between reward similarity and policy similarity.

Finally, it is worth taking a look at the learnt representations achieved by MT-BRM
for control policies — solving problem Eq. 4.33. We record about 6 relevant dimensions to
account for the shared subspace v - these correspond to eigenvalue greater than &y = 1e—3.
We visualise the top 3 eigenvectors obtained in Figure 4.5.6. Note that they exhibit the
same compressed and highly informative structure that we encountered in the previous
sections, learnt by MT-FQI. Nevertheless, this is an analysis of the representation at the
end of training, where policies up for evaluation are (hopefully) competent, even close to
optimal. Throughout learning, this effective dimensionality of the representation changes,
but quite quickly converges to a low-dimensionality representation (4 — s) that supports

the evaluation problems of interest. Note that is not a massive reduction as the number
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Figure 4.5.7: Performance of different variants of LSPI-MTBRM-PR under different
regularisation strengths for H(W™) in (Eq. 4.33). Results were averaged
over the number of tasks (top of the plots) and over 3 random genera-

tions of D; under a fixed set of tasks.

of tasks considered here are relatively small, but effective enough to result in performance

and generalisation boost outside the individual training sets D;.

Lastly in this section, we are going to look at the performance and potential benefits of

solving a policy dependent multitask optimisation problem as proposed in Alg. 4.4 (LSPI-

MTBRM-PR). For comparison reasons, we maintain the same experimental setup and

even the same datasets used in the previous set of experiments. The results are summarised

in Figure 4.5.7. We can see that the results both in performance and speed of convergence

are similar to the ones we obtained in the previous experiment, using LSPI-MTBRM. The

top-performing regularisation parameters Ap, converge to the same asymptotic best per-

formance. We originally hypothesised that the multitask regression problems the agent
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needs to solve at each iteration might be simpler in the case of LSPI-MTBRM-PR, as the
only varying component here is the reward structure while the environment and policy
are shared by all value functions under construction. We do not seem to observe this here,
but we believe this might be an artefact of the non-overlapping reward structure consid-
ered here, as most policies 7; that would be attempting to achieve a goal G; will have a zero
value under a different task f/, (j’ (s,a) = ooutside the transition (s, a) leading to the goal,
unless the goal Gj happens to be on the path to G;. Thus, although the problem appears to
be simpler, there may be limited transfer that can happen between these value functions.
In particular, in the previous versions of the multitask problems considered we always had
a mixture of policies and thus transfer of subpaths could naturally occur through enforc-
ing the common representation. This cannot happen here anymore as the policy remains
fixed in this MT problem. Nevertheless, we believe this might be a promising way of build-
ing representation when the reward signal share a lot more commonalities, as the ones we
are going to explore in the second part of this thesis (Chapters 5-6). Actually, this type of
joint inference problems will be the focus on the next part: successor features provide an

evaluation of a common policy under different reward signals present in the environment.

4.6 CONCLUSION

4.6.1 RELATED WORK

In this chapter we studied the same multitask RL problem as proposed in Chapter 3 and the
relevant literature around this scenario has already been reviewed in detail in that chapter,
Section 3.4.1. As such, we will instead focus here on reviewing the relevant work dealing
with the underlying RL paradigm explored here: policy iteration (PI) and its proposed
solutions. In particular, we will focus on the policy evaluation step of this procedure, as
this is where the learning happens. It is worth noting that in recent years, most of the work
in RL has focused on Q-learning based methods. Nevertheless, many studies have shown
the power of a PI procedure especially for the multitask scenarios (Barreto et al,, 2018;
Zhang et al, 2017; Borsa et al,, 2019) and representation learning (Barreto et al,, 2014).
First of all, it is worth noting that one can extend the procedure proposed in Chapter
3 to deal with a policy evaluation step. This would result in an iterative procedure of ap-
plying the Bellman expectation operator and solving jointly the corresponding regression

problems. As part of our study in (Borsa et al,, 2016), we have tried this approach and
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managed to recover similar results as with MT-FQIL. Nevertheless in this scenario, every
policy evaluation step is an iterative problem in itself. In small data regimes, this might not
be such a problem, but in this chapter, we have effectively looked at other ways of tackling
this step that is much more computationally efficient under linear parametrisations. In
particular, for the multitask scenario considered in the work, where the transition dynam-
ics are shared, we have seen that we can use the compositionality in projected solution and
directly leverage the experience from all tasks in building one of the terms needed in this
estimation.

The idea of minimising the Bellman residual was proposed as early as in (Schweitzer
and Seidmann, 1985) and several variants have been studied for instance in (Lagoudakis
and Parr, 2003; Antos et al,, 2008). Residual algorithms are tempting as they propose a
more direct approach to the evaluation problem, rather than an iterative one and are guar-
anteed to convergence (Baird, 1995). Nevertheless, this class of algorithms do require a
double sample, unless the environment and rewards are deterministic. Thus rendering the
applicability of these methods, outside the deterministic case or model-based RL, fairly
limited. It should be noted that there exist variants of BRM approaches that eliminate the
need for double sampling by proposing a change in the original minimisation problem in
Eq. 4.5 (Antos et al,, 2008) .

In (Thiery and Scherrer, 2010), one can find a study comparing BRM approaches with
projected approaches. In general, no strong statements can be made about the relative
quality of their solution, but empirical experiments seem to suggest that projected policy

evaluation may outperform BRM more often than not (Thiery and Scherrer, 2010).

4.6.2  SUMMARY

In this chapter, we revised the general framework of policy iteration methods, in the con-
text of multitask learning under linear parametrisations of the targeted value functions. In
particular, we have looked at different ways one can jointly model and address the multi-
policy evaluation phase in the multitask-RL problem considered. When consideringa nor-
mal policy evaluation step, under functional approximation, there are two prominent ways
of phrasing the learning problem: projected policy evaluation methods (described by Eq.
4.3) and Bellman residual methods (described by Eq. 4.5).

The first class of methods tries to find the solution that most closely satisfied the pro-
jected Bellman equation (Eq. 4.3). The first thing we did here is to see how these opti-
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misation problems look under our multitask RL objective. Under a linear parametrisation
of the value functions, one can easily obtain a closed-form solution that depends on two
terms that can be built from samples: one depending on the environment and one de-
pending on the reward. This factorisation in the solution is particularly useful for us as the
dynamics of the environment are shared across tasks and thus the first term can be built
across tasks, using all of the experience. This is a particularly simple form of transfer, but
a very powerful one as we have seen in the experimental section, exploiting the structure
in our MDP. As a consequence, the policy evaluation step for each of the tasks can use all
the transition experience ({(s,a,s')}) generated by all tasks and can be augmented by a
reward prediction step that will try to build a projected model of the reward for each task.

The second approach to policy evaluation we investigated in this chapter is minimising
the Bellman residual (Eq. 4.5). In this case, inspired by the positive results obtained in
chapter 3, we explore learning a common representation across the multiple policy evalu-
ation steps under consideration. In doing so, we aim to leverage the different data collected
by different tasks and any commonalities that the policies might share. We proposed two
instances of the joint evaluation step: one that looks at multiple policies under the same
task (MTBRM-PR) and one that only looks at the evaluation problems we are actually in-
terested in, the evaluations of a particular policy 7; under its task j (MTBRM). Although
both of these algorithms are targeting estimating the optimal value functions at conver-
gence, they will tackle the (joint) policy evaluation steps very differently. Notably, the
multitask problems solved and the resulting shared representations will be different. One,
LSPI-MTBRM, will be learning a representation that supports the estimation of optimal
value functions across the class of MDP considered, much like how we did in Section 3.1
— in a sense, this is just a different way of constructing a similar representation (Section
3.3). The other one, LSPI-MTBRM-PR, will build, for each policy, a shared represen-
tation across multiple reward signals; thus supporting in a sense this policy’s evaluation
under different reward structures. A complementary idea has been recently explored in
(Dadashi et al, 20109; Bellemare et al,, 2019). Since the nature of this problem is different
so is the generalisation they are targeting: one is across MDPs and (optimal) policies, the
for a particular policy, across MDDPs. For this work, we used the same multitask algorithm
(Argyriou et al, 2008) as in chapter 3, but as with the previous chapter, this is plug-in
choice and other multitask regression methods can be utilised here.

As we mentioned in the main text, in this work we have focused mainly on the benefits

that come out of a joint learning procedure and the transfer enabled across the multiple
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policy evaluation steps. Nevertheless, one could also think of using the other tasks, and in
particular the other policies, in the improvement steps as well. This is especially compat-
ible with algorithms Alg. 4.2 and Alg. 4.4, where we can easily get the evaluations of all
policies considered at this iteration with respect to all tasks, thus enabling us to perform a
potentially larger improvement step via Generalised Policy Improvement (Theorem 5.1),
as we will explore further in the next chapters. Intuitively, this would be possible if any
of the current policies surpasses as any state the performance of its optimising policy. Al-
though this advantage might be of limited use further into the policy iteration procedure —
as we expect policies learnt to optimise for that task to dominate these evaluations. It might
be much more beneficial in the early phases of training and maybe more importantly in the
scenario in which we consider tackling a new task in our MDP class. This kind of transfer
will immediately provide us with a good starting point. We refrain from more details at
this point, as we will delve into these topics in the next chapters (Section 5.1.2 - 5.2), as

part of a different policy evaluation scheme via successor features (Barreto et al,, 2017).
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Part 11

Transfer in Policy Space
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Scalable Policy-based Transfer for Deep

Reinforcement Learning via Successor Features

In the previous part, we have looked into learning a common representation which then
can be used to more easily build value functions for future tasks. The intuition there came
from the evidence provided by examples in supervised transfer learning literature showing
tasks may benefit from a joint representation both in prediction performance but also in
better generalising to a related task in the same/similar family. We have seen previously
that some of these intuitions can be brought over to RL tasks. In particular, we have shown
how one could adapt multitask supervised techniques to jointly learn a transferable com-
mon representation for value functions corresponding to different control problems. As
a reminder, in this work, we have been and will be looking at control problems that differ
in reward specification only, but otherwise maintain state and action specifications as well
as observe a constant dynamics of the environment. Although some of the methods pre-
sented in Chapter 2 are widely applicable even outside this shared dynamics assumption,
we have seen in Chapter 3 that we can do better by taking advantage of these assumptions

and exploiting them to get reuse samples s’ ~ P(.[s, a), increasing our sample efficiency
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at transfer. In this part of the thesis, we will take a close look at explicitly leveraging the
shared dynamics in the tasks considered. At the same time, we will be relaxing slightly
one of the constraints on the common representation we will be learning. We will show
that relaxing the linearity constraint and moving instead towards building a policy-based
representation leads to more scalable, practical algorithms that pair well with non-linear,
state-of-the-art, neural networks-based representation learning and more principled trans-
fer opportunities.

Why policy-based representations? Policies are a central and key concept in any con-
trol or prediction problem in an MDP. They fully describes the behaviour of an agent and
highly impact the quantities we might want to estimate or questions we might want to an-
swer. For instance, the prediction problem of where our agent is going to be in T steps
is usually dependent not only on the transition kernel but also on the policy this agent is
following: P (st 1st). And the complexity of this prediction problem is implicitly linked
to the complexity of 7. Here we are assuming a long term sequential learning problem, in
which the agent can and will influence the environment and the distribution of the states
it will visit through its actions. As such, the trajectories an agent can observe in the same
environment can be very different under different policies, 7;: P™ ({st44, - - - , ST }st) #
P™ ({St41, - . - set1}|st). Nevertheless, as the transition kernel PP does not change, 7, and
7, being close to each other (in the sense that their selection differs only slightly) will likely
imply the induced prediction problems are closely related as well. Although one could
easily construct examples where even one simple deviation in the policy can lead to very
different futures, we would argue that in general, a measure on 7 induces a measure on P”
and respectively on the corresponding predictions and value functions V7 (or Q™). More
precisely, the assumption is that common structure in one space would imply structure in
the induced prediction problems.

The concept of policy and the dependency of our estimates on it is very specific to RL -
not present in supervised or unsupervised learning problems, at least not stationary ones.
In the following chapters, we will start to investigate some of the peculiarities present in
transfer problems in reinforcement learning tasks — in particular, the reusable structure
present in policy space. This type of structure becomes primarily relevant if we approach
new control problems or complex planning tasks. We first try to break down the problem
into manageable sub-tasks that we have experience solving or for which we have already
‘cached in’ solutions. In other words, we devise a plan relying on transferring previously

learnt skills or partial policies and applying them, whenever appropriate, to a new situation.



In the literature, this kind of hierarchical decision making based on subskills (Dietterich,
2000; Konidaris and Barto, 2007), sometimes called options (Sutton et al., 1999; Precup,
2000), has been thoroughly investigated and shown to be a very effective way of planning at
ahigher temporal horizon (Brunskilland Li, 2014). Nonetheless defining - or discovering
—acollection of re-usable subskills that can be used effectively for planning remains largely
an elusive open question (Hengst, 2017; Barto and Mahadevan, 2003; Diuk and Littman,
2009; Konidaris and Barto, 2007; Brunskill and Li, 2014). Setting this option discovery
problem aside, for the time being, it should become clear by now that to attempt to re-
produce this kind of functionality and transferability in new control problems, our agents

should display some core capabilities:

1. The ability to lean to solve multiple tasks and remember or store these partial solutions.
We have already argued for this in the past chapters and the focus of this work has

been largely dedicated to investigating precisely this multitask learning problem.

2. The ability to devise a plan using these learnt subpolicies, in the context of a new task.
This includes the ability to invoke past policies whenever they are appropriate and

decide which of the available subskills are best suited for the task at hand.

The second point here implies that the ability to transfer knowledge from previous tasks
in RL problems can be multifaceted, exploiting different kinds of structure. In particu-
lar, in the first chapters, we have focused on learning common features based on which we
can estimate multiple (optimal) value functions. These exploit the common observational
space shared by the tasks and can implicitly capture some of the structure induced by the
shared dynamics and smoothness in policy space. In the following chapters, we will try to
capture this structure more explicitly and argue for transfer via re-using previous policies
for planning. We will also show that being able to reason explicitly about multiple poli-
cies at the same time and what they would achieve under different tasks can lead to very
effective transfer in policy space. This ability to evaluate multiple policies will naturally
provide us with a mechanism to decide which previously learnt policies are pertinent to
use at any point in time and when to trust one versus the other. It is worth noting that, in
general, building such evaluation under different tasks can be very expensive and not nec-
essarily simpler than solving the new RL problem from scratch. Nevertheless, under the
same dynamics, this problem becomes much simpler as the futures we are trying to learn

about stay the same under a given policy 7. Thus, switching to a new task (new reward



signal) boils down to reward re-evaluation under a fixed transition kernel P”. Fortunately
for us, there exists a particular policy-based representation, called Successor Representa-
tions (Dayan, 1993), that can do this re-evaluation instantaneously. In Section 5.1, we
formally introduce these representations and their feature generalisations, called Succes-
sor Features (Barreto et al,, 2017) - SFs in short, and discuss their potential for transfer.
Aspreviously mentioned, these new representations are policy-dependent. On the one
hand, this allows us to exploit the structure in the dynamic programming problems more
effectively; on the other hand, we have to build these representations for each of the poli-
cies we would be interested in evaluating. Unfortunately, the space of all possible policies
one could consider in a given environment scales with the number of states and actions.
Thus answering even (prediction) questions like the one above for an arbitrary policy #
can easily become prohibitively hard, let alone the problem of coming up with a suitable
control policy for combining previous ones. Chapter 6 will propose an elegant and scal-
able solution to this problem, where based on a given structure in the reward space, we can
learn off-policy and off-task to build SFs that generalise over a policy embedding space,
closely linked to our reward space. In this chapter, we will be looking at how to discover
and exploit additional structure in reward space. We will show how by relating our current
task to the previously observed reward signals we can provide the same level of transfer
as one could if the underlying structure is observed or provided by the user. Before mov-
ing further, we introduce two (mild) assumptions that will make the transfer problem less

intractable if we can discover and leverage this structure:

« We will restrict the space of policies we are interested in representing or answer ques-
tions about. In this work, we specify this subset of policies by instead specifying the
subspace of reward signals we are interested in generalising over — the space of tasks
we are trying to handle. We will also argue that in order to deal with this family of
rewards, we only need to concern ourselves with policies that are trying to optimise
one or a combination of these reward signals. There is ample evidence in the lit-
erature that the structure induced by optimal policies (Schaul et al., 20152) across
a selection of tasks can be much more compact, capturing only the essential infor-
mation needed to generalise to other optimal behaviours: e.g. the shortest path

between two states.

« As already hinted above, the second assumption will be that the induced space of

value functions, under the above set of policies, shares a common structure that can



be learnt and leveraged for generalisation from one policy to the other. Note that
this is bound to be true under the shared dynamics assumption. Furthermore, what
we will show in the next chapter is that this property could be further enhanced by

discovering and exploiting the structure presented in reward space — if any.

5.1 BACKGROUND: SUCCESSOR REPRESENTATIONS AND FEATURES

In this section, we will define Successor Representations (SRs) and their extension Suc-
cessor Features and see how one could use such representations for transfer (Barreto et al.,
2017). Successor representations were introduced by Dayan (Dayan, 1993 ) as a way to im-
prove generalisation for temporal difference methods within one task. This original ver-
sion relied mostly on 'transferring knowledge’ between different policies occurring at dif-
ferent value iteration steps. SRs are defined as the expected discounted number of visits to a
particular future state, starting from a given initial state, under a policy 7.

More recently, in (Barreto et al,, 2017), Barreto et al proposed a generalisation of these
representations in a feature space that can potentially deal with a much larger state space,
including the continuous case as well as functional approximation. The next two chapters
will be about extending and generalising this framework. As a reminder, we are interested
in generalising for a class of MDPs that share the state and action space, as well as the
transition dynamics, but differ in the reward functions which solely specify the tasks of

interest:

M(SwAvP’Y) = {M(S,A,P,',‘}’)}- (5~1)

Specifically, the restricted scenario considered in (Barreto et al,, 2017) puts an addi-
tional constraint on the reward signals one can expect to see. Theylooked at MDPs whose

expected one-step reward can be written as

/ NT
r(s,a,s) = @(s,a,s) w, (5.2)
where ¢(s,a,s') € R are features of (s,a,s') and w € R are weights. In general
@(s, a,s') can be any abstract function of (s, a, s'), but in order to build some intuition it
helps to think of them as salient events, potentially rewarding events, that may be desirable
or undesirable to the agent. Based on (5.2) one can define an environment (S, A, P, 7)
as

M = {M(S’ "47 P,r, 7) |1’(S, a, 5/) = ‘P(Sv a, S/)Tw}v (5~3)

113



that is, M? is the set of MDPs induced by ¢ through all possible instantiations of w. We
call each M € M? a task. Given a task M; € M? defined by w; € R? we will use Qr
to refer to the value function of 7 on M;. Now looking at the value function Q" of task w

under policy 7 one can observe the following decomposition:

Q*(s,a) = E” Z Y'reklSi = s, Ay =a| =E” Z 7t(ptT+kw]St =s5,Ar=a
k k

= E* Z?’t‘PtT.;.k’St =s,Ar=alw=1y"(s, a)Tw
k

And from hereon we will refer to ¥ (s, a) as the successor feature(SF) at (s, a) under policy
7. Thus a SF, ¥/, is a vector of policy evaluation value functions under different reward
signals corresponding to the different dimensions of ¢. And as one can easily see from
the equation above, this representation captures the sufficient information needed to re-

evaluate any reward signal in the M?. Moreover, it is also easy to show that
‘I’ﬂ(sa a) = Eﬂ[q’H-l + Y‘I’ﬂ(SH-la ﬂ(SH—l)) | St =s5,Ar = a]a (5-4)

which means SFs satisfy a Bellman equation in which ¢, play the role of rewards — one
can easily check this corresponds to the Bellman Expectation Equations for policy 7 and
rewards given by each entry in ¢. Therefore, SFs can be learned using any conventional RL

method (Szepesvari, 2010; Sutton and Barto, 1998).

5.1.1 How GENERAL ARE {/"?

Given these very appealing properties — zero-shot inference of policy evaluations over a
collection of tasks and suitability to TD-based learning methods — the question one might
ask is what are we giving away here or essentially how general are these representations?
And the answer is very tightly linked to the choice of ¢(s, a). To provide some intuition let
us take a look at two particular scenarios, at different ends of the spectrum.

For instance, if S and A were both finite and ¢(s, a,s') is a |S|*|.A| dimensional one-
hot vector, ¥ is the discounted sum of occurrences of this particular transition (s, a, s),
under policy 7. This not only recovers the original SRs but also this representation is able
to handle any reward function in the extended class M, as any reward signal r can be triv-
ially expressed as a linear combination in this tabular representation, where w € RISl

is equal to : w = r. However, coverage of the S X A x § is simply not feasible for
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most interesting problems. Nevertheless, as argued in (Barreto et al,, 2017; Dayan, 1993),
our rewards are usually somewhat sparse and so is the space of states we can reach in one
step. This implies that the number of features ¢ that we would need to represent can be
substantially less than |S x A x S].

On the other hand, if the reward signal in the current task is not well represented in ¢ this
can lead to wrong evaluations — that could be either non-informative, but also misleading.
And as we will be using these evaluation for decision making — as we will outline in the
next section — this could lead to very poor decisions. A particular case of this scenario is
when the reward signal is orthogonal to ¢ in which case, all of our evaluations will be zero
and thus we would have no knowledge that we can transfer from previous behaviour nor

any way to distinguish between their applicability ('goodness’) in this new task.

5.1.2 TRANSFER VIA SFs AND GPI

Let us take a look at learning and generalising to tasks in M?. Remember the goal here is
to show how learning about a subset of the tasks in M?can help us come up with a policy
suitable for a new, unseen task from the same family. (Barreto et al,, 2017) propose SF&
GPI as a way to promote transfer between tasks in M?. As the name suggests, GPL is a
generalisation of the policy improvement step described in Section s.1. The difference is
that in GPI the improved policy is computed based on a set of value functions rather than
on a single one. In words, GPI implies that, if the agent acts greedily with respect to the
maximum over a set of value functions, the resulting policy is no worse than the policies
that originated the value functions. More formally, let Q™ , Q™, ...Q™ be the action-value

functions of n policies defined on a given MDP, and let Q™** = max; Q™. If we define
ngpr(s) € argmax Q™ (s,a),Vs € S (5.5)

then Q7" (s,a) > Q™(s,a) forall (s,a) € S x A. The result also extends to the
scenario where we replace Q™ with approximations Q™ in which case the lower bound
on Q™ (s, a) gets looser with the approximation error, as in approximate DP (Bertsekas
and Tsitsiklis, 1996). For the convenience of the reader, we restate (Barreto et al., 2017)

GPI theorem below and we include the proof in the Appendix A.3.1.
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Theorem s.1: Generalised Policy Improvement

Let 7, 7, ..., 7, be n decision policies and let Q”‘, Q’“, .y Q”" be approximations of

their respective action-value functions such that

|Q" (s,a) — Q" (s,a)| < e foralls € S,a € A, andi € {1,2,...,n}.

Define

7(s) € argmaxmax Q™ (s, a).

Then,

2
=7

foranys € Sand any a € A, where Q” is the action-value function of 7.

&

Qﬂ(57 a) > max Qm (57 a) -

In the context of transfer, GPI has been shown in (Barreto et al,, 2017) to leverage
knowledge accumulated over time, across multiple tasks, to learn a new task faster. Sup-
pose that the agent has access to n policies ,, 7,, ..., 7,. These can be arbitrary policies,
but for the sake of argument, let us assume they are solutions for tasks M,, M, ..., M,,. Sup-
pose also that when exposed to a new task M,,, € M? the agent computes Q;/, ,—the
value functions of the policies 7; under the reward function induced by w,,,. In this case,
applying GPIto the set { Q) ,, Q7,, ..., Q" } will result in a policy that performs at least
as well as any of the policies 7;, even if one is allowed to choose a different baseline policy
miineachs € S.

Clearly, the approach above is appealing only if we have a way to quickly compute the
value functions of the policies 7; on the task M,,4,. This is where SFs come in handy. SFs
make it possible to compute the value of a policy 7 on any task M; € M? by simply plug-
ging in the representation the vector w; defining the task. Specifically, if we substitute (5.2)

in the definition of the action-value function we have

T .4 i— T
Qi (57 a) =E [Z?:Ot,}/ tq’i—I—l ’ St = S’At = a] Wi
= ¥"(s,a) "w;, (5-6)

where @, = @(s¢, a¢, st+1) and ¥7 (s, a) are the SFs of (s, a) under policy 7. As one can see,

SFs decouple the dynamics of the MDP M; from its rewards (Dayan, 1993). One benefit
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of doing this is that if we replace w; with w; in (5.6) we immediately obtain the evaluation
of 7 on task M;. In other words, if we switch to a new MDP in this family, we can readily

evaluate 7 on this new MDP.

The combination of SFs and GPI provides a general framework for transfer in environ-
ments of the form (5.3). Suppose that we have learned the functions Q" using the repre-
sentation scheme (5.6). When exposed to the task defined by r,,, (s, a,5') = @ (s, a,s') Tw,1,,
as long as we have w,,+, we can immediately compute Q}', , (s, a) = ¥ (s, a) | W,,. This
reduces the computation of all Q;', , to the problem of determining w;,{,, which can be
posed as a supervised learning problem whose objective is to minimise some loss derived
from (5.2). Once Q;, | have been computed, we can apply GPI to derive a policy 7 that is

no worse, and possibly better, than 7, ..., 7, on task M, ,.

5.2 EXTENDING THE NOTION OF ENVIRONMENT

As reviewed above, (Barreto et al,, 2017) proposed a framework for transfer based on two
ideas: generalised policy improvement (GPI), a generalisation of the classic dynamic-
programming operation, and successor features (SFs), a representation scheme that makes
it possible to quickly evaluate a policy across many tasks. This approach to transfer is ap-
pealing for two reasons: it allows transfer to take place between any two tasks, regardless
of their temporal order, and it integrates almost seamlessly within the RL framework.

In this work we extend this framework in two ways. First, we will argue that its applica-
bility is broader than initially shown. SF & GPI was designed for the scenario where each
task corresponds to a different reward function; one of the basic assumptions in the origi-
nal formulation was that the rewards of all tasks can be computed as a linear combination
of a fixed set of features. We show that such an assumption is not strictly necessary, and in
fact it is possible to have guarantees on the performance of the transferred policy even on
tasks that are not in the span of the features.

The realisation above adds some flexibility to the problem of computing features that
are useful for transfer. Specifically, by looking at the associated approximation from a
slightly different angle, we show that one can replace the features with actual rewards. This
makes it possible to apply SF& GPI online at scale, bypassing, in a sense, the discovery
problem while maintaining the same level of generality.

Previous work focused on environments of the form (5.3). In this work we will adopt a
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more general notion of environment and the changes in the reward signal that can occur:
M(S7A7P77/) = {M(87A77)777)} (5-7)

M contains all MDPs that share the same S, A, P, and 7, regardless of whether their
rewards can be computed as a linear combination of the features ¢. Clearly, M O M?.

Now our goal is to devise a transfer framework for environment M.

As reviewed in the first section of this chapter, (Barreto et al., 2017) provides theoret-
ical guarantees on the performance of SE&GPI applied to any task M € M?. In this
section we show that one can generalise slightly this result and derive guarantees for any
task in M. We will do so by considering projection of the reward signals in M onto M?.
In some sense, we are going to approximate a general reward function with its closest point
in M®and show that taking the corresponding GPI policy for the approximation can still
lead to a good policy for the original task. In the following, we formally related the opti-
mal value function of an arbitrary reward signal r and the performance of the GPI policy

induced by its closest’ point in M?. The general result is stated below:
Proposition s.1

Let M € M (MDP we are trying to generalise to) and let ij be the action-value
function of an optimal policy of M; € M, ", when executed inan M; € M. Given

approximations {Q™, Q7, ..., Q7" } such that )Q,ﬂ’ (s,a) — Q7 (s,a)| < eforall
s€S,ac Aandj € {1,2,...,n},let

7(s) € argmax,max;Q;’ (s, ). (5-8)

Then,
2
10 =@l = 2 (Il b minli =l te) . (59)

where Q* is the optimal value of M, Q7 is the value function of 7 in M, and ||f —
8lloo = maxyq |f(s,a) — g(s,a)l-

Proof. Theresultisa direct application of Theorem 5.1 and intermediate results Lemmas 2
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and 3 present in Appendix A.3.1. Let 7* be an optimal value function of M. Then,

Q(sa) ~ Qlsa) =Q (5.0) ~Qlss0)
=Q(sa) Q" + Q" —Q(s0)
=Q (sa) - Q" +Q" - Q@+~ Q(s,a)
<IQ"(sa) - Q'+ Q" — @+ — Q(s,a)

From Lemma 3, we know that

7,*| max, , |r(s, a) — ri(s, a)|

Q" (s,a) — Q" | <
1—=7

From Theorem 5.1 we know that, foranyj € {1, 2, ...,n}, we have

T

Q(s,0) ~ @lsa) <Q (s,a) = Q' (s.) +

£

= Q7 (s0) @ (s) + Q (5,0) = Q7 (s,0) + ——e
< ‘QZT"*(S, a) — Q:"*(S, a)| + ’Q;Ij* (s,a) — Q:r,-*(S’ a)| + L _2 7,5
< 2 max, 4 |7’i(57 a) — rj(_s’ a)‘ + 2 £

1—7y Ty

(s.10)

Finally, from Lemma 2, we know that

max, g |r(s,a) — ri(s, a)|

=7

Q@ - Q(sa) <
O

Our result provides guarantees on the performance of the GPI policy (s5.8) applied to
an MDP M with arbitrary reward function r(s, a). Note that, although the theorem does
not restrict any of the tasks to be in M?, in order to compute the GPI policy (5.8) we still
need an efficient way of evaluating the policies 7; on task M;. As explained in Section 5.1,
one way to accomplish that is to assume that M; and all M; appearing in the statement of
the theorem belong to M?; this allows us to use SFs to quickly compute Q7 (s, a).

To build some intuition of the implications of this result, let us take a closer look at
Proposition §.1 under the assumption that all MDPs belong to M ®for some ¢, except
perhaps for M. Our application of this proposition relies on a reference MDP M; € M?.
One should think of M; as the MDP in M? that is “closest” to M in some sense. Specifically,
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if we define r,(s, a,s') = (s, a,s') " w;, we can think of w; as the vector that provides the
best approximation ¢(s, a,s’) 'w; ~ r(s,a,s’) under some well-defined criterion. The
first term of (5.9) can thus be seen as the “distance” between M and M?, which suggests
that the performance of the GPI policy based on this approximation r; should degrade
gracefully as we move away from the original set M?. Also note that in the particular case
where M € M? this first term of (5.9) vanishes, and we recover Theorem 2 in (Barreto
etal, 2017).

The two remaining terms in the bound quantify the approximation error ¢ incurred by
our value estimates and GPI’s ability to generalise within M?. In particular, this remain-
ing term could be minimised if r; = r;, for somej € {1,2, - - - n}. In this case, we would be
effectively looking for which of the previous tasks is most similar to our current one. Once
this task is identified, one could, in principle, try to employ its corresponding learnt policy
and see how well it does on our current task. Note that if this policy is not already opti-
mal for r;, by considering instead the GPI policy, as the proposition proposes, we would
be doing something more general that has the potential to further improve this policy by
bringing knowledge from all other policies in our collection. This is a particular way in

which knowledge from later tasks can readily incorporated when revisiting a task.

§.2.1 UNCOVERING THE STRUCTURE OF THE ENVIRONMENT

In this work we are interested in the transfer scenario. Thus ideally we would want to solve a
subset of the tasks in M and use GPI to promote transfer between these tasks. As argued
in the previous section in order to do so efficiently, one would benefit from access to a
collection of features ¢ that cover the tasks of interest as much as possible. If we were to rely
on (Barreto et al, 2017) original results, we would have guarantees on the performance
of the GPI policy only if ¢ spanned all the tasks of interest. Proposition 5.1 allows us to
remove this requirement, since now we have theoretical guarantees for any choice of ¢. In
practice, though, we want features @ such that the first term of (5.9) is small for all tasks of
interest.

There might be contexts in which we have direct access to features (s, a,s’) that sat-
isfy (s.2), either exactly or approximately. And we will be exploring this particular case
in the next chapter, where we propose a model that can very efficiently capitalize on this
known structure. Nevertheless, in this chapter we propose tackling the more general sce-

nario where this structure is not available, nor given to the agent in any form. In this case
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the use of SFs requires a way of unveiling such a structure in order to ground the learning
for our value functions. If we assume the latent existence of a ¢ € R¢ that satisfy ( 5.2)
exactly, we can formulate the problem of computing an approximate ¢ as a supervised
multi-task learning problem. The problem is decomposed into D regressions, each one
associated with a task. For reasons that will become clear shortly, we will call these tasks
base tasks and denote them by B = {M,, M,, ..., Mp} C M?. The multi-task problem

thus consists in solving the approximations:
~ NT ~ / .
@(s,a,s') ' w; = ri(s,a,s), fori =1,2,...,D, (s.11)

where r; is the reward of M; (Caruana, 1997; Baxter, 2000).

In this section we argue that (5.11) can be replaced by a much simpler approximation
problem by simply rotating the problem. Suppose for a moment that we know a function
¢ and D vectors w; that satisfy (5.11) exactly. If we then stack the vectors w; to obtain
amatrix W € RP*? we can write r(s,a,s') = Wo(s,a,s), where the i element of
r(s,a,s') € RPisri(s,a,s). Now, as long as we have d linearly independent tasks w;, we
can write

A T —1yAT | /
¢(s,a,s') = (W W) "W 'r(s,a,s)

Since ¢ is given by a linear transformation of r, any task representable by the former can
also be represented by the latter. To see why this is so, note that for any task in M? we

have
r(s,a,s) =w' @(s,a,8) =w' |(WW)'W'|1(s,a,5) = (W) "x(s,a,s).

Therefore, we can use the rewards r themselves as features, which means that we can re-

place (5.11) with the much simpler approximation:
#5.0) =#s ad) ~ x5 a ) (512)

One potential drawback of directly approximating r(s, a,s) is that we no longer have
the flexibility of distinguishing between d, the dimension of the environment M?, and D,
the number of base tasks in 3. Since in general we will solve (5.11) or (5.12) based on data,
having D > d maylead to a better approximation. As the number of base tasks D increases,

we might be overparameterising the above regression problem. As D becomes larger than
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the intrinsic dimensionality of the task space d, a new reward signal can be represented in
a non-unique way. Nevertheless, due to linearity, all of these solutions will be equivalent
both in representing the rewards and corresponding value functions associated with the
policies {; }i= p.

On the other hand, using (s, a, s) as features has a number of advantages that in many
scenarios of interest should largely outweigh this loss in flexibility. One such advantage
becomes clear when we look at the scenario above from a different perspective. If we as-
sume that there exists indeed a set of ¢ for which (5.11) is satisfied, then given any set of
D tasks with associated reward signals 7;(s, a,s"), kp < D of which are linearly indepen-
dent, our new set of features @ will span a kp dimensional subset of the original, unknown
space R?. If kp = d < D, we recover the whole original space R?. Thus, instead of
assuming we know a set of @ and a W that satisfy (5.11), we can simply use the approx-
imate rewards ¢ (W = Ip) and apply the above reasoning without modification. This
highlights a benefit of replacing (5.11) with (5.12): the fact that we can work directly in
the space of tasks, which in many cases may be more intuitive. When we think of ¢ as a
non-observable, abstract, quantity, it can be difficult to define what the base tasks should
be. In contrast, when we work on the reward signal r directly the question we are trying
to answer becomes: is it possible to approximate the future reward function of all tasks of
interest as a linear combination of the previous reward functions ;> One can see that in
this view, the set B3 acts as a basis for future tasks, and thus the name “base tasks”.

Another interesting consequence of using an approximation ¢(s, a,s’) ~ r(s,a,s’) as
features is that the resulting SFs are nothing but ordinary action-value functions. Specif-
ically, the j" component of ¥" (s, a) is simply Q;” (s, a). Next we discuss how this gives

rise to a simple approach that can be combined with deep learning in a stable way.

5.3 TRANSFER IN DEEP REINFORCEMENT LEARNING

In this work, we are interested in using SF& GP1I to build scalable agents that can be com-
bined with state-of-the-art deep learning-based state representations in a stable way. Since
deep learning generally involves vast amounts of data whose storage is impractical, we
will mostly be focusing on methods that work online. Thus, our second contribution is to
show a simple and natural way of using the previous insights to propose a scalable, online
method of transferring knowledge from previously learnt tasks. The proposed method at-

tempts transfer in two ways: 1) through a shared representation (as in previous chapters),
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but now this is a learnt non-linear representation which the SFs are built upon and these
mappings are not assumed linear; 2) through GPI on a collection of approximate policy
evaluations based on previously learnt policies. Note that these two methods of transfer-
ring knowledge exploit commonalities in different spaces: the first one takes advantage of
the shared sensory/observational space and the other one exploits the structure present
in the dynamic programming nature of the problem and the policy space shared by the
multiple control problems considered. Thus, there is reason to believe these can be com-
plementary and leveraging both could further increase our sample efficiency in a new task.

In order to verify this claim, we revisit one of (Barreto et al, 2017) experiments in a
much more challenging format, replacing a fully observable 2-dimensional environment
with a 3-dimensional domain where observations are images from a first-person perspec-
tive. We show that the transfer promoted by SF&GPI leads to reasonable policies on
unseen tasks almost instantaneously. We do so by computing a zero-shot transfer policy
based on a guess of what the current task entails. This estimate will then be refined online
as we get more data about the current task — the more rewards the agent experiences, the
more it can refine this estimate. Furthermore, we will show that this GPI policy can be a
good starting point for learning a more specialised policy for the new task. Lastly, we show
how to learn these specilised policies in a way that allows them to be added to our agent’s
ever-growing set of skills, a crucial ability for continual learning (Thrun, 1996).

To make this more precise and as a motivating example, we show in Algorithm 5.1 how
SFs and GPI can be used for acting in a new task and combined with Q-learning (Watkins
and Dayan, 1992) to extend the collection of SFs cached in’ for transfer." This algorithm
assumes we have already obtained a collection of features ¢ and a corresponding set of SFs
V built on top of these. Given a new task, we are going to estimate W to approximate the
new reward signal as a linear combination of ¢. Given this estimate we have two choices:
act according to the GPI policy induced by (, W) or try to build a specialised policy 7,1,
for this task and its SFs to add to our collection. In our case 7,4, is learnt to be the optimal
policy for the our current task estimate w (line 12).

In essence, Algorithm 5.1 is similar to standard Q-learning for the estimated task and
can indeed be reduced to that if none of the previously learnt SFs provide any information

about this new task. Nevertheless, we would like to draw attention to two main ways it dif-

'We use x <~ y meaning x <— x -+ ay. We also use Vf(x) to denote the gradient of f(x) with respect
to the parameters 0.
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Algorithm 5.1 Acting and learning in a new task via SF&GPI

¢, ¥ ={¥™,...,¥™} features, SFs
Require: extend basis learn a new SF?
Ay Ay, €, 108 hyper-parameters
1: if extend basis then
2:  create ¥ """ parametrised by 0,
3: ¥« YU {\Ifﬂ"+l}
4: endif

s: selectinitial states € S
6: for ns steps do

7 if Bernoulli(¢)=1 then a < Uniform(.A) {exploration}
8: elsea < argmax, max; ¥ (s,b) 'w{GPI}

o:  Execute action a and observe rand s’.
00 W [r(s,a,8) — §(s,a,8') TW] §(s, a,8') {learnw }
11:  if extend basis then {will learn new SFs}
12: a’ « argmax, y"""' (s, b) "W
13: fori<1,2,....,ddo
14: 8 ¢,(s,a,5) + 79, () =¥ (s, a)
a ~ ~
15: 0, < &V, ¥, " (s,a) {learn A
16: end for
17: end if
18:  if s’ is not terminal then s <— s
19:  else selectinitial states € S

20: end for

fers from Q-learning. First, instead of selecting actions based on the value function being
learned, the behaviour of the agent is determined by GPI (line 8). Depending on the set of
SFs ¥ used by the algorithm, this can be a significant improvement over the greedy policy
induced by Q7+, which usually is the main determinant of a Q-learning agent’s behaviour.

Algorithm s.1 also deviates from conventional Q-learning in the way a policy is learned.
There are two possibilities here. One of them is for the agent to rely exclusively on the GPI
policy computed over ¥ (when the variable extend_basis is set to false). In this case no
specialised policy is learned for the current task, which reduces the RL problem to the su-
pervised problem of determining w (solved in line 10 as a least-squares regression). The
other possibility is to use data collected by the GPI policy to learn a policy x4, specifi-

cally tailored for the task. As shown in lines 14 and 1§, this comes down to solving equa-
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tion (5.4). When 7,,, is learned the function Q™+ (s,a) = ¥"""'(s, a) " walso takes part
in GPL This means that, if the approximations Q™ (s, ) are reasonably accurate, the policy
computed by Algorithm 5.1 should be strictly better than Q-learning’s counterpart. This

is likely to be true especially at the beginning of training in a new task. The SFs ¥ ca

n
then be added to the set ¥, and therefore a subsequent execution of Algorithm s.1 will
result in an even stronger agent. After multiple iterations we expect Q™+ to start domi-
nating the other policies, thus at this point we would be essentially reverting to Q-learning.
This ability to build and continually refine a set of skills is widely regarded as a desirable
feature for continual (or lifelong) learning (Thrun, 1996).

There is a caveat, though. In order to apply Algorithm 5.1—or any variant of the SF&
GPI framework—, we need not only the set ¥, but also a way to compute features § (s, a, s')

that characterise our environment. We will now discuss why this is not a trivial problem

and propose a strategy to compute ¥ and §(s, a, s') online in a stable way.

5.3.1 CHALLENGES INVOLVED IN BUILDING FEATURES

In order to use Algorithm 5.1, or any variant of the SF & GPI framework, we need the fea-
tures §(s, a, s'). A natural way of addressing the computation of ¢(s, a,s’) is to see it as a
multi-task problem, asin (5.11). The solution of (5.11) requires data coming from D base
tasks. In principle, we could look at the collection of samples as a completely separate pro-
cess. However, here we are assuming that the base tasks B3 are part of the RL problem, that
is, we want to collect data using policies that are competent in 3. In order to maximise the
potential for transfer, while learning the policies 7; for the base tasks M; we should also
learn the associated SFs ¥™; this corresponds to building the initial set ¥ used by Algo-
rithm 5.1. Unfortunately, learning value functions in the form (5.6) while solving (5.11)
can be problematic. Since the SFs ¥"' depend on @, learning the former while refining
the latter can clearly lead to undesirable and unstable solutions (this is akin to having a
non-stationary reward function). Although rewards ¢ might change slowly — we can, in
principle, control for that via the learning rate, small changes in ¢ can result in significant
changes in V¥ as these will be integrating over multiple of these small changes. On top of
that, the computation of  itself depends on the SFs ¥, for the latter ultimately define
the data distribution used to solve (5.11). This circular dependency can make the process
of concurrently learning ¢ and ¥ very unstable — something we have often observed in

practice.
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One possible solution is to use a conventional value function representation while solv-
ing (5.11) and only learn SFs for the subsequent tasks (Barreto et al., 2017). This has the
disadvantage of not reusing the policies learned in 3 for transfer. Alternatively, one can
store all the data and learn the SFs associated with the base tasks only after ¢ has been
learned, but this may be difficult in scenarios involving large amounts of data. Besides, any
approximation errors in ¢ will already be reflected in the initial ¥ computed in 3.

In the next section we show that all these issues are solved when we replace (5.11)

with (5.12), as proposed in Section 5.2.1.

5.3.2 LEARNING FEATURES ONLINE WHILE RETAINING TRANSFERABLE KNOWLEDGE

To recapitulate, we are interested in solving D base tasks {M; };—, p and, while doing so,
build ¢ and the initial set ¥ to be used by Algorithm 5.1. We want ¢ and ¥ to be learned
concurrently, so we do not have to store transitions, and preferably ¥ should not reflect
approximation errors in ¢. We argued that one can accomplish all of the above by replac-
ing (5.11) with (5.12), that is, by directly approximating r(s, a, s), which are observable,
and adopting the resulting approximation as the features @ required by Algorithm s.1. Fur-
thermore, in order to break the circular dependency discussed in Section 5.3.1, we pro-
pose grounding the SFs learning problem directly in the observed reward signals r(s, a, s).
Note that this will potentially result in a slight misalignment between ¢ and ¥ due to the
approximation errors in the reward prediction problems.

As discussed in Section 5.2.1, when using rewards as features the resulting SFs are col-
lections of value functions: ¥" = Q" = [Q™, QT, ..., Q%]. This leads to a particularly
simple way of building the features ¢ while retaining transferable knowledge in ¥. Given
a set of D base tasks M;, while solving them we only need to carry out two extra opera-
tions: compute approximations 7;(s, a, s’) of the functions ;(s, a, s'), to be used as ¢, and
evaluate the resulting policies on all base tasks—i.e,, compute Q;”—to build ¥.

Before providing a practical method to compute ¢ and ¥, we note that, although the
approximations 7;(s, a, s’) can be learned independently from each other, the computation
of Q" requires policy 7; to be evaluated under different reward signals. This can be accom-
plished in different ways; here we assume that the agent is able to interact with the tasks
M, in parallel. We can consider that at each transition the agent observes rewards from all
the base tasks, r € RP, ora single scalar r; associated with one of them. We will primarily

assume the latter — availability to the on-task reward only, but our solution readily extends
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to the more informative scenario where the agent simultaneously observes D tasks.
Algorithm .2 shows a possible way of implementing our solution, again using Q-learning
as the basic RL method. We highlight the fact that GPI can already be used in this phase,

as shown in line 5, which means that the policies 7; can “cooperate” to solve each task M;.

Algorithm 5.2 Build SF & GPI basis with ¢-greedy Q-learning

M,,M,,...,Mp Dbase tasks B

Require:
aq, Ay, €, NS hyper-parameters

1: for ns steps do
2:  selectataskk € {1,2,...,D} andastates € S
3:  ("Pretend” you are in that task k and select action accordingly)

4 if Bernoulli(¢)=1 then a +— Uniform(.A) {exploration}
s:  elsea < argmax, max; Q7' (s, b) {GPI }

6:  Execute action a in My and observe r = (s, a,s’) and s’
7 0, [r—7(s,a,5)] Vo, 7(s, a, )

8: fori<—1,2,....Ddo

9: a’ « argmax, Q7 (s, b) {d’ = m(s)}

10z eQ & [r + 7(217? (5,7 al) - sz (Sv ‘1)] V"QQ;? (Sa a)
11:  end for

12: end for

13: return § = [, ..., 7p] and ¥ = {Q”, ..., Q""}

5.4 EXPERIMENTS

In this section we describe the experiments used to assess whether the proposed approach
can indeed promote transfer on large-scale domains. Here we focus on the most relevant

aspects of the experiments; for further details please consult Appendix B.2.

5.4.1 ENVIRONMENT AND TASKS

The environment we consider is conceptually similar to one of the problems used by (Bar-
reto et al, 2017) to evaluate their framework: the agent has to navigate in a room picking
up desirable objects while avoiding undesirable ones. Here the problem tackled is in a par-

ticularly more challenging format: instead of observing directly the state s; at time step ¢, as
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Figure s5.4.1: Environment and tasks (base tasks B, sample test tasks M) depiction.

in the original experiments, the agent interacts with the environment from a first-person
perspective, only receiving as observation a 84 X 84 image o; that is insufficient to disam-
biguate the actual underlying state of the MDP (see figure 5.4.1a).

We used DeepMind Lab platform (Beattie et al,, 2016) to design our 3D environment,
which works as follows. The agent finds itself in a room full of objects of different types.
There are five instances of each object type: “T'V”, “ball”, “hat”, and “balloon” Whenever
the agent hits an object it picks it up and another object of the same type appears at a
random location in the room. This process goes on for a minute, after which the episode
ends and a new one starts. The end of the episode is marked with a discount y = o.

The type of an object determines the reward associated with it. Thus, a task is defined
(and can be referred to) by four numbers indicating the rewards attached to each object
type. For example, in task 1-100 the agent is rewarded positively by objects of the first type
and negatively by objects of the second type, while the other object types are irrelevant in
terms of reward. Thus in this case, the agent should be interested in picking up objects
of type one, while avoiding objects of type two. One can see that varying only these four
numbers, the induced (optimal) behaviour can be quite complex and diverse from one
task specification to the other. Nevertheless, there are also subsets of tasks that might share
sub-plans/sub-routines. For instance, if we were to now consider anew task 1-1-10 we can
see that the desired behaviour in this task is quite related to the first task considered 1-100.
The agent in the new task cares about the same things asin 1-100 , but now it also needs to
avoid objects of type three, on top of pursuing objects of type one and avoiding objects of
type two. Thus, if we consider the extreme case where there are no objects of type three in

our current environment, these two tasks would be equivalent. Nevertheless, the opposite
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scenario — where we have only objects of type three in the environment - illustrates that
‘closeness’ in the reward specification space can lead to very different optimal behaviours.
In general, as we could see from these two extreme examples, there is reason to believe that
the optimal policy for task 1-100, ], could already be a good policy on task 1-1-10
and would produce good behaviour in at least some parts of the space — e.g. in parts of
the state space where the number of type 3 objects is relatively low. This is precisely the
intuition behind this kind of transfer we achieve in the policy space via SFs: evaluating
how good previous policies are under the current task can be very valuable information.
We defined base tasks 3 that will be used by Algorithm s.2 to build ¢ and ¥ in a very
natural way (see Figure 5.4.1b). We focus this first investigation on "canonical” base tasks,
that correspond to what our description of the environment underlying ¢ would look like.
Nevertheless, please note that in order to represent new reward signals, any four linearly
independent set of tasks can be considered here and would result in the same generalisa-
tion. The only difference comes in the induced policies that we are going to be considering
for transfer. In this respect, the chosen set of base tasks B would induce policies that seek
one object type at a time. The hope is that these would lead to informative evaluations.
The transfer ability of the algorithms will be assessed on different, unseen tasks, referred

to as test tasks, M — an illustration of such tasks can be found in Figure 5.4.1b.

5.4.2 AGENTS

The SF& GPI agent adopted in the experiments is a variation of Algorithms 5.1 and 5.2 that
uses (Watkins, 1989) Q(2) to apply Q-learning with eligibility traces. Due to the complex-
ity of the task and relatively long episodes, n-step methods were required to provide any
learning for this class of control problems. As such, we needed to adapt in particular the
update in Algorithm 5.2 line 10 to support trajectory-based evaluations. Since trajectories
were collected under a behaviour policy that might differ from the policy we are trying to
evaluate, we would cut traces whenever the two start to disagree.

The functions ¢ and ¥ are computed by a deep neural network whose architecture is
shown in Figure 5.4.2. The network is composed of three parts. The first one uses the his-
tory of observations and actions up to time £, h, to compute a shared representation f(h;).
The construction of s can itself be broken into two stages corresponding to specific func-
tional modules: a convolutional network (CNN) to handle the pixel-based observation o;

and a long short-term network (LSTM) to compute f(h;) in a recursive way (LeCun etal,
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Figure 5.4.2: Schematic of the deep architecture used. Rectangles represent MLPs.

1998; Hochreiter and Schmidhuber, 1997).

The second part of the network is composed of D + 1 specialised blocks that receive
5 as input and compute ¢(5;, a) and ¥™ (5, a) for alla € A. Each one of these blocks is
a multilayer perceptron (MLP) with a single hidden layer (Rumelhart et al,, 1986). Note
that the specialised blocks share the representation f(h;) representing a specific trade-off
between plasticity and data efficiency. The third part of the network is simply w, which

combined with ¢ and ¥™ will provide the final approximations.

The entire architecture was trained end-to-end through Algorithm s.2 using the base
tasks shown in Figure 5.4.1b. After the agent had been trained, it was tested on a test task,
now using Algorithm 5.1 with the newly-learned ¢ and ¥. In order to handle the large
number of sample trajectories needed in our environment both Algorithms 5.1 and 5.2
used the IMPALA distributed architecture (Espeholtetal, 2018). Results of this training

procedure on the base tasks are included in Figure 5.4.3

Algorithm 5.1 was run with and without learning a specialised policy (as controlled by
the variable extend_basis in Algorithm 5.1). We call the corresponding versions of the

algorithm “SF& GPI-continual” and “SF & GPI-transfer”, respectively. This is in reference
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to the fact, that one assesses the transfer ability of GPI based only on the previous policies
and the other one considers learning a new policy that can be added to our collection thus
simulating one step of a continual learning process. We compare SF & GPI with baseline
agents that use the same network architecture, learning algorithm, and distributed data
processing. The only difference is in the way the network shown in Figure 5.4.2 is up-
dated and used during the test phase. Specifically, we ignore the MLPs used to compute
¢ and ¥"' and instead add another MLP, with the exact same architecture, to be jointly
trained with w through Q(2). We then distinguish three baselines. The first one uses the
learnt shared representation f(h;) learned in the base tasks to compute an approximation
Q(5, a)—that is, both the CNN and the LSTM are fixed. We will refer to this method sim-
ply as Q(A). The second baseline is allowed to modify f(h;) during the test phase, so we
call it “DQ(1) fine tuning” as a reference to its refinement of the representation. Finally,
the third baseline, “DQ(2) from scratch’, learns its own representation f(h;) at the same
time as the corresponding value function for the task at hand. This third baseline will only
see data from the second phase, but its representation would also only need to cater to the

test task — all the network capacity is dedicated to one task.

5.4.3 RESULTS AND D1scuUssiON

Figure §.4.4 shows the results of SF & GPI and the baselines on a selection of test tasks M.
The first thing that stands out is the fact that SF & GPI-transfer gives rise to reasonable poli-
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cies for the test tasks almost instantaneously. In fact, as this version of the algorithm is only
solving a simple supervised learning problem, its learning progress is almost imperceptible
at the scale at which the corresponding RL problem unfolds. Since the baselines are solving
the full RL problem, in some tasks their performance eventually reaches, or even surpasses,
that of the transferred policies. SF& GPI-continual combines the desirable properties of
both SF& GPI-transfer and the baselines. On one hand, it still benefits from the almost
instantaneous transfer promoted by SF&GPI. On the other hand, its performance keeps
improving, since in this case the transferred policy is used to provide better data for learn-
ing a specialised policy. As a result, SF & GPI-continual outperforms the other methods in
almost all of the tasks.”

Another interesting trend shown in Figures 5.4.4 is the fact that SF & GPI performs well
on test tasks with negative rewards—in some cases considerably better than the alternative
methods—, even though the agent only experienced positive rewards on the base tasks.
This is an indication that the transferred GPI policy is combining the policies ; for the
base tasks in a non-trivial way (line 8 of Algorithm 5.1).

Ideally, our agent should rely on the GPI policy when useful but also be able to learn
and use a specialised policy otherwise. In other words, whenever it is appropriate to trans-
fer knowledge from a previously learnt policies, the agent should opt to do so, but when-
ever the previous tasks result in uninformative plans, it should devoted its resources to
learning how to tackle this new scenario. Figure §.4.5 shows that this is possible with SF
& GPI-continual. Looking at Figure 5.4.5a we see that when the test task only has positive
rewards the performances of SF & GPI zero-shot and continual are virtually the same. This
makes sense, since in this case alternating between the policies 7; learned on B should lead
to good performance as the test task naturally decomposes into the subtasks selected in 3.
Although initially the specialised policy 75t does get selected by GPI a few times, even-
tually the policies 7; largely dominate. The figure also corroborates the hypothesis above
that GPIis in general not computing a trivial policy, since even after settling on the policies
7; it keeps alternating between them.

Interestingly, when we look at the test tasks with negative rewards this pattern is no
longer observed. As shown in Figures 5.4.5¢ and §.4.5d, in this case SF & GPI-continual
eventually outperforms SF & GPI-transfer—which is not surprising. Looking at the fre-

quency at which policies are selected by GPI, we observe the opposite trend: now the pol-

2A video of SE& GPI-transfer behaviour can be found at:
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Figure 5.4.5: Top: Comparison between SF& GPI zero-shot and continual. Shaded
regions represent one standard deviation over 10 runs. Unlike in Fig-
ure 5.4.4, here all runs of SF& GPI-transfer (and continual) used the
same SFs basis ¥. Bottom: Coloured bar segments represent the fre-
quency at which the policies ; were selected by GPI in one run of SF&
GPl-continual, with each colour associated with a specific policy. The
policy m.s specialised to the task is represented in light yellow (predom-
inant colour in figures 5.4.5c and 5.4.5d). The other colours depict the
frequency of decisions that where made based on policies in B.
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icy Triest steadily becomes the preferred one. The fact thata specialised policyislearned and
eventually dominates is reassuring, as it indicates that 7.5 does something fundamentally
different and thus will contribute to the repository of skills available to the agent when
added to ¥. This also highlights the fact that SE& GPI-continual manages to provide a
form of safer transfer, where if the previously learnt skills are not applicable, the agent has
the option of disregarding them and specialising to this new task without much interfer-
ence. This is evident from Figure 5.4.5b, where we can see that the agent quickly figures
out that all previous policies, that actively seek a particular kind of object, will result in very
negative returns and chooses instead to build and act according to a newly specialised pol-

icy, thus essentially reverting to Q(1).

5.4.4 GENERALISING OUTSIDE THE SPAN OF [3

In this work we argued that SE&GPI can be applied even if assumption in Eq. 5.2 is not
strictly satisfied. In order to illustrate this point, we reran the experiments with SF & GPI-
transfer using a set of linearly-dependent base tasks, 5’ = {1000, 0100, 0011, 1100} Clearly,
B’ can only represent tasks in which the rewards associated with the third and fourth ob-
ject types are the same. We compared the results of SF& GPI-transfer using 15 and 55 on
several tasks where this is not the case. The comparison is shown in Figure 5.4.6. We can
see that the resulting GPI policy under this imperfect approximation still leads to a sensi-
ble transfer policy on the new tasks — although these were somewhat adversarially chosen
to be outside the span of 5”. As shown in the figure, although using a linearly-dependent
set of base tasks does hinder transfer in some cases, in general it does not have a strong
impact on the results. This smooth degradation of the performance is in accordance with
Proposition s.1.

The result above also illustrates an interesting distinction between the space of reward
functions and the associated space of policies. Although we want to be able to represent
the reward functions of all tasks of interest, this is only half of the story and does not guar-
antee alone that the resulting GPI policy will perform well. To see this, suppose we replace
the positive rewards in 3 with negative ones. Clearly, in this case we would still have a basis
spanning the same space of rewards; however, since now a policy that stands still is optimal
in all tasks M;, we should not expect GPI to give rise to good policies in tasks with posi-
tive rewards. Thus the other half of quantifying transferability here comes from the base

policies used in GPI. And although in this work these policies were naturally induced by
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Figure 5.4.6: Performance of SF& GPI-transfer using base tasks B and B’. The box
plots summarise the distribution of the rewards received per episode be-
tween so and 100 million steps of learning.

the base tasks, one could think about separating these two learning problems. In this view,
one could consider asking how to define a “behavioural basis” that leads to good policies

across M through GPI. We leave this as an interesting open question.

5.5 CONCLUSION

5.5.1 RELATED WORK

Recently, there has been a resurgence of the subject of transfer in the deep RL literature.
(Teh et al,, 2017) propose an approach for the multi-task problem—which in our case is
the learning of base tasks—that uses a shared policy as a regulariser for specialised policies.
(Finn et al,, 2017) focus on fast transfer, which is akin to SF& GPI-transfer. Specifically,
instead of optimising for performance on a set of tasks, they propose to learn a model that
can quickly adapt to different tasks. (Rusu et al,, 2016) introduce a neural-network ar-
chitecture for the full continual-learning problem that consists of a growing number of
specialised modules. (Kirkpatrick et al., 2017) also propose an architecture well-suited for
continual learning, since it is specifically designed to avoid the problem known as “catas-
trophic forgetting”.

Many works on the combination of deep RL and transfer propose modular network

architectures that naturally induce a decomposition of the problem (Devin et al,, 2017;
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Heess et al,, 2017; Clavera et al,, 2017). Among these, a recurrent theme is the existence
of sub-networks specialised in different skills that are managed by another network (Heess
etal, 2016; Frans et al, 2017; Oh et al, 2017). This highlights an interesting connection
between transfer learning and hierarchical RL, which has also recently re-emerged in the
deep RL literature (Vezhnevets etal, 2017; Bacon etal, 2017).

Most of the approaches cited above are inherently associated with deep learning, since
they exploit specific architectural designs or update rules used in the approximation. SF&
GPI operate at a different level, as they do not rely on any specific feature of deep learning.
Thus, rather than alternatives to our framework, we see the methods above as complemen-

tary approaches that can potentially be combined with SF&GPI.

5.5.2 SUMMARY

In this chapter we extended the SF & GPI transfer framework in two ways. First, we showed
that the theoretical guarantees supporting the framework can be extended to any set of
MBDPs that only differ in the reward function, regardless of whether their rewards can be
computed as a linear combination of a set of features or not. In order to use SF&GPI
in practice we still need the reward features, though; our second contribution is to show
that these features can be the reward functions of a set of MDPs. This reinterpretation of
the problem makes it possible to combine SF & GPI with deep learning in a stable way. We
empirically verified this claim on a complex 3D environment that requires hundreds of mil-
lions of transitions to be solved. We showed that, by turning an RL task into a supervised
learning problem, SF & GPI-transfer is able to provide skilful, non-trivial, policies almost
instantaneously. We also showed how these policies can be used by SF& GPI-continual
to learn specialised policies, which can then be added to the agent’s set of skills. Together,
these concepts can help endow an agent with the ability to build, refine, and use a set of

skills while interacting with the environment.
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Universal Successor Features Approximators

6.1 INTRODUCTION

In the previous chapter, we have seen how one can build and use successor features (SFs)
for transferring knowledge in policy space. In particular, we have seen that SFs can provide
us with a reliable evaluation of previous policies on a new task pertaining to the same span.
These become a base for a policy improvement step, that can now be done over a set of poli-
cies. We have seen that as long as the future expectations captured by these base policies
are at least partially compatible with the task at hand, we can effectively transfer the (long-
term) consequences learnt under these policies. This kind of transfer explicitly exploits
two commonalities assumed over the set of MDPs we are trying to obtain generalisation
over the shared dynamics and the linear structure in the reward space. The combination of
these two assumptions results in a nice decomposition, where one component accounts
for the environment dynamics and the behaviour of the agent and the other one accounts
for the reward function we seek to maximise. This decomposition is particularly useful as
it supports a very easy recombination where we can now specify a new reward signal and

get an instantaneous evaluation of a previous behaviour with respect to this new task. To
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obtain this property, the new reward signal has to be a combination of a set of features ¢,
or at least well approximated by a point in the span of ¢ (Proposition 5.1). In the previ-
ous chapter, we have shown that we can circumvent the discovery of this set of features,
by using instead rewards coming from tasks in the span of this underlying, unobserved ¢.
Nevertheless, there are problems in which this structure (or a suitable proxy) is available
to us and does not need to be inferred. Specifying ¢ can also be seen as a way of specifying
a prior over the set of tasks we would be interested in. In either of these cases, when the
reward structure is given, we do not have to infer the underlying space and we can focus
exclusively on the control problem. This is precisely what we are going to be exploring in
this chapter. And we will show how we can effectively leverage knowledge of ¢ to enable
off-task and off-policy learning, making the most out of the interactions with the environ-
ment.

Thus, for the time being, we will set aside the discovery problem and assume ¢ is given
— either available in the observation space, specified by the user or previously learnt as
in Chapter 5. And we will focus on using this extra information to boost our previously
shown transfer capabilities. This will be done by exploiting the smoothness in the task
space as well as the ability to propose on-the-fly fictitious tasks in the span of ¢ and try
to learn optimal policies for all of these. To sum up, in this chapter we will investigate
transfer capabilities and generalisation in the set of MDPs M? for an observable set of
@-s. As before the tasks can be specified by a task vector w € R? and this is how the
task will be specified to the agent. As an example, let us revisit the experimental set-up
in Section §.4. A natural candidate set for @ are the recognisers associated with each type
of object — such a ¢ would be off (0) most of the time and will be on (1) when the agent
picks up this particular type of object. Note that this is also a very natural space to specify
tasks. Having one feature associated with picking up a particular type of object, means that
specifying a vector w is equivalent to specifying a preference over these objects, including
negative ones. In this chapter, we will be investigating this situation, where this "interface’
of task specification is provided and given a new task w’ our aim is to output an appropriate
control policy. Thus, in contrast with the last chapter where we first needed to discover the
task, on the fly based on observations, here we get this task specification as an instruction
but we are going to be considering the much harder problem of zero-shot generalisation in
M?. This means we are going to be assessing our transferability based solely on knowledge
ported from other tasks, without any interaction with this new task and no adaptation

phase.
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Two approaches recently proposed in the literature can promote this type of zero-shot
learning. Universal value function approximators (UVFAs)(Schaul et al,, 2015a) extend the
notion of value functions to also include the description of a task; by doing so one can gen-
eralise to unseen tasks by simply using their description as an argument to the approxima-
tor. Another way to transfer knowledge to unseen tasks is to use the framework explored
in the last chapter, which builds on two concepts (Barreto et al,, 2017): successor features,
arepresentation scheme that allows a policy to be evaluated on any task of a given format,
and generalised policy improvement (GPI), a generalisation of dynamic programming’s clas-
sic operator that uses a set of policies instead of a single one. UVFAs and SF& GPI gener-
alise to new tasks in quite different, and potentially complementary, ways. UVFAs aim to
generalise across the space of tasks by exploiting structure in the underlying space of value
functions. In contrast, SF& GPI s strategy is to exploit the structure of the RL problem
itself.

In this chapter we propose a model that exhibits the types of generalisation provided
by both UVFAs and SF& GPI. The basic insight is to note that SFs are multi-dimensional
value functions, so we can extend them in the same way a universal value function extends
their unidimensional counterparts. We call the resulting model universal successor features
approximators, or USFAs for short. USFA is a strict generalisation of its precursors. Specif-
ically, we show that by combining USFAs and GPI we can recover both UVFAs and SF&
GPI as particular cases. This opens up a new spectrum of possible approaches in between

these two extreme cases.

6.2 BACKGROUND

In this section, we present some background material, formalise the scenario we are inter-

ested in, and briefly revisit the methods we build upon.

6.2.1 REVISED MULTITASK REINFORCEMENT LEARNING PROBLEM

As areminder, in this work we are interested in generalising across multiple RL tasks, tak-
ing place in the same environment (S, A, P, y) but differing in their reward signal. Thus
each task is defined by a reward functionry, : S X A X & — R; and in this chapter, we
will assume that the expected one-step reward associated with transition s — s’ is given
by:

E [Ru(s,a,5')] = rw(s,a,s') = (s, a,s) " w, (6.1)
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where ¢(s,a,s') € RY are features of (s, a,s') and w € R? are weights. The features
@(s, a,s') can be thought of as salient events that may be desirable or undesirable to the
agent, such as for example picking up an object, going through a door, or knocking into
something. And as discussed in the introduction, from hereon we will assume that the
agent is able to recognise such events—that is, ¢ is observable—, but the solution we pro-
pose can be easily extended to the case where ¢ must be learned (Barreto et al,, 2017).
Thus in this work we will revisit the set up in (Barreto et al,, 2017) and be considering

generalising over the set of MDP induced by some observed features @, as introduced in

(5.3):
MP={M= (S, A, P, 1, 7)|rw(s,a,s) = ¢(s, a,s')Tw,w € Rd}, (6.2)

Given w € R representing a task, the goal of the agent is to find a policy 7, : S +
(1)

A that maximises the expected discounted sum of rewards, also called the return G
YT EjH) ,where Rv(j) = Ry (Si, Ar, Si1, ) is the reward received at the t™ time step. In
the following, we will denote the action-value function of a policy = on taskwas Q% (s, a) =
E” G‘(,\f) | St = s, Ay = a, representing the expected discounted reward that this policy

will collect under task w.

6.2.2 KNOWLEDGE TRANSFER IN POLICY SPACE: PARAMETRIC VS NON-PARAMETRIC

Here we focus on one aspect of multitask RL: how to transfer knowledge to unseen tasks (Tay-
lor and Stone, 2009; Lazaric, 2012). Specifically, we ask the following question: how can
an agent leverage knowledge accumulated on a set of tasks B C RY to speed up the solu-
tion of a new task w’ ¢ 32

To investigate the question above we recast it using the formalism commonly adopted
in learning. Specifically, we define a distribution D,, over R? and assume the goal is for the
agent to perform as well as possible under this distribution. Note that this distribution on
w induces a distribution over the MDPs we were are going to be considering. As usual, we
assume a fixed budget of sample transitions and define a training set B ~ D,, that is used
by the agent to learn about the tasks of interest. We also define a test set M ~ D, and
use it to assess the agent’s generalisation—that is, how well it performs on the distribution
of MDPs induced by D,.

A natural way to address the learning problem above is to use (Schaul et al,, 20152) uni-

versal value-function approximators (UVFAs). The basic insight behind UVFAs is to note
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that the concept of optimal value function can be extended to include as one of its argu-
ments a description of the task; an obvious way to do so in the current context is to define
the function Q* (s, a, w) : S X A xR? = R as the optimal value function associated with
task w. The function Q* (s, a, w) is called a universal value function (UVF); a UVFA is then
the corresponding approximation, Q(s, a,w). As most parametric approximators, UVFAs
assume, in their parametrization, a particular structure over the optimal value function
space in M?. The hope here is that a sufficiently expressive UVFA can identify and ex-
ploit structure across the joint state-action-task space S x A x R? In other words, with
enough data, a properly trained UVFA should be able to generalise across the space of
tasks. Nevertheless, with few tasks — small set 3, our coverage of this joint space might be

quite limited which is bound to impact our generalisation abilities.

A different way of generalising across tasks was explored in Chapter 5, which builds
on assumption (6.1) and two core concepts: successor features (SFs) and generalised policy

improvement (GPI). The SFs of a state-action pair (s, @) under policy x are given by

o
Vi(s,a) =E° > 7o [Si=5A=a
i=t

SFs allow one to immediately compute the value of a policy = on any task w: it is easy to
show that, when (6.1) holds, Q% (s, a) = ¥”(s, a) " w. Suppose that the agent has learned
the SFs ¢™ of policies 7,, 7, ..., 7,. When exposed to a new task defined by w, the agent
can immediately compute Q¥ (s, a) = ¥” (s, a) Tw. Thus we can build evaluations of a set
of policies on this new task and use these to formulate a control policy. Let the GPI pol-
icy be defined as #(s) € argmax Q™*(s, a), where Q™ = max; Q™. The GPI theorem
states that Q" (s, a) > Q™(s,a) forall (s,a) € S x A. This result also extends to the
scenario where we replace Q™ with approximations Q™. It is also worth noting that this
holds irrespective of the set of (base) policies {; };—, ,» and one does not need to assume
any structure on this policy space, for the above to hold. Nevertheless, if we do assume
that this set of policies correspond to optimal policies maximising a set of tasks {w; }i—, ,,
then we can obtain an extra guarantee over the quality of the resulting GPI policy. This
will depend on the distance of the new task w to the set of base tasks 13 and the maximum
approximation error incurred at the policy evaluation step (Barreto et al, 2017). Note
that this method of transfer does not assume a distribution of the tasks at training nor at

testing time. These sets of tasks can be sampled, in principle, from different distributions
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Figure 6.2.1: A simple Chain MDP with two rewards (at end states).

without affecting our guarantees and our ability to transfer information. On the other
hand, this means such a procedure would not be able to exploit any structure, if present, in
Dy, Instead, SFs will generalise over the S x A space and GPI will have a non-parametric

approach to generalise in policy space.

In the next section we will take alook at a very simple class of MDP of the form M?, and
in this context try to highlight the benefits and shortcomings for addressing learning and
generalisation in this class of problems by a fully parametric model like UVFAs versus SF &
GPI, a semi-parametric model which we have seen previously to be a potentially powerful

model for transfer.

6.2.3 A MoTivaTING ExamMPLE: UVFAS AND SFs

Consider a simple chain MDP (Figure 6.2.1), with 7 states and two actions: left and right.
For simplicity, both actions result in a deterministic transition to the neighbouring state in
the direction of the chosen action and we assume a constant discount factor y for each tran-
sition. At the two ends of the chain, one can find the two potentially rewarding transitions
(51, —) and respectively (s,, —) associated with picking up a particular type of apple. Af-
ter collecting the associated reward, these transitions lead to a non-reward absorbing state
— one can also see this as the end of an episode. Now imagine a person A might like red
apples but dislike green apples and a person B that does not have a strong preference for
any of these kind of apples. In this environment, generalising in M? would mean we can

predict what is the best policy for each of these different preferences.

To make this more formal, we would be interested in the class of MDP of the form (6.1),
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where the features ¢ are defined as:

[1,0],fors =s,,a =«
¢(s,a) = 4 [o,1],fors = s,,a =— (6.3)

[0, 0], otherwise

Thus if the task is specified by w = [w,, w,], and let us consider w,, w, > o, one can see
that the two desired outcomes are at the end of the chains. And depending on these precise
values and our proximity to the two ends of the chain, the optimal strategy will prioritize
one outcome over the other. Having this in mind, we can easily derive that for any state

s = s, the optimal value function associated with this state, under task w is:
Vi (s) = max (ykwl, yn_sz),wheres = s (6.4)

Thus for all tasks w, the associated optimal plan will involve a cut-off point k where (7w, —
y"*w,) changes sign. Hence, in this space, M? = {M = (S, A, P, 1w, 7)|ru(s,a) =
(s, a)"w,w € R? }, we will have at most n optimal deterministic policies - one for each
cut-off point s. At the same time, if we look at the possible optimal value functions in M?

we will see that these can take arbitrary values across R .

Of course, there is alot of structure in this space that a UVFA could easily exploit, for in-
stance if two tasks w, and w, are close to each other under some measure, say | |w, —w, ||, <
8, their corresponding optimal value functions will take similar values. For instance, if
w, = [1,0] andw, = [1,7"7"], for a large enough chain, we can see that their norm is
quite small ||w, —w, ||, = 7" ""asy € (0,1). One can easily see that this similarity would
also be reflected in the corresponding optimal value functions Q;, and Q}, . To make this

more precise, one can see that the value functions agree in most states:

. . . vk fora =<,k <n
Qu(s:a) = Q,(s,a) = Q@ (s =5, a) = ,

Y fora =—,k<n—1

and for one transition — the final transition at the end of the chain — where Q}; (s,, —) = o

and Q, (sy, —) = 7" . Thus ||Q}, — Q5.
argument we can see the same holds forw, = [1,7"7*]: [|Q}, —Q},

0o = 7"' = ||w, — W, ||,. And by a similar

o = 7/nfx_,ynfz —

||w, — w,|],, although the associated optimal policies will differ in this second case.
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In spite of this, something like I, or other metric on w might not capture all the similar-
ity present in the task space. An example of that would be w, = wand w, = aw, where
for a large a the value functions can be quite far apart in terms of value, although they are
just a factor from each other Q; = aQj, . Note that this is generally true for any set of
tasks M? for given set of @. We could normalise w -s to avoid this particular issue. Nev-
ertheless, one could also argue that we would like our agents to be able to recognize that
these two tasks are essentially the same, without us having to specify an equivalence class’.
Furthermore, even if we were to normalise our task descriptors w, we would still have an
infinite number of value functions to represent, although we have previously established
that there only a finite number of optimal policies. Thus, even with this massive reduction
via normalisation, we still seem to be missing out on some of the structure present in this
space. This suggests that the equivalence class above does not capture all of the rich struc-
ture available in policy space. This is partially because, under different reward signals, this
equivalence is not readily present in the value space. Different reward signals could lead
to the same optimal policy, but won’t necessarily lead to the same value function. This
is true in our example. And it is worth noting that this is bound to be true more widely,
as the mapping between (deterministic) optimal policies and value functions is generally
one-to-many. Nevertheless, this is by no means an argument against the usage of powerful
functional approximations, like UVFAs, that assume and exploit smoothness assumptions
(in S, A and/or w). Instead the above merely points out that there is more structure,
particularly in the policy space, that the smoothness alone cannot account for. Thus, al-
though very powerful, exploiting similarities in state, action and task space, UVFAs might
not be enough to exploit the rich structure in M?.

To see that let us consider a different example. Take tasksw, = [1, 0] andw, = [y ™", 1]
which might not be that close to each other under some distance nor a scalar factor away
(trivial equivalence), but will nevertheless induce the same optimal policy, 7, that from
any state s will seek the left-most state of the chain and the associated reward. Although
in this example the value functions space is fairly smooth as exposed above, the distance
between these tasks |[w, — w,|| = ||t — y7"7"|] is likely to be too large to support any
generalisation between these tasks’ value functions under a smoothness assumption. But
even though the optimal value functions for w, and w; might not be as close to each other

under some norm HH , their associated SFs are actually the same across the state space, as

!Scaling the reward is usually not a problem for a single-task problem. Yet learning a value function
on a scaled reward is not the same as generalising in the value space over a class of such rewards.
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they implicitly encode the information that these two tasks will lead to the same optimal
policy. Since we know there are only n optimal policies, we only have n SFs that we would
need to represent in order to fully cover the space of optimal policies. This suggest that
SFs might be the more compact way of representing optimal value functions. Let us look
how these SFs {y™ };—, ,, where 7 is the optimal policy that will choose to go left for all
states left of s and choose to go right for all state on the right of s;. The successor features

corresponding to one of these policies take the form:

[1,0],fors =s, [0,1],fors = s,
V(s ¢) = { [0l i <k V(s =) = { [y 0l i <k (6:5)
[o,y" " ]i >k [0, 7" ],i >k

Now suppose we have learnt all n SFs, {{/™ }—, ,. A question one might ask is how do
we match an arbitrary task w € R with its corresponding policy and/or optimal value
function. This is where GPI comes into play. Similar to what we have done for transfer in
the previous chapter, we can readily build the evaluation of all these under task w. And
one of these value functions will correspond to the optimal value function Q},. Moreover,
it is easy to see that we can use GPI to identify this policy. If 3k* € {1,--- , k} s.t. mp= is
the optimal policy for w, then Q% (s, a) = Qu" (s, a) > Q" (s, a), Vx, and thus

wepi(s) € mfxmijka(s, a) = max T (s,a) = maaxQ;i,(s, a). (6.6)

Thus, more generally, if we have access to the collection of optimal SFs, we can recover
the optimal policy and the optimal value function for any task w. Now the question be-
comes how to best build this collection of SFs. In principle we can apply Algorithm 5.1
(Chapter s) as long as we define a diverse enough set of base tasks to induce all optimal
policies present in M? . While this is possible in this simple chain MDP example, this
might not always be the case. Moreover, although the space of policy (and SFs) will be
generally more compact than that of the values functions in M?, this set might not always
be finite or it might still include a large number of policies. Even in our simple example, if
we increase n the number of SFs that would be needed to represent, computation would
scale accordingly. Thus the way we were building SFs one at a time as proposed in Algorithm
5.1 might not scale well enough to give us a diverse enough collection. Nevertheless, this is

precisely where the kind of structure UVFAs exploit comes in handy. To see this, let us re-
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visit tasks w, = [1,7"*] and w, = [1, 7" '] above. These are ‘close’ to each other, under
1, and as argued previously so will their value functions but so would their corresponding
SFs.

Nevertheless note that these two tasks will actually induce two different optimal poli-
cies Ty, = 7w, = 7, and respectively 7,,; = 7,_,. Although these are different policies,
they are quite related and will agree in most of the state space, except for s = s,. Thus, it
stands to reason that knowing about one can help us generalise to the other. And similari-
tieslike these are precisely what parametric functional approximators are good at capturing
and exploiting for generalisation. Therefore, we propose to use such an approximator to
build a large set of SFs that correspond to different optimal policies in M? — this is akin to
learning the optimal value functions, but instead, we would be using this approximator to
generalise SFs across the policy space. A UVFA-like approximator for SFs should be able
to capture the generalisation between w, to w, and then GPI can make the leap between
w, and w; through the evaluation provided by ¥, . In doing so, we obtain a more scalable
method to build a large, potentially infinite set of SFs that can then be used in conjunction
with property (6.6) to obtain generalisation across M?. Lastly note that even if we are not
able to represent all optimal policies, by combining multiple of these via GPL, we can still

get a very good policy for a new task — as empirically shown in the chapter.

6.3 UNIVERSAL SUCCESSOR FEATURES APPROXIMATORS

UVFAs and SF&GPI address the transfer problem described in Section 6.2.2 in quite dif-
ferent ways. With UVFAs, one trains an approximator Q(s, a, w) by solving the train-
ing tasks w € M using any RL algorithm of choice. One can then generalise to a new
task by plugging its description w’ into Q and then acting according to the policy 7(s) €
argmaxaQ(s, a,w'). With SE&GPI one solves each task w € M and computes an ap-
proximation of the SFs of the resulting policies 7y, ¥ (s, a) ~ ¥™ (s, a).

The algorithmic differences between UVFAs and SF& GPI reflect the fact that these
approaches exploit different properties of the transfer problem. UVFAs aim at generalising
across the space of tasks by exploiting structure in the function Q*(s, a, w). In contrast,
SE& GPT's strategy for generalising across tasks is to exploit structure in the RL problem
itself. GPI builds on the general fact that a greedy policy with respect to a value function
will, in general, perform better than the policy that originated the value function. SFs, in

turn, exploit the structure (6.1) to make it possible to quickly evaluate policies across tasks
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and apply GPI efficiently.

Obviously, both UVFAs and GPI have advantages and limitations ,but their types of
generalisation are in some sense complementary. Thus, it is then natural to ask if we can
simultaneously have the two types of generalisation. In this work, we propose a model that
provides exactly that. The main insight is actually simple: since SFs are multi-dimensional
value functions, we can extend them in the same way as universal value functions extend

regular value functions. In the next section, we elaborate on how exactly to do so.

6.3.1 UNIVERSAL SUCCESSOR FEATURES

As discussed in Section 6.2.2, UVFs are an extension of standard value functions defined
as Q*(s, a, w). If m,, is one of the optimal policies of task w, we can rewrite the definition
as Q™ (s, a, w). This makes it clear that the argument w plays two roles in the definition
of a UVF: it determines both the task w and the policy 7, (which will be optimal with
respect to w). This does not have to be the case, though. Similarly to (Sutton et al,, 2011)
general value functions (GVFs), we could in principle define a function Q(s, a,w, x) that
“disentangles” the task from the policy. This would provide a model that is even more
general than UVFs. In this section we show one way to construct such a model when as-

sumption (6.1) holds. If (6.1) is true, we can revisit the definition of SFs and write

Qls,a,w, ) = ¥7(s,a) "w. (6:7)

If we want to be able to compute Q(s, a, w, ) for any 7, we need SFs to span the space of
policies 7. Thus, we define universal successor features as (s, a, 7) = ¥” (s, a). Based on
such definition, we call ¥(s, a, 7) ~ V(s a, 7) a universal successor features approximator
(USFA).

According to this definition, we can see that now policies 7 become inputs to our func-
tional approximator. Since these are in general functions over the whole S x A space,
we will need to find a more compressed way of specifying this argument. Thus in prac-
tice, whenever we define a USFA we will also need to define an embedding for the policies
7. Lete : (S +— A) — R be a policy-encoding mapping, that is, a function that turns
policies 7 into vectors in R, We can then see USFs as a function of e(7): (s, a, e()).
The definition of the policy-encoding mapping e(7) can have a strong impact on the struc-
ture of the resulting USE. We now point out a general equivalence between policies and

reward functions that will provide a practical way of defining e(7). It is well known that
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any reward function induces an optimal policy (Puterman, 1994), that can be recovered by
acting greedily with respect to the optimal function. A point that is perhaps less immediate
is that the converse is also true. Given a deterministic policy 7, one can easily define a re-
ward function r,, that induces this policy: for example, we can have r, (s, 7(s), -) = o and
rz(s,a,-) = —1forany a # n(s). Therefore, we can use rewards to refer to deterministic
policies and vice-versa.

Since here we are interested in generalising to policies that maximise reward functions
of the form (6.1), by restricting our attention to policies induced by tasks z € R we end
up with a conveniently simple encoding function e(,) = z that is bound to include at
least some of our target policies. Thus although USFA can be defined for any policy em-
bedding space in this work, in this work we will adopt a policy embedding that corresponds
to the task embedding in M?, that this policy is trying to maximise. Therefore e(7r) = z if
and only if 7 is the maximising the reward signal r, = quJ. From this encoding function
it follows that Q(s, a, w, 7,) = Q(s, a, w, z). It should be clear that UVFs are a particular
case of this definition when w = z. Going back to the definition of USFs, we can finally
write Q(s, a,w,z) = ¥(s,a,z) " w. Thus, if we learn a USF ¥/(s, a,z), we have a value

function that generalises over both tasks and policies, as promised.

6.3.2 USFA GENERALISATION

We now revisit the question as to why USFAs should provide the benefits associated with
both UVFAs and SF & GPI. We will discuss how exactly to train a USFA in the next section,
but for now suppose that we have trained one such model ¥/(s, a, z) using the training
tasks in B3. It is then not difficult to see that we can recover the solutions provided by both
UVFAs and SF&GPI. Given an unseen task w/, let 7 be the GPI policy defined as

7(s) € argmax_ max Q(s, a,w', z) = argmax_ max (s, a,z) ' W/, (6.8)
z€C zeC

where C C RY. Clearly, if we make C = {w’}, we get exactly the sort of generalisation
associated with UVFAs. On the other hand, setting C = B essentially recovers SF&GPL

The fact that we can recover both UVFAs and SF & GPI opens up a spectrum of possibil-
ities in between the two. For example, we could apply GPI over the training set augmented
with the current task, C = B U {w'}. In fact, USFAs allow us to apply GPI over any set
of tasks C C RY. The benefits of this flexibility are clear when we look at the theory sup-
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porting the generalisation SF&GPI provides. As revised in last chapter, (Barreto et al,
2017) provide theoretical guarantees on the performance of SF& GPI applied to any task
w € M based on a fixed set of SFs. Below we state a slightly more general version of this
result that highlights the two types of generalisation promoted by USFAs.

Proposition 6.1

Letw € M’ and let QF, be the action-value function of executing policy 7 on
task w'. Given approximations { Q% = (s, a,z) ' W },ec, let 7 be the GPI policy
defined in 6.8. Then,

* T 2 . T, T
1Qy—Qulloc £ —— | minsec | [l@lloc W' —z[| | +max [ [[W[ - [[¥"™ — ¥(s,a,2) ||
1—7 N—— z2eC
8a(z) 8y(z)
(6.9)

where Q¥ is the optimal value of task w/, ™ are the SFs corresponding to the op-

timal policy for task z.

When we write the result in this form, it becomes clear that, for each policy 7, the right-
hand side of (A.31) involves two terms: i) §,(z), the distance between the task of interest
w’ and the task that induced 7,, and ii) 8 (z), the quality of the approximation of the SFs
associated with 7.

In order to get the tightest possible bound (A.31) we want to include in C the policy
z that minimises §4(z) + 8y (z). This is exactly where the flexibility of choosing C pro-
vided by USFAs can come in handy. Note that, if we choose C = 3, we recover Barreto
etal’s (2017) bound, which may have an irreducible min,c¢8,(z) even with a perfect ap-
proximation of the SFs in 3. On the other extreme, we could query our USFA at the test
point C = {w'}. This would result in §;(w') = o, but can potentially incur a high cost
due to the associated approximation error 8y (w’), depending on the functional approxi-

mation’s ability to capture this point.

6.3.3 How To TraIN A USFA

Now that we have an approximation Q(s, a, w, z) a natural question is how to train this
model. In this section, we show that the decoupled nature of Q is reflected in the training

process, which assigns clearly distinct roles for tasks w and policies 7,.
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In the scenario considered here the transition at time t will be of the form (s, a, @, 1o St ).
Since ¢ allows us to compute the reward of any task w, and since our policies are encoded
by tasks z, data in the format above allows us to learn the value function of any policy 7,
on any task w. To see why this is so, let us define one of the fundamental quantities used in
RL to learn value functions: the temporal-difference (TD) error (Sutton and Barto, 1998).

Given transitions in the form above, the n-step TD error associated with policy 7, on task

w will be
t+n—1
83]’7’, = Z 7’17t7’w(5i7 ai; Sir) + 7" Qs Ta(St4n), Wy 2) — Qlst, ar, w, z)
i=t

t+n—1 T

- Z Y 0 (i, ais i) + 7"V (sthms Gesmr2) — Vs anz) | w = (8)") Tw,
i=t

(6.10)

where a;, = argmax,Q(setn, b,2,2) = argmax, ¥ (se1n, b, z) ' z. As it is well known,
the TD error 85" allows us to learn the value of policy 7, on task w; since here 85" is a
function of z and w only, we can learn about any policy 7, on any task w by just plugging

in the appropriate vectors.

Equation (6.10) highlights some interesting (and subtle) aspects involved in training
a USFA. Since the value function Q(s, a,w, z) can be decoupled into two components,
V (s, a, z) and w, the process of evaluating a policy on a task reduces to learning ¥ (s, a, z)
using the vector-based TD error 85" showing up in (6.10). Since 8." is a function of z
only, the updates to Q(s, a, w, z) will not depend on w. How do the tasks w influence the
training of a USFA, then? If sample transitions are collected by a behaviour policy, as is
usually the case in online RL, a natural choice is to have this policy be induced by a task
w. When this is the case, the training tasks w € M will define the distribution used to
collect sample transitions. Whenever we want to update ¥ (s, a,z) for a different z than
the one used in generating the data, we find ourselves in the off-policy regime (Sutton and

Barto, 1998) and we need to cut traces accordingly, whenever policies disagree.

Assuming that the behaviour policy is induced by the tasks w € B, training a USFA
involves two main decisions: how to sample tasks from B and how to sample policies 7, to
be trained through (6.10) or some variant. As alluded to before, these decisions may have

a big impact on the performance of the resulting USFA, and in particular on the trade-offs
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Algorithm 6.1 Learn USFA with ¢-greedy Q-learning

(B training tasks
D, distributions over R?
Ny number of policies

Require:
1 ns  total number of steps

13 exploration parameter

L a learning rate
1: Selectataskw € M

2: [Begin episode] Set initial states = 5, € S
3: for ns steps do

4: fori<1,2,...,n,do

5 Sample z; ~ D, (-|w) {sample policies, possibly based on current task }
6: if Bernoulli(e)=1 then a <~ Uniform(.A) {exploration}
7 else a < argmax; max; V(s,b,z) "'w{GPI}
8: Execute action a and observe ¢ and s’
9: Sample z; ~ D, (-|w) {sample policies for learning}

10: fori < 1,2,...,n,do

11: Update ¥ based on sampled policies

12: a <« argmax, ¥(s,b,2) "z {d’ = m(s)}

13: 0 < [go + V(s d 7)) — \I/(s,u,zi)] VoV

14: end for

15: end for

16:  s< s

17: end for

18: return 0

involved in the choice of the set of policies C used by the GPI policy (6.8). As a form of
illustration, Algorithm 6.1 shows a possible regime to train a USFA based on particularly

simple strategies to select tasks w € 3 and to sample policies z € R?.

One aspect of Algorithm 6.1 worth calling attention to is the fact that the distribution
D, used to select policies can depend on the current task w. This allows one to focus on
specific regions of the policy space; for example, one can sample policies using a Gaussian
distribution centred around w. This will allow us to provide the functional approximator
with fictitious data-points in the policy space easy to generalise to. At the same time, tasks

thatare close to ware likely to induce similar optimal policies. If that is the case, trajectories
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produced under w would allow for very efficient oft-policy learning for these z.

6.4 EXPERIMENTS

In this section, we describe the experiments conducted to test the proposed architecture in
a multitask setting and assess its ability to generalise to unseen tasks. To illustrate USFAs
capabilities for generalisation we will look at two different sets of MDDPs. The first one is
an example where the structure in M? can be easily exploited by a parametric model like
UVFAs, but where vanilla SF & GPI on the training tasks as presented in last chapter would
not have enough coverage to represent the additional optimal policies present in M?. We
will see that the proposed model can overcome this limitation and leverage the paramet-
ric generalisation in policy space. As a second example, we will revisit the experimental
setup in Section 5.4, where we have already seen that the kind of generalisation that GPI
provides can be very effective. Moreover, we will see that this scenario is actually an exam-
ple where GPI’s ability to recombine policies can substantially outweigh the parametric
generalisation UVFAs can provide, at least for a limited set of training tasks.

We start with a simple illustrative example to provide intuition on the kinds of general-
isation provided by UVFAs and SF& GPI. We also show how in this example USFAs can
effectively leverage both types of generalisation and outperform its precursors. For this,
we will consider the simple two-state MDP depicted in Figure 6.4.1. To motivate the ex-
ample, suppose that state s, of our MDP represents the arrival of a traveller to a new city.
The traveller likes coffee (C) and food (F) and wants to try what the new city has to offer.
In order to model that, we will use features ¢ € R*, with ¢ representing the quality of the
coffee and ¢, representing the quality of the food, both ranging from o to 1. The traveler has
done some research and identified the places that serve the best coffee and the best food;
in our MDP these places are modelled by terminal states associated with actions ‘C’ and ‘F’
whose respective associated rewards are (-, C) = ¢(C) = [1,0] and ¢(F) = [o,1]. As
one can infer from these feature vectors, the best coffee place does not serve food and the
best restaurant does not serve coffee (at least not a very good one). Nevertheless, other
places in town serve both; as before, we will model these places by actions P; associated
with features @ (P;). We assume that ||@(P;)||, = 1and consider N = s alternative places
P; evenly spaced on the preference spectrum. We model how much the traveller wants
coffee and food on a given day by w € R?. If the traveler happens to want only one of

these (i.e. w € {[1,0], [0,1]}), she can simply choose actions ‘C’ or ‘F’ and get a reward
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Figure 6.4.1: Trip MDP: Depiction of MDP.

r = @(-) "'w = 1. Ifinstead, she wants both coffee and food (i.e. if w is not an “one-hot”
vector), it may actually be best to venture out to one of the other places. Unfortunately,
this requires the traveller to spend some time researching the area, which we model by an
action ‘E’ associated with feature ¢(E) = [—¢, —¢]. This models the fact that there is a
small price to pay for choosing to explore. After choosing ‘E’ the traveler lands on state s,
and can now reach any place in town: C, F, P,, ..., Py. Note that, depending on the vector
of preferences w, it may be worth paying the cost of ¢(E) " w to subsequently get a reward
of o(P;) "w (here y = 1). The leftmost plot in Figure 6.4.2 depicts what the optimal final

destinations would be under different preferences w € [o, 1]*.

6.4.1 Trir MDP

In order to assess the transfer ability of UVFAs, SF& GPI and USFAs, we define a train-
ing set B = {10,01} and K = 50 test tasks corresponding to directions in the two-
dimensional w-space: M = {Ww = [cos(%), sin(%)], k = o,1,...,K}. We start by
analysing what SF& GPI would do in this scenario. We focus on training task we = [1, 0],
but an analogous reasoning applies to task wg = [0, 1]. Let z¢ be the optimal policy as-
sociated with task wc. It is easy to see that #(s,) = 7(s,) = C. Thus, under 7¢ it should

be clear that Q% (s,, C) > Q¢ (s,, E) for all test tasks w'. Since the exact same reason-
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Figure 6.4.2: Trip MDP (N = 5): (left) Optimal policies final states. (middle) Final
outcomes under the GPI policy induced by B = {10, 01}. (right) GPl is
suboptimal for most the task space.
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Figure 6.4.3: [Sample run] Performance of the different methods (in this order, starting
with the second subplot): UVFA, SF&GPI on the perfect SFs induced
by B, USFA with C = random(s) and USFA with C = {w'} as compared
to the optimal performance one could get in this MDP (plot above). As
above, the optimal performance and the SF& GPI were computed exactly.

ing applies to task wg if we replace action C with action F, the GPI policy (6.8) computed
over {y”C, ¥ } will be suboptimal for most test tasks in M. This is more generally true
as illustrated in Figure 6.4.2. The middle plot illustrated the final destinations of the GPI
induced policy underw € [o, 1]>. Moreover if we look at the difference between the first
plot and this middle one, we can see that in this case GPI will fail to recover the optimal
policy for most of the w space. Actually it will fail to do so, for all tasks outside the ones for
which the base policies are optimal — as highlighted in the last subplot in the same figure.

Training a UVFA on the same set M, will not be perfect either due to the very limited
number of training tasks. Nonetheless, the smoothness in the approximation allows for a
slightly better generalisation in M. We include a depiction of the performance a trained
UVFA will typically achieve after 100 episodes in Figure B.3.1. By comparing with the

subplot on its right corresponding to the returns under the GPI policy over a perfect set
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Figure 6.4.4: Trip MDP: Zero-shot performance across directions (semi-circle in the

unit square): Optimality gap for = {w/|w’ = [cos(Z),sin(Zk)], k =

o,1,...,K} for K= s0. These results were averaged over 10 runs.

of SFs, we can see that the smoothness assumption allows the functional approximator to
extrapolate a bit better than its SF& GPI counterpart. This is not a perfect interpolation
as the training set is very small, but note that with more tasks the UVFA will refine this
representation further. The same is true for SF&GPI but in a slightly different way. As
in this example, unless we include in B at least one point corresponding to each of the
optimal policies in M? we will not be able to recover the optimal value functions. Thus if
we were to increase N (possible mixed outcomes), we would have to increase the number
of SFs we represent accordingly. On the other hand, due to the structure in our outcomes,
UVFA-s generalisation will be almost independent of our choice N.

Alternatively, we can use Algorithm 6.1 to train a USFA on the training set B. In or-
der to do so we sampled n, = 5 policies z € R* using a uniformly random distribu-
tion D, (-|w) = U([o,1]*) (see line 5 in Algorithm 6.1). When acting on the test tasks
w we considered two choices for the candidates set: C = {w'} andC = {z|z; ~
U(Jo,1]*),i = 1,2,...,5}. In the last two subplots of Figure 6.4.3 we provide an exam-
ple a train USFA and its generalisation performance over the [o, 1]*.

Lastly, we will quantify our generalisation ability by measuring performance on the di-

rection set defined above M. Aggregated results are provided in Figure 6.4.4. As a refer-
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Figure 6.4.5: Trip MDP: Zero-shot performance on the diagonal: Optimality gap for
M = {w|w, =wl,w € [0,1]}. These results were averaged over 10 runs.

ence we report the performance of SF& GPI using the true {{"¢, ¥} — no approxima-
tion. We also show the learning curve of a UVFA. As shown in the figure, USFA clearly
outperforms its precursors and quickly achieves near-optimal performance. This is due to
two factors. First, contrary to vanilla SF&GPI, USFA can discover and exploit the rich
structure in the policy-space, enjoying the same generalisation properties as UVFAs but
now enhanced by the combination of the off-policy and of-task training regime. Second,
the ability to sample a candidate set C that induces some diversity in the policies consid-

ered by GPI overcomes the suboptimality associated with the training SFs ¥”¢ and ¢7".

A particularly adversarial choice of test tasks for the vanilla SF & GPI would be the diag-
onal in the [0, 1]* quadrant depicted in the plot above: M’ = {w/|w/ = w/,w| € [0,1]}.
This is, in a sense, maximally away from the training tasks and both of the precursor mod-
els are bound to struggle in this portion of the space. This intuition was indeed empirically
validated. Empirical results are provided in Figure 6.4.5. As mentioned above, this is an
adversarial evaluation, mainly to point out that, in general, there might be regions of the
space where the generalisation of the previous models can be very bad, but where the com-

bination of them can still recover close to optimal performance.
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Figure 6.4.6: USFA architecture used to the large scale, partially observable experi-
ments in Section 6.4.2.

6.4.2 LARGE-SCALE EXPERIMENTS

Environment and tasks. We used the DeepMind Lab platform to design a 3D environ-
ment consisting of one large room containing four types of objects: T'Vs, balls, hats, and
balloons (Beattie et al,, 2016). This is the same environment used in Chapter 5. A depic-
tion of the environment through the eyes of the agent can be seen in Figure 5.4.1a. The
features @, are indicator functions associated with object types, ie., ¢,(s,a,s') = 1ifand
only if the agent hit an object of type i (say, a TV) on the transition s 5 ¢, Ataskis de-
fined by four real numbers w € R* indicating the rewards attached to each type of object.
Note that these numbers can be negative, in which case the agent has to avoid the corre-
sponding object type. For instance, in task w = [1-100] the agent is interested in objects
of the first type and should avoid objects of the second type, while the other objects are
irrelevant.

Agent architecture. A depiction of the architecture used for the USFA agent is illus-
trated in Figure 6.4.6. The architecture has three main modules: i) A fairly standard input
processing unit composed of three convolution layers and an LSTM followed by a non-

linearity (Schmidhuber, 1996); ii) A policy conditioning module that combines the state
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embedding coming from the first module, s = f(h), and the policy embedding, z, and pro-
duces |.A| outputs corresponding to the SFs of policy 7,, ¥ (s, a, z); and iii) The evaluation
module, which, given a task w and the SFs v (s, a, z), will construct the evaluation of policy
m,onw, Q(s,a,w,z) = V¥(s,a,z) "

Training and baselines. We trained the above architecture end-to-end using a varia-

W.

tion of Alg. 6.1 that uses (Watkins, 1989) Q(2) to apply Q-learning with eligibility traces.
As the distribution D, used in line 5 of Alg. 6.1 we adopted a Gaussian centred at w:
z ~ N (w,o.1I), where I is the identity matrix. We used the canonical vectors of R*
as the training set, B = {1000, 0100, 0010, 0001}. Once an agent was trained on B we
evaluated it on a separate set of unseen tasks, M , using the GPI policy (6.8) over different
sets of policies C. Specifically, we used: C = {w’}, which corresponds to a UVFA with
an architecture specialised to (6.1); C = B, which corresponds to doing GPI on the SFs
of the training policies (similar to (Barreto et al,, 2017)), and C = B U {w'}, which is
a combination of the previous two. We also included as baselines two standard UVFAs
that do not take advantage of the structure (6.1); one of them was trained on-policy and
the other one was trained off-policy (see Appendix B.3.2.2). The evaluation on the test
tasks M was done by “freezing” the agent at different stages of the learning process and
using the GPI policy (6.8) to select actions. To collect and process the data we used an
asynchronous scheme similar to IMPALA (Espeholt et al,, 2018).

6.4.3 RESULTS AND DI1SCUSSION

Figure 6.4.7 shows the results of the agents after being trained on M. One thing that im-
mediately stands out in the figure is the fact that all architectures generalise quite well to
the test tasks. This is a surprisingly good result if we consider the difficulty of the scenario
considered: recall that the agents are solving the test tasks without any learning taking place.
This performance is even more impressive as we note that some test tasks contain negative
rewards, something never experienced by the agents during training. When we look at the
relative performance of the agents, it is clear that USFAs perform considerably better than
the unstructured UVFAs. This is true even for the case where C = {w'}, in which USFAs
essentially reduce to a structured UVFA that was trained by decoupling tasks and policies.
The fact that USFAs outperform UVFAs in the scenario considered here is not particularly
surprising since the former exploit the structure (5.2) while the latter do not. In any case,

it is reassuring to see that our model can indeed exploit such a structure effectively. This
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result also illustrates a particular way of turning prior knowledge about a problem into a

favourable inductive bias in the UVFA architecture.

It is also interesting to see how the different instantiations of USFAs compare against
each other. As shown in Figure 6.4.7, there is a clear advantage in including M to the set
of policies C used in GPI (6.8). This suggests that, in the specific instantiation of this prob-
lem, the type of generalisation provided by SF & GP1 is more effective than that associated
with UVFAs. One result that may seem counter-intuitive at first is the fact that USFAs with
C = B+ {w'} sometimes perform worse than their counterparts using C = B3, especially
on tasks with negative rewards. Here we note two points. First, although including more
tasks to C results in stronger guarantees for the GPI policy, strictly speaking, there are no
guarantees that the resulting policy will perform better (see Barreto et al.’s Theorem 1,
2017). Another explanation that is more likely in the current scenario is that errors in the
approximations ¥(s, a, z) may have a negative impact on the resulting GPI policy (6.8),
for example, if the resulting Q(s, a, w, z) are overestimations of the actual value functions.
On the other hand, comparing USFAs results usingC = B+ {w'} andC = {w'}, we see
that by combining the generalisation of UVFAs and GPI we can boost the performance of

a model that only relies on one of them.

In the above scenario, SF& GPI on the training set 3 seems to provide a more effective
way of generalising, as compared to UVFAs, even when the latter has a structure specialised
to (6.1). Nevertheless, with less conservative choices of D, that provide a greater cover-
age of the z space we expect the structured UVFA (C = {w'}) to generalise better. Note
that this can be done without changing M and is not possible with conventional UVFAs.
One of the strengths of USFAs is exactly that: by disentangling tasks and policies, one
can learn about the latter without ever having to actually try them out in the environment.
We exploit this possibility to repeat our experiments now using D, = N (w, 0.5I). Re-
sults are shown in Figure6.4.8. As expected, the generalisation of the structured UVFA
improves considerably, almost matching that of GPI. This shows that USFAs can oper-
ate in two regimes: i) with limited coverage of the policy space GPI over M will provide
reliable generalisation; ii) with broader coverage of the space structured UVFAs will do

increasingly better.”

%Videos of USFAs in action on the links and
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6.5 CONCLUSION

6.5.1 RELATED WORK

Multitask RL is an important topic that has generated a large body of literature. Solu-
tions to this problem can result in better performance on the training set (Espeholt et al,,
2018), can improve data efficiency (Teh et al, 2017) and enable generalisation to new
tasks. For a comprehensive presentation of the subject please see (Taylor and Stone, 2009)
and (Lazaric, 2012) and references therein.

There exist various techniques that incorporate tasks directly into the definition of the
value function for multitask learning (Kaelbling, 1993; Ashar, 1994; Sutton et al,, 2011).
UVFAs have been used for zero-shot generalisation to combinations of tasks (Mankowitz
etal, 2018; Hermann et al,, 2017), or to learn a set of fictitious goals previously encoun-
tered by the agent (Andrychowicz et al,, 2017).

Many recent multitask methods have been developed for learning subtasks or skills for
a hierarchical controller (Vezhnevets et al., 2017; Andreas et al,, 2017; Oh et al,, 2017). In

this context, (Devin etal,, 2017) and (Heess et al., 2016) proposed reusing and composing
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sub-networks that are shared across tasks and agents in order to achieve generalisation to
unseen configurations. (Finn et al,, 2017) uses meta-learning to acquire skills that can be
fine-tuned effectively. Sequential learning and how to retain previously learned skills has
been the focus of a number of investigations (Kirkpatrick etal,, 2017; Rusuetal,, 2016). All
of these works aim to train an agent (or a sub-module) to generalise across many subtasks.
These can be great use-cases for USFAs.

USFAs use a UVFA to estimate SFs over multiple policies. The main reason to do so
is to apply GPI, which provides a superior zero-shot policy in an unseen task. There have
been previous attempts to combine SFs and neural networks, but none of them used GPI
(Kulkarnietal,, 2016; Zhangetal,, 2017). Recently, (Ma et al,, 2018) have also considered
combining SFs and UVFAs. Although this work is superficially similar to ours, it differs
quite a lot in the details. Specifically, (Ma et al,, 2018) do not consider GPI, and restrict
the use of UVFAs to building a task-dependent set of SFs.

6.5.2 SUMMARY

In this chapter, we presented USFAs, a generalisation of UVFAs through SFs. The combi-
nation of USFAs and GPI results in a powerful model capable of exploiting the same types
of regularity exploited by its precursors: structure in the value function, like UVFAs, and
structure in the problem itself, like SF & GPL. This means that USFAs can not only recover
their precursors but also provide a whole new spectrum of possible models in between
them. We described the choices involved in training a USFA and discussed the trade-offs
associated with each alternative. To make the discussion concrete, we presented a specific
way to train USFAs and put it to the test on a complex domain in which the agent has to nav-
igate in a three-dimensional environment using only images as observations. We showed
how all instantiations of our model are able to generalise to unseen tasks and discussed

how we can emphasise different behaviours with simple changes in the training process.
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Conclusions

In this thesis, we explored the scenario of a learning agent, ’living’ in a persistent envi-
ronment where it needs to figure out how to behave in order to optimise a set of reward
signals. We argue that this is a very natural scenario most intelligent beings are subjected
to. Just to survive, animals need to learn how to navigate their surroundings, find food and
water, build shelters, avoid predators, interact and cooperate with their peers. All of these
behaviours are very intricate and diverse. Moreover, at the micro-scale of individual ac-
tions, all of these correspond to elaborate policies made up of smaller building blocks, like
moving into a certain direction, jumping, swimming, grasping, grabbing or manipulating
objects, etc. Being able to master and compose them is truly a hallmark of intelligence.
The world around us is very complex, probably beyond our abilities to fully compre-
hend or accurately model it. Nevertheless, we are able to meaningfully interact with our
environment, predict outcomes, actively change and modify our surrounding, engage and
explore in a targeted manner. This is because we are able to learn representations of the
world that are sufficient for us to achieve the above feats. And thisisin part what we wanted
to investigate in this work: what kind of representations could support this complex, mul-

titask (or multi-reward for us), multi-policy learning? Of course, we can think about treat-
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ing all of these (RL) problems independently and learning solutions separately for all of
them. Nevertheless, as Rich Caruana mentioned in his thesis, perhaps the common struc-
ture and similarities across these tasks are precisely the reasons behind our ability to learn
them so efficiently, from so little experience, when compared with current state-of-the-art
machine learning systems.

In the first part of this thesis, we looked at agents trying to learn policies optimising
for a fixed set of rewards, given some restrictive number of per task interactions. This is a
common scenario in many practical RL applications, such as designing medical treatments
(Panuccio et al, 2013; Koedinger et al, 2013; Liu et al,, 2018) or optimising educational
curricula (Thomas and Brunskill, 2016). In these settings, the data is very scarce and ex-
pensive to procure, thus combining multiple sources of data, recorded under different be-
haviour policies, trying to optimise for different things is a standard scenario. In the first
part, we investigated learning optimal value functions for a collection of tasks by leverage
all the data collected across tasks.

Our first attempt in doing so was to extend the popular fitted-Q iteration algorithm
to the multitask case and we proposed to build a common representation of the value
functions being learnt (Chapter 3). To make this more concrete, we chose to build this
shared representation using a popular method in linear multitask learning introduced in
(Argyriou et al, 2008). We then showed empirically that the resulting algorithm indeed
led to better performance under restricted budgets and one could achieve positive transfer
between tasks using this method. This is by no means the only choice. In a sense, any mul-
titask regression method that trains a common representation could be swapped in here,
as discussed in Section 3.4.2. One of the benefits of opting for a linear parametrisation
of the value functions was that we could easily inspect the learnt shared representation.
This revealed a very compressed, informative representation that essentially encoded nav-
igation patterns between rooms. This trained representation captures the main features
needed to represent all optimal value function in this class.

In the fourth chapter, we considered the same experimental setting and explored a sim-
ilar idea of jointly learning a shared linear representation for our value functions. In this
chapter, we look at exploring least square methods for (approximate) policy iteration. In
this case, one can observe that the policy evaluation sub-procedure can naturally be cast
as a multitask problem, where we aim to build the evaluation of the n policies under their
corresponding # tasks. This problem can be tackled in various ways. The first one we ex-

plored was a simple least-squares projected policy evaluation method. In this case, for
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linear representation, it turns out that the solution factorises into a dynamics-only model
and a reward-dependent term. Due to this factorisation, under our persistent environ-
ment assumption, we can compute the first term from all of the experience, across tasks.
And we have shown empirically, that there are situations in which this simple transfer via
samples can be very effective. Our second approach to the multitask multi-policy evalua-
tion problem was via Bellman residual minimisation (BRM). In particular, we cast the n
residual minimisation problems as a multitask regression problem and employed the same
method as in Chapter 3 to train a joint representation that would support the multi-policy
evaluations. As discussed in Section 4.6.2, it is important to note that the nature of the
regression problems we ended up solving in these two chapters is quite different, although
at the end of this process they both should result in a common representation that sup-
port optimal value functions. As in the previous experiments, we show that phrasing and
solving the joint problem in this way leads to better performance, under small sample sizes.

In the second part of this thesis, we looked at a different transfer scenario, more in-
line with the way we transfer knowledge to speed-up our learning of new, but related tasks
(Lazaric, 2012). The representations investigated in this second part are successor repre-
sentations, which have been shown to achieve a computationally efficient middle ground,
between model-free and model-based methods (Lehnert and Littman, 2019; Botvinick
and Weinstein, 2014), and to model closely the decision making process for biological
agents, like rats or even humans (Russek et al,, 2017). One of the other benefits of this
representation is that it exploits fully the persistent environment assumption, leveraging
explicitly the shared dynamics. It is also a representation compatible with more power-
ful functional approximation classes, like deep neural nets, which allowed us to draw on
the recent successes in deep RL. This representation enables us to perform a generalised
policy evaluation step within a linear class of reward functions. This ability paired with
generalised policy improvement (GPI), leads to a very natural transfer framework in be-
haviour space (Barreto et al,, 2017).

In Chapter 5, we proceed to extend this framework in two ways. First, we extended the
above setup to deal with reward functions outside the assumed span of a given feature set.
We also show that it is possible to provide guarantees and characterise the quality of the
resulting zero-shot policy, on a new task. Based on this we can clearly see that the quality
of this transfer is based on i) the underlying reward features and how well they will approx-
imate the current reward signal, as well as ii) the applicability of previously learnt policies

to our current task. Thus the problem of specifying these reward dimensions becomes of

167



great importance. Specifically: How could one come up, a priori or build from experience,
a set of features that describe the variability of one’s reward class? This is precisely where
our second contribution lies. Specifically, by looking at the associated approximation from
aslightly different angle, we show that one can replace the features with actual rewards that
the agent has experienced so far. This is without loss of generality and makes it possible
to apply SF& GPI online at scale, bypassing, in a sense, the discovery problem. Neverthe-
less, it is worth noting that other works (Machado et al,, 2017b; Ramesh et al,, 2019; Janz
etal, 2019) have tried to build these features online while training the successor features
(SFs). Although that can be done, we found this setting to be somewhat unstable, as the
optimisation has to chase a constantly moving target. Moreover, small corrections in these
reward features might lead to a large change the corresponding SFs, as these have to inte-
grate in time all these small adjustments in the reward basis. In contrast, our approach to
this problem allows us to train on stationary rewards for each of the task.

In the last chapter, we explored extending this work in a different dimension. In par-
ticular, we assumed we do have the right underlying features to span all rewards an agent
would ever need to perform. This can be the case if these features are given by a user who
would then use them to specify the task in this pre-described language, or we can be in
the latter stages of a long-life learning scenario where the agent has already learnt what
those reward features would be — building these is something we discussed in Chapter s.
In this scenario, we ask the question: how could we learn most effectively in order to gen-
eralise to all task in this class? To do so, we build on work in universal and general value
functions (Schaul et al,, 2015a; Sutton et al, 2011), to obtain a parametric generalisation
in the successor feature space. Unlike previous work, the generalisation problem we are
dealing with is one over multiple policies, but under the same reward signals — these being
the reward features discussed above. This tends to be a simpler and more structured gen-
eralisation problem as it aims to generalise over policy evaluations, in the same MDP. In
the proposed model, USFAs, this parametric generalisation is then paired with the direct
transfer enabled by GP], to essentially get the best of both worlds. The last contribution
here is in the training procedure, where we increase our sample efficiency and potential for
generalisation by using all the experience generated, to train off-policy for a collection of
sampled fictitious tasks. This enables us to train many policies (and corresponding SFs),
by ’pretending to be on these tasks’ without ever having to execute them in the environ-
ment. This agent enjoyed the transfer properties studied in the first part of this thesis, by

training jointly under multiple fictitious tasks, as well as the direct transfer in behaviour
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space enabled by the successor features and GPI. The resulting agent was tested in a com-
plex 3D navigation task where the agent needs to pick up and/or avoid a set of objects. In
the experiments, we have seen that these two kinds of transfer can be very different, yet

complementary to each other.

LIMITATIONS AND FUTURE DIRECTIONS

The material presented in this thesis can naturally be extended in a number of directions.
In the following we will discuss some of these avenues, looking at applicability to different
scenarios, algorithmic extensions and further studies that were left as future work.

In the first part of this thesis, we considered the offline data scenario. This was mo-
tivated mainly by real-world application scenarios, where the cost of generating new ex-
periences by interacting in the real-world can be prohibitively expensive — domains like
medicine, education, robotics. Nevertheless, the proposed methods can be straightfor-
wardly applied to the online settings as hinted in Section 3.3.4. The performance here will
now be intertwined with the exploration policy, that can now take into account the learn-
ing done by the system so far. But this could also allow the system to test its current policies
and actively sample to collect better experiences to validate/invalidate its generalisations.
If data can be gathered under such a learnt policy safely, a system that relies on learning
from both on-policy data and historical data might exhibit the best properties.

In terms of learning methods, in this first part, we chose to concentrate on building a
linear shared representation for our inferred value functions and we present one particu-
lar way of doing so. But of course there are many other ways to approach the multitask
regression problems encountered in Algorithms 3.1, 4.3 and 4.4. Different MDP classes
might benefit from different structural assumptions one might bake into the optimisation
and in principle, any multitask regressor can be swapped in here. Along a similar line, as
seen in the other chapters, maybe a more powerful function approximation could be em-
ployed to learn a shared representation across value functions. One natural candidate here
are deep neural nets. Unfortunately, they tend to require a lot more experience to learn.
Considering the strict constraints on the sample budget we considered here, it is not also
clear how to properly regularise this functional class to induce good generalisation under
limited number of samples. More generally, learning representations in deep RL under a
multitask setting has proven to be challenging (Rusu et al., 2016; Kirkpatrick et al,, 2017;

Teh et al,, 2017) and rarely delivering on the promise of positive transfer. This can stem
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from a few sources. A general issue in multi-task learning is that a balance must be found
between the needs of multiple tasks competing for the limited resources of a single learn-
ing system. This is not particular to RL, but the nonstationary of the RL setting, evenin the
single task, complicates this problem further. Moreover, the usual dependency between
the exploratory policy and the competency of the agent canlead to feedback cycles that can
detrimentally affect the learning (Schaul et al,, 2019). As future work, it would be inter-
esting to look into different functional classes and investigate more closely the interaction
between this choice of the approximations and the RL algorithm.

In the second part of this dissertation, we studied the possibility of transferring knowl-
edge to a new task and investigated the problem of task generalisation in a persistent envi-
ronment. Our way of representing and building knowledge in this part was through suc-
cessor features (SFs). In a nutshell, the transfer to a different task happens through our
ability to reassess a previously learnt behaviour under a new task. This reassessment is
possible zero-shot, through the SFs, within the span of the reward features on which the
SFs were trained. But one can argue that this really embodies a more general and power-
ful principle of transferring knowledge in RL, generalising the inner step of PI. If we can
cheaply perform a general policy evaluation step where we can reassess previously learnt
policies on our current task, this can then be paired with GPI to immediately provide us
with a policy that is guaranteed to be better than any of the evaluated policies. In this view,
one can argue that it worth exploring other ways of enabling such a fast re-evaluation step.

Nevertheless, in general, this step (policy evaluation) tends to be quite expensive, so
we would want to limit the number of re-evaluations one needs to do. This leads us to
a natural question: which policies should one learn and which policies should one use
for this evaluation step? This is a very important, recurring question that remains largely
unanswered. What we have seen so far in our experiments is that this choice can have dras-
tic effects on the performance — Section 5.4 and 6.4. This makes sense, as the collection
of policies we consider here are the basis of the improvement step. Thus we would want
policies that are most informative to improvement. It turns out that this is a combined ef-
fect of how aligned these policies are with the new task and how precise the re-evaluation
would be. This is marvellously exemplified in our last experiment Section 6.4.3 and more
formally justified by Proposition 6.1. One of the advantages of USFAs is that they pro-
vide us with a choice here. We can sample, for every task, which of these points in policy
space we think are likely to result in a better improvement step. And in the few choices we

explored, we can definitely see the trade-off anticipated by Proposition 6.1. This choice
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depends also on the training procedure, in particular, which policies have we learnt about
more in training. Again, for USFA that is a choice, as for each trajectory of experience, we
are going to sample multiple other tasks for which we aim to learn optimal policies. We
explored two options here: learning on tasks close to the one that generated the data (due
to the off-policy updates, these tasks might benefit the most from this experience) and
learning almost uniformly across the set of tasks we aim to generalise to. These are two ex-
tremes that will interact greatly with the decision of which policies to now sample for GP]I,
as the generalisation properties of these two training procedures, will be very different: in
one case we have trained clusters of policies around our behaviours, in the other we have
trained across broader areas of the policy space but maybe with less relevant data. Both of
these sampling mechanisms, in learning and for acting, were explored only for a few initial
design choices and deserve deeper investigations in their properties and their interaction.

Finally, one critical, overarching question worth a lot more investigation is which tasks
should be learnt? This will dictate what are the appropriate learning methods, what are the
appropriate assumptions, what structure can be exploited, what kind of transfer can we en-
able or how safe is the transfer of information (negative transfer, potential for interference,
etc). This becomes particularly relevant in a scenario like the one in Chapter 6 where the
agent can choose which tasks to focus on. This is just an example of a more general prin-
ciple in which our agent could come up with their own tasks in order to build a better
representation of the world, achieve better agency and control, explore in a more struc-
tured way, in the attempt to prepare itself for generalisation problems down the line. Initial
studies on the benefits of auxiliary tasks (Jaderberg et al.,, 2016), self-supervision (Pathak
etal, 2017; Kahn et al,, 2018) and learning general value functions (Sutton et al,, 2011;
Andrychowicz etal,, 2017; Riedmiller et al,, 2018; Borsaetal,, 2019), seem to suggest that

this is a particularly promising way to approach the representation learning problem.
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A.1 BACKGROUND: REINFORCEMENT LEARNING

A.1.1 ProoF FOR GREEDY PoLiCY IMPROVEMENT THEOREM

In this section, we include a proof of the Greedy Policy Improvement theorem, restated
below in Theorem 1.1. As explained in the main text, this is crucial step in many of the
algorithms studied in this work, as well as a precursor the policy improvement step given
by GPI (Theorem 1.2).

Theorem 1.1: Greedy Policy Improvement

Givenan MDP, M = (S, A, P, r,7),apolicy = and its associated action-value Q%,
then if we consider the greedy policy Zgeedy = arg max, Q" (s, a) we have that:

Q=¥ (s,a) > Q"(s,a),Vs € S,a e A

with equality satisfied only when 7 can not be improved any more: = € arg max, Q¥(s, a),

Vs e S,a e A

Proof. We will prove that acting greedy with respect to state-action value functions, leads
to anew Q=¥ (s, a) that improves as each (s, a) pair value. To do that, let us first observe

that:

Q" (s, 71'greedy<5)) = max Q" (s,a) > Q(s, 7(s)) := Eunr[Q (s, a)].

ac A
Thus:

TP Q" (s,a) = r(s,a) + 72P(s/]s, a) Z ﬂg,eedy(sl, d)Q*(s,d)

aeA
= r(s,a)+7y ZP(s/]s, a) max Q(s,d")
> r(s,a) + 7ZP(S/|S, a) Z 7(s,d)Q™ (s, a)
s/ a'cA

> T°Q(s,a) = Q(s,a)

Now we know by the fix point theorem that repeated application of T"¢*# will convergence
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to its unique fixed point Q"¢ ¥, thus we get:

Q@ = lim (T [QF] > fim (T %) (@] > lim (T7)[Q] = @

k—00 k—o0 T k—oo
(A.1)

That is, we are guaranteed not to decrease the state-action value function by acting greed-
ily. Note also that equality is satisfied ifand only if T Q" (s, a) = T™=» Q" (s, a),V(s,a) €
SxA = (T [Q7] = (T")F [Q7] = limy_ o0 (T )* [Q7] = limy_y00 (T7)*[Q7] =
Qeety = Q™ = the two policies are equivalent (in terms of the value function).

Similarly, we can very easily prove that the greedily constructed policy will improve the

state value function at each step:

Vi(s) = Z”(Sv “)Qﬂ(sv a) < maxQ"(s,a) = Qﬂ<5777greedy(5))

- ac A
< Q5 (s, Tgreedy (s)) (proved above Q7% (s, a) > Q*(s,a), Vs, a)
= V7geedy (S) (Vﬂgmd’v (S) = Qle=edy (S y Tgreedy (5)))
O
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A.1.2 TD(2): SKETCH FOR THE DERIVATION OF THE BACKWARD VIEW

In this section we revisit TD learning, in particular TD(1). As a reminder, TD methods
are a combination of Monte Carlo learning and dynamic programming(DP) divide-and-
conquer ideas explored before. Like MC methods, TD methods can learn directly from
sampled experience without a full model of the environment. And similar to DP, TD meth-
ods will update estimates based on partial (learnt) solutions, without having to wait for

the final outcome of an episode.
The simplest version of temporal-difference learning, TD (o), replaces the return G;
with an estimate of it, G+, = Ry, + 7V(St4.), given by the Bellman Expectation Equa-

tion. Consequently the update becomes:

V(SE) = V(Se) + alReps + 7V(Sets) —V(S))) (A2)

Gt:t+1

where we will commonly refer to Gg.¢, = Rey, + 7V(Se,) as the TD target and we can
define the TD error as:

§ = G — V(St) = Repy + 7V(Si4) — V(St)

Something in-between the full history return used by the MC update and the one-step
TD target, is the n-step return:

Geyn = Repy + 7Ren + -+ + 7" "Ry + 7" V(St4n) (A.3)

Note that by setting n = o, we recover TD(0) and if we set n = 00 we recover the Monte
Carlo update in Eq. 2.25. Furthermore, we can think about combining these n-step targets

to get a new target. We define the A-return, G} as alinear combination of the n-step returns:

o0

G% = Z a,Gr.i1n (A4)

n=1
with a, = (1 — 1)1", and where 1 € (0, 1). In this section we are going to look into the
backward view of TD (1) which provides us with an update rule that can be immediately be
applied after seeing just one additional transition, as we did in TD (o). In doing so, we can

dynamically assign credit to the most recently and the most frequently visited states. The
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resulting algorithm was described in Algorithm 2.4 and it relies on re-writing the episode
TD error, G} — V(S;), in terms of the per-step TD errors, §; = Ry, + yV(Si,) — V(S1),
and weighting them accordingly, using eligibility traces. In the following, we provide a

sketch of this result. Let us first look at the episodic TD error:

o0

Git — V(St) = Z anGt:H-n — V(St)
o0
= Z ayn (Gren — V(St)) as Z;’il a, =1 (A.s)

We can now take a closer look at the individual n-step TD errors:

Gtyn — V(S) = R + 7R+ 4+ 7" "Ry + 7" V(Spn) — V(Sy)
= ) 7 TRk 7" V() — V(S)
k=1
- Z (P Repk + 7 V(Sirk) — ¥ V(Sir)) + 7" Repn + 7" V(Seyn) — V(S:)
k=1

n n n—1
- Z 7 Resk + Z Y V(Seyr) — Z 7 V(Sers)
k=1 k=1
n n
- Z yk_lRH'k + Z YkV(St+k Z Y St+k
= k=1

= Z 7 (Repk + 7 V(Seak) — V(Stiks Z P (A.6)

8t+k71

Thus, combining Eq.A.5 and Eq.A.6 we get:

0o n oo k
G vis) =3 a, (z ) s) LY = 30 et

n=t n=o0 k=o k=0 n=o

where the last equality is obtained simplify by re-arranging the terms in the two summa-

tions. Thus:

00 k
G? —V(Sy) = Z <Z an7’k> Stk (A7)

k=o n=o

—————
e+ (St) as defined in Eq. 2.30
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A.2  MULTITASK LEARNING: LEARNING SHARED LINEAR REPRESENTATIONS

In this section, we continue the discussion in Section 3.2.1 and provide more details of
the resulting joint optimisation problem we are attempting to solve at each step of value

iteration in Algorithm 3.2.

To begin, we restate the problem we are trying to address. Our assumption can be ex-
pressed as: Jasmall set of features {y/, }i=, n, such that Vj, Q;(s,a) ~ >, a;¥,(s, a). And
in this section, we restrict our attention to features that are given as a linear combination
of the input feature space @ : S x A — R for each state and action. Thus we assume a
reparametrisation of the problem as follows: there exists a transformation matrix U (d X d
orthogonal matrix) such that the induced feature set y/(s, a) = UT®(s, a) induces a sparse

representation across Qj-s. Thus, in the new representation

Q-f(57 a) ~ Z aji‘//,‘(57 a) = <aja UT(D(Sv a>>7
we would like the vectors a; to be sparse (that is the approximation needs only a few of

these features to represent the desirable value functions) .

Since we want the above representation to be sparse, for each task j, one could try to

solve an optimisation problem of the following type:

q(k) — argmin Z ,CD]. (fj(s, a)7yj(k)> + ||a]||f (AS)

fi= (e, UT0) |

where D; is the data set of experiences (s, a, ', r;) recorded on task j and yj(k) (s,a) =1+
ymabej(k_l) (s',b) = T* Q;i(k_1

superscript (k) the values of quantities at iteration k in the iterative process.

)(s, a) is the one-step target at iteration k. We denote by

Nevertheless, it has been proposed that we can look at such problems jointly, under a

similar sparsity regulariser that also promotes features sharing among tasks. This leads to a
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joint optimisation problem of the form:

(U*,A") = argmin[s(U_,A)—i—l’H(A)] (A.9)

= argmingy | Y  Lp, (<aj,UTq>(s,a)>,y](k>) +AH(A)| (A.10)
j

£(U,A)

where A = [a,,--- ,aj,--- ,a], H(A) = A[|A][;, and by ¢(U, A) we denoted the em-
pirical loss over all tasks. It was shown in (Argyriou et al,, 2008) that A.10 is equivalent to

solving the following convex problem:
(W*,D*) = arginf [¢(W) + ATr(W'D™'W)] st. D > o, Tr(D) <1 (Problem2)

where we denote by ¢(W) the joint empirical loss in Eq. A.8. We refer the reader to the
original work for the proof of this equivalence and further details on general conditions of

these results (Argyriou et al,, 2007, 2008).

More precisely one can show that if (U*, A*) is a solution for Eq. A.10 then W* =
U*A* is an optimal solution for Problem 2 (Theorem 1 in (Argyriou et al,, 2008)). More

over given a fixed W, the optimal D* that minimises the above equation is given by:

D* (W) _ (WWT) :

= W (A.12)

We provide a proof for this last statement, as it will be used in the design of the alternating

minimisation algorithm used to tackle Problem 2.

Proof. (Adapted from (Argyriou et al,, 2008))

Consider the partial optimisation problem:
D* = arginf [¢(W) + ATr(W'D"'W)] st. D > o, Tr(D) <1 (Problem 2b)
which for a fixed W, is equivalent to:
D* = arginf [Tr(W'D'W)] st. D == o, Tr(D) < 1 (A.13)

179



Now, let us consider the corresponding Lagrangian:

L(ay, a,) = [Tr(W'DT'W)] — a, (Tr(D) — 1) + a, (" (D)x — o) (A.14)

and let us compute the derivative with respect to this objective:

—Tr(WD™'W) = |———Tr(W D 'W w 'W)| | =D
ap ) WD T )] [8D—1( )| lap
= [ [ww'] [-D7*]
= —-ww'D™
Thus the derivative of the whole Lagrangian is:
iL(at a,) = -WW'D™>—a -1d+a, - xx’
8D 1y Y2 1 2
Putting this to o, we explore the implications:
. Ifa, # o = xDx! = o,Vx € RY = impossible
« Ifa, # 0= Tr(D) =1
WWID™* = a,-1d = D* = ~WW’ (A.1s)
a,
= Tr(D) = Tr ( = (WWT)i> = —Tr ((WWT)i) —1=d/ =Ty <(WWT)i>
ar ar
1 (wwn)?)
T\ L
éD:T<(WW)z): (A.16)
ar

As prefaced above, we are going to be use the above result as part of an alternating op-

timisation procedure to tackle Problem 2. In particular, we are going to use the fact the

Problem 2 gives rise to a convex problem, in both D and W, when one of these variables is

kept fixed. Thus, the idea of the algorithm is to alternate between solving these two min-

imisation problems. It is worth noting that convergence of this algorithm has been shown
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for the perturbed objective function (Argyriou et al,, 2008):
R¢(W,D) = [e(W) + ATr(W'D™'WT + {Id)] (A.17)

with a small perturbation parameter { > o. Note thatas { — o, R¢(W, D) recovers the
original problem. Although convergence is not guaranteed for { = o, in practice we have
observed convergence, without needing a decaying schedule for {.

Now let us see how we can compute the second step in the proposed alternating opti-
misation. Keeping D fixed, we get another convex problem and we can now solve for W. It
is important to note that the above amounts to a minimisation over w; that can be carried

out independently for each task j as both objectives factorise over tasks:

W* =arg inf Z e(wj) + lZ(Wj,D—le> ) (Problem 2a)
; ,

W=[w,,] ;

More specifically, introducing a change in variable w]{ =DV *wj this yields a standard L,

norm regularisation problem:

w) = arg iur}_f [CDj(<w;,Dl/2<p(s, a)),y;) + 7L<w]/-, w]/> . (Problem 2b)
7

Lastly, note that the same multitask representation learning mechanism was used to
jointly solve the multiple joint optimisation problems proposed for solving in Chapter 4,

as part of Algorithms 4.2- 4.4.
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A.3 TRANSFERABLE REPRESENTATIONS IN POLICY SPACE

A.3.1  GENERALISED PoLricY IMPROVEMENT(GPI) PROOF

For the convenience of the reader we restate GPI theorem below. The result has originally

proven in (Barreto et al,, 2017). Here, we restate the result and adapt the proof.

Theorem 1.2: Generalised Policy Improvement(GPI) (Barreto et al., 2017)

(Generalised Policy Improvement) Let 7,, ,, ..., 7, be n decision policies and let

Q™, Q™, .., Q™ be approximations of their respective action-value functions such

that

|Q%i(s,a) — Q" (s,a)| < ¢ foralls € S,a € A, andi € {1,2,...,n}.

Define

Then,

Qﬁ(57 a) > max Qm (57 a) -

7#(s) € argmaxmax Q™ (s, a).

a

2

1=7

&

foranys € Sandanya € A, where Q” is the action-value function corresponding

to .

Proof. Let Quax(s, a) = max; Q% (s,a),Va € A,s € S. Then, let us look at one applica-

tion of the Bellman expectation operator T for our GPI policy:

T" Quax(s,a) =

v

Y

a/

r(s,a) +7y Z P(s'|s, a) Z 7(d'|s") Quax (s, ')
r(s,a) + 7 Z P(s'[s, a) max Quax(s', a')

r(s,a) +y Z P(s|s,a) max max Q™(s',d')

Sl

r(s,a) + ‘)/ZP(S/|S, a) max Ti(s',a") — ye, Vi
7’(5, a) + YZP(SI|5a a)Qm(Slv 771'(5/)) - 7£7Vi
T"Q"(s,a) — ye = Q" (s,a) — ye, Vi
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If this true for all i, then: T7Qpux(s, @) > max; Q% (s, a) — ve > max; Q% (s,a) — & — ye.

And thus, by the monotonicity and contraction of the Bellman expectation operator, we

have:

A.3.2 GPI As A STRICTLY IMPROVING STEP

In addition, the below result shows that GP1 is indeed a valid, potentially better, improve-

ment step that can be used in a policy iteration like procedure.

Lemma 1. Let IT be a collection of policies and let Q' be the action-value functions on task r.

Then the GPI policy n(s) € argmax, max; Q™ (s, a) is a strict improvement over every policy

7; € I, unless I1 already contains the optimal policy.

Proof. Let Quuax(s,a) = max; Q™ (s,a),Va € A,s € S. Then, let us look at one applica-

tion of the Bellman expectation operator T” for our GPI policy:

T"Quax(s,a) = r(s,a) +7 Z P(s|s,a) Z 7(ad]) Quax(s'sd’)  (A24)

= r(s,a) +7 ) P(s]s, a) max Qunls', )

= r(s,a)+7 Y _P(|s,a) maxmax Q”(s', a')

s/

r(s,a) + 7 Z P(s|s,a) max Q™ (s a)

/

v

s

v

r(s,a) +7 ) P ls, a) (<, mils)))

S/

= Q" (s,a),Vi

(A2s)
(A.26)
(A27)
(A.28)
(A.29)

O]

Thus we have that T" Q4 > Q™, Vi. Note that this implies 7" Qyuax > Quax, which,
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due to the monotonicity of T, leads to:
Q" < Quar < lim (T7)* Quax = Q. Vi (A.30)
k—ro0

Now, let us investigate what are the conditions under which the above equalities hold.
Firstly, we need that Q,,,;, = Q, which, but the definition of Q. can only happen if
one policy in IT dominates all others on this task. In this case, the GPI improvement step
reduces itself to a greedy improvement step over this dominating policy 7;+. And we know
that this greedy step will result in a strict improvement, unless the starting policy 7+ is al-
ready optimal. What the above really says is that enforcing the second part of the equality,
equates to Quax = (T7)*Quuax = Q7 = (T7wet )kQ7* Wk = Q™ = Q7s=ir, where
Tgreedy = argmax, Q™ (s, a). This can only happen if Q”i* = Q" in which case the GPI
policy is, as well, optimal as Q" = Q”i* = Q*.

A.3.3 USFA GENERALISATION

In this section, we include the proof for Proposition 6.1, characterising the zero-shot gen-
eralisation properties of universal successor features approximators, USFAs (Chapter 6).

For convenience, we begin by re-stating this result.

Proposition 1.1

Letw € M’ and let Q7, be the action-value function of executing policy 7 on
task w'. Given approximations {Q:rv’, = \I/(s, a,z) Tw }zec, let 7 be the GPI policy
defined in 6.8. Then,

* 2 : 1,
1Q = Qe < —— [ minyec | [l@lloo W' —zl] | + max | W]l 4™ — ¥(s,a,2) ]
1—7 —— 2€C
Sd(z) 8,,(1)
(A31)

where Q7 is the optimal value of task w/, ¥/ are the SFs corresponding to the op-

timal policy for task z.

Proof. We first begin by proving an intermediate result, which bounds the distance be-
tween two action value functions evaluating the same policy, under different reward sig-

nalsr; © S X A — R and respectively r; : S X A — IR, under the same MDP class
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M = (S, A,P,.,y). Note this result holds for any policy 7 and the whole family of
MDPs M without any additional assumptions about the structure of the reward signals

themselves.

Lemma 2. Let§; = max;, ‘ri(s, a) — (s, a)l and let 7 be an arbitrary policy. Then,

Proof. Define A;j = max; 4 Q] (s, a) — Qf (s, a)|. Then,

Q7 (s,0) = Q(s,a)| =

S/

rls,a) + 7Y _P(<ls ) Qs 7(s) —rils,a) =7 Y P/l a) QS 7f(S'))‘

ri(s,a) —ri(s,a) + 7ZP(s/|s, a) (Ql’.’(.s/7 7(s')) — Q;.T(s,, 71'(5/))> |

< [rls,0) = s, )| +7 Y P65 @) [ 7() — QS m(5)

< & + Ay (A32)

Since (A.32) is valid for any s,a € S X A, we have shown that A;; < §;; + yA;;. Solving
for A;; we get

* .

Proof. To simplify the notation, let Qi(s,a) = Q" (s, a). Note that |Qi(s, a) — Q;(s, a)|is
the difference between the value functions of two MDPs with the same transition function
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but potentially different rewards. Let A;; = max; 4 |Q}(s, a) — Q/,:(s7 a)|. Then,

|Q§(S7 a) - Q§(5>a)| =

ri(s, a) +7ZP(sl|s,a) mha.xQﬁ(s/ —ri(s,a) 7ZP (s'|s,a ma.xq

ri(s,a) — ri(s, a +7ZP ‘|5, a) (maxQ maxq >‘

§|rl(sa sa|+7/ZP 'Is,a)

maxQ maxQ; ‘

<

— i — O
ri(s,a) — 1 s,a)‘—&—yZPﬂs,a mfx‘Q(s,b) Q;(s,b)’
< 8 + Ay (A:33)

Since (A.33) is valid for any s, a € S X A, we have shown that Ay < 8 + yAy. Solving
for A;; we get

Knowing this, we can now return to the original inequality we aimed to prove. Let 7,
be an optimal value function for task w'. And as a reminder we denoted by 7 the GPI policy
induced by a set of approximations {Q’;’, = V(s,a,2) "W },ec for aset of policies/tasks,
C. This policy x will, of course, depend on the choice of the set C, but in order to simplify
notation in this proof, we will omit indexing this dependency. From Theorem 5.1 we know

that, forany z € C, we have

Q:V‘;’ (s,a) = QL /(s,a) < wa (s,a) — Qw (sya) + _27/5(3 (Theorem 5.1)

(A34)
where e¢ = maxec |Q™(s,a) — Q(s,a,2)|| = maxyec ||Q(s,a) — V(s,a,2) W]
This leads to:

QY (s a) ~ Qulsia) < QY ()~ QF(s,0) + @ (5,0) — Qi (5,0) + ——ec
< 1Q(s.0) — Qs 0)] + Q7 (s.0) = Qs ) + —
(A3s)
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Now, let us break-down each of these terms. Firstly, from Lemma 3, we know that

max; q |rw (s,@) = ra(s, @) _ [[W —zl| - [[@lloo

1=7 =7

Qu(sa) = Q| <
Similarly, from Lemma 2, we know that

max; 4 |rw’(s7 a) - rz(sv a)‘ _ ||“# - ZH i ”‘PHOO

1=7 1=7

Q% (s.a) — Qi (s,a)| <

Plugging the above two equations into Eq, A.3 5, we obtain:

o w —zl -
Q:z‘/” (s,a) — QL (s,a) < 2| z[| - llelloo L2 (A36)
1— ‘}/ 1— ,}/
which holds for allz € C. Thus, we obtain:
*/ w/ B '
QY (5,0) = Q(s,0) < mingec (2” d| Hq>||oo> .
1=7 1—7
1=
2 ~
5 mansce (I¥7(5,0)™W — ¥(5,0,2)"W)
O
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Appendix: Additional Experimental Details
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B.1 MurtiTask FQI: ADDITIONAL RESULTS

In this section, we include some of the experimental results studied in Chapter 3. These
correspond to similar experiments done for the second MDP introduced in Section 3.3.
These were omitted in the exposition of that chapter due to the fact that the results are
very similar to the ones included in the main text. As a illustration, in Figure B.1.1, we dis-
play the common features learnt via the join optimisation problem. Similar to the MDP
analysed in the main text, one can see the trained representation is very compact and in-
formative for modelling the optimal value function. The same structure appear: the most
prominent feature encodes the structure if the environment, while the next 2+ features
encode navigation pattern within the rooms), or area separated by doors (or bottleneck
states). For instance, the second most informative feature encodes navigation from the
right-hand side of the environment to the left-most part of the environment and vice-versa
(due to change in sign). We also include the weights associated with these features in the
trained value functions considered. These can be found in Figure B.1.2. If we now concen-
trate our attention to the second row of this illustration, we can simply read off the location
of the goals associated with each of the training task considered: dark red values, indicat-
ing positive values for weights a,, correspond to goals in the left-most room; yellow values,
indicating negative values for a,, correspond to goals in right most room and for particular

strong activations this would indicate locations in the bottom-right area.
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Figure B.1.1: Learnt shared features via joint multi-task learning. Feature maps are
presented row-wise. Each of the first four columns corresponds to the
value of the feature for each state in the grid, with respect to the four
actions available. Thus row i depicts: ¢,(s, =), ¢,(s, 1), ¢,(s, <), 9,(s, 1)
and the fifth column is just a max over these features max,(¢(s,a)). This
helps visualise the potential local policies encoded in these features.

Feature ID

° EES
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B

Figure B.1.2: Weight vectors a;, highlighting the importance of each features for a
given task j. To be read: column-wise = task-wise ;. Strong activation:
blue(negative activation), strong red(positive activation), yellow values
(negative activation).
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B.2  SuccCEeSSOR FEATURES AT SCALE AND LEARNING ON A NEw TASK: EXPER-

IMENTAL DETAILS AND ADDITIONAL RESULTS

In this section we give some further details about the experiments presented in Section 5.4
in the main text, as well as additional results on all tasks studied whenever only a small

selection could be presented in the main chapter.

B.2.1 AGENTS'S ARCHITECTURE

The CNN used in Figure 5.4.2 is identical to that used by (Mnih et al,, 2015) DQN. The
CNN outputs a 256-dimensional vector that serves as the LSTM state. As shown in Fig-
ure 5.4.2, the LSTM also receives the previous action of the agent as an input. The output
of the LSTM is a vector of dimension 256, which in the main text we call the state signal
5. The vector § is the input of the D + 1 MLPs used to compute ¢ and ¥"'. These MLPs
have 100 tanh hidden units and an output of dimension D X |.A|—that is, for each action
a € A the MLP outputs a D-dimensional vector representing either ¢ or one of the ¥
These D-dimensional vectors are then multiplied by w, leading to a (D +1) x |.A] output

representing 7 and Q™.

B.2.2 AGENTS’S TRAINING

The losses shown in lines 10 and 15 of Algorithm 5.1 and in lines 7 and 10 of Algorithm 5.2
were minimised using the RMSProp method, a variation of the well-known back-propagation
algorithm. As parameters of RMSProp we adopted a fixed decay rate of 0.99 and ¢ = o.01.
For all algorithms we tried at least two values for the learning rate: 0.01and o.o01. For the
baselines “DQ(2) fine tuning” and “DQ(A) from scratch” we also tried a learning rate of
0.005. The results shown in the main text are those associated with the best final perfor-
mance of each algorithm.

As mentioned in the main text, the agents’s training was carried out using the IMPALA
architecture (Espeholt etal, 2018). In IMPALA the agent is conceptually divided in two
groups: “actors’, which interact with the environment in parallel collecting trajectories
and adding them to a queue, and a “learner”, which pulls trajectories from the queue and
uses them to apply the updates. On the learner side, we adopted a simplified version of
IMPALA that uses Q(2) as the RL algorithm (i.e., no parametric representation of policies

nor off-policy corrections). For the distributed collection of data we used 50 actors per
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task. Each actor gathered trajectories of length 20 that were then added to the common
queue. The collection of data followed an ¢-greedy policy with a decaying ¢. Specifically,
the value of ¢ started at 0.5 and decayed linearly to 0.05 in 108 steps. The results shown
in the main text correspond to the performance of the the e-greedy policy (that is, they
include exploratory actions of the agents).

For the results with SF& GPI-continual, in addition to the loss induced by equation (5.4),
minimised in line 15 of Algorithm 5.1, we also used a standard Q(2) loss—that is, the gra-
dients associated with both losses were combined through a weighted sum and then used
to update 0. The weights for the standard Q(A) loss and the loss computed in line 14 of
Algorithm 5.1 were 1and o.1, respectively. Using the standard Q(2) loss seems to stabilise

™. in this case (5.4) can be seen as a constraint for the standard RL

the learning of v
optimisation. Obviously, if we want to add %" to ¥, we have to make sure that the SF
semantics are preserved—that is, the combined updates are indeed trying to satisfy (5.4).
We confirmed this fact by monitoring the loss computed in line 14 of Algorithm s.1.fig-
ure B.2.1 shows the average of this loss computed over 10 runs of SF& GPI-continual on
all test tasks; as shown in the figure, the loss is indeed minimised, which implies that the

resulting %" are valid SFs that can be safely added to Y.

0.25

Psi loss

0 20 40 60 80 100
Environment step (millions)

Figure B.2.1: Loss in the approximation of ™" (line 14 of Algorithm 5.1). Shaded
region represents one standard deviation over 10 runs on all test tasks.

B.2.3 ENVIRONMENT

The room used in the environment and illustrated in Figure 5.4.1a was of size 13 X 13 (Beat-

tie et al, 2016). The observations o; were an 84 X 84 image with pixels re-scaled to the
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interval [o0,1]. The action space .4 contains 8 actions: move forward, move backwards,
strafe left, strafe right, look left, look right, look left and move forward, and look right and
move forward. Each action was repeated for 4 frames, that is, the agent was allowed to

choose an action at every 4 observations.

B.2.4 AbpDITIONAL RESULTS

In our experiments we defined a set of 9 test tasks in order to cover reasonably well three
qualitatively distinct combinations of rewards: only positive rewards, only negative re-
wards, and mixed rewards. Figure B.2.2 shows the results of SF& GPI-transfer and the
baselines on the test tasks that could not be included in the main text due to the space
limit.

As discussed in the main text, ideally our agent should rely on the GPI policy when use-
ful but also be able to learn and use a specialised policy otherwise. Figures B.2.3, B.2.4 and
B.2.5 show that this is possible with SF& GPI-continual. Looking at Figure B.2.3 we see
that when the test task only has positive rewards the performances of SF & GPI-transfer
and SF& GPI-continual are virtually the same. This makes sense, since in this case alter-
nating between the policies 7; learned on M should lead to good performance. Although
initially the specialised policy 75 does get selected by GPI a few times, eventually the
policies 7; largely dominate. The figure also corroborates the hypothesis that GPI is in
general not computing a trivial policy, since even after settling on the policies 7; it keeps
alternating between them.

Interestingly, when we look at the test tasks with negative rewards this pattern is no
longer observed. As shown in Figures B.2.4 and B.2.s, in this case SF & GPI-continual
eventually outperforms SF & GPI-transfer—which is not surprising. Looking at the fre-
quency at which policies are selected by GPI, we observe the opposite trend as before:
now the policy 7. steadily becomes the preferred one. The fact that a specialised policy
is learned and eventually dominates is reassuring, as it indicates that 7., will contribute

to the repository of skills available to the agent when added to ¥.
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Figure B.2.2: Average reward per episode on test tasks not shown in the main text.
The x axes have different scales because the amount of reward available
changes across tasks. Shaded regions are one standard deviation over 10
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Figure B.2.3: Top figures: Comparison between SF& GPI-transfer and SF& GPI-
continual. Shaded regions are one standard deviation over 10 runs. All
the runs of SF& GPI-transfer and SF& GPI-continual used the same ba-
sis ¥. Bottom figures: Coloured bar segments represent the frequency
at which the policies x; were selected by GPI in one run of SF&GPI-
continual, with each colour associated with a specific policy. The policy
Test SPecialised to the task is represented in light yellow.
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Figure B.2.4: Top figures: Comparison between SF& GPI-transfer and SF& GPI-
continual. Shaded regions are one standard deviation over 10 runs. All
the runs of SF& GPI-transfer and SF& GPI-continual used the same ba-
sis ¥. Bottom figures: Coloured bar segments represent the frequency
at which the policies 7; were selected by GPI in one run of SF&GPI-
continual, with each colour associated with a specific policy. The policy
Test SPeCialised to the task is represented in light yellow.
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Figure B.2.5: Top figures: Comparison between SF& GPI-transfer and SF& GPI-
continual. Shaded regions are one standard deviation over 10 runs. All
the runs of SF& GPI-transfer and SF& GPI-continual used the same ba-
sis ¥. Bottom figures: Coloured bar segments represent the frequency
at which the policies 7; were selected by GPI in one run of SF&GPI-
continual, with each colour associated with a specific policy. The policy
Test SPeCialised to the task is represented in light yellow.
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B.3 USFAs: EXPERIMENTAL DETAILS AND ADDITIONAL RESULTS

In this section, we give some further details regarding the experiments presented in Sec-
tion 6.4 in the main text, as well as additional results and studies conducted that were omit-

ted in the main body of the above experimental section.

B.3.1  ILLUSTRATIVE ExAMPLE: TRIP MDP

In this subsection we provide some additional analysis and results omitted from the main
text. Asareminder, thisis a two state MDDP, where the first state is aroot state, the transition
froms, — s, comesata cost ryy(s,, E) = ¢(s,, E)T'w = —e&(w, +w,) and all other actions
lead to a final positive reward corresponding to how much the resulting state/restaurant
alligns with our preferences (our task) right now. For convenience, we provide below the

depiction of the Trip MDP introduced in Section 4.1.

Si E S:
i i Explored
Arrived in E
new city =€ neighborhood
=€

1 0 .8

0 1 .6
In the experiments run we considered a fixed set of training tasks M = {o1, 10} for
all methods. The set of outcomes from the exploratory state s, is defined as ¢(s,,a) =
[cos(B), sin(0)] for 0 € {kxw/2N}i—, n. Note that this includes the binary states fork = o
and respectively k = N. We ran this MDP with N = 6, and ¢ = 0.0s. Thus outside the
binary outcomes, the agent can select N — 1 = 5 other mixed outcomes and, as argued in

the main text, under these conditions there will be a selection of the w-space in which each

of these outcomes will be optimal. Thus the space of optimal policies, we hope to recover,
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Figure B.3.1: [Sample run] Performance of the different methods (in this order, start-
ing with the second subplot): UVFA, SF&GPlon the perfect SFs induced
by M, USFA with C = random(s) and USFA with C = {w’} as com-
pared to the optimal performance one could get in this MDP (first plot).
These correspond to one sample run, where we trained the UVFA and
USFA for 1000 episodes. The optimal performance and the SF& GPlwere
computed exactly.

is generally N + 1. Nevertheless, there is a lot of structure in this space, that the functional

approximators can uncover and employ in their generalisation.

B.3.1.1  ADDITIONAL RESULTS

In the main text, we reported the zero-shot aggregated performance over all direction M’ =
{Ww = [cos(;%) , sin( Z—I’é)] ,k € Zx}. Thisshould cover most of the space of tasks/trade-
offs we would be interest in. In this section we include the generalisation for other sets
M. First in Figure B.3.1 we depict the performance of the algorithms considered across
the whole w’ space M’ = |o, 1]*. Figure B.3.2 is just a different visualization of the pre-
vious plot, where we focus on how far these algorithms are from recovering the optimal
performance. This also shows the subtle effect mentioned in the discussion in the main

text, induced by the choice of C in the USFA evaluation.

B.3.2 LARGE SCALE EXPERIMENTS: DETAILS
B.3.2.1 AGENT’S ARCHITECTURE

This section contains a detailed description of the USFA agent used in our experimental
section. As a reminder, we include the agent’s architecture below (Figure 6.4.6 in the main

text). As highlighted in Section 6.4.2, our agent comprises of three main modules:
« Inputprocessingmodule: computes a state representation f( h;) from observation
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Figure B.3.2: [Sample run] Optimality gap over the whole task space. These corre-

spond to the same sample run as above, where we trained the UVFA
and USFA for 1000 episodes. We can now see more clearly that USFAs
manage to recover better policies and optimality across a much greater
portion of the task space. The last two plots correspond to the same
USFA just using different choices of the candidate set C. Something to
note here is that by having a more diverse choice in C, we can recover an
optimal policy even in areas of the space where our approximation has
not yet optimally generalised (like the upper-left corner in the w-space in
the figures above).

o¢. This module is made up of three convolutional layers (structure identical to the
oneusedin (Mnihetal,2015)), the output of which then serves asinput toa LSTM
(256). This LSTM takes as input the previously executed action a;_,. The output of
the LSTM is passed through a non-linearity f (chosen here to be a ReLu) to produce

avector of 128 units, f(h;).

Policy conditioning module: compute the SFs ¥ (s, a, z), given a (sampled) pol-
icy embedding z and the state representation f(h;). This module first produces n,
number of z ~ D, samples (n, = 30 in our experiments). Each of these is then
transformed via a 2-layer MLP(32,32) to produce a vector of size 32, for each sam-
ple z. This vector g(z) gets concatenated with the state representation f(;) and the
resulting vector is further processed by a 2-layer MLP that produces a tensor of di-
mensions d X | A| for each z, where d = dim(9). These correspond to SFs ¥(s, a, z)
for policy 7,. Note that this computation can be done quite efficiently by reusing
the state embedding f(h;), doing the downstream computation in parallel for each

policy embedding z.

Task evaluation module: computes the value function Q(s, a,z, w) = ¥(s, a,z)Tw
for a given task description w. This module does not have any parameters as the

value functions are simply composable from Vs, a, z) and the task description w
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Figure B.3.3: USFA architecture

via assumption (1). This module with output n, value functions that will be used

to produce a behavior via GPL

An important decision in this design was how and where to introduce the conditioning
on the policy. In all experiments shown here the conditioning was done simply by concate-
nating the two embeddings w and z, although stronger conditioning via an inner product
was tried yielding similar performance. The "where’ on the other hand is much more im-
portant. As the conditioning on the policy happens quite late in the network, most of the
processing (up to f(h;)) can be done only once, and we can sample multiple z and com-
pute the corresponding %™ at a fairly low computational cost. As mentioned above, these
will be combined with the task vector w to produce the candidate action value functions
for GPI Note that this helps both in training and in acting, as otherwise the unroll of the
LSTM would be policy conditioned, making the computation of the SFs and the oft-policy
n-step learning quite expensive.

UVFA baseline agents have a similar architecture, but now the task description wis fed

in as an input to the network. The conditioning on the task of UVFAs is done in a similar
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fashion as we did the conditioning on the policies in USFAs, to make the computational
power and capacity comparable. The input processing module is the same and now down-
stream, instead of conditioning on the policy embedding z, we condition on task descrip-
tion w. This conditioning if followed by a 2-layer MLP that computes the value functions

Q*(s, a, w), which induces the greedy policy V) = arg max, Q* (s, a, w).

B.3.2.2 AGENT’S TRAINING

The agents’ training was carried out using the IMPALA architecture (Espeholtetal,,2018).
On the learner side, we adopted a simplified version of IMPALA that uses Q(A) as the RL
algorithm. In our experiments, for all agents we used A = 0.9. Depending on the sampling
distribution D,, in learning we will often be off-policy. That is, most of the time, we are go-
ing to learn about a policy 7, and update its corresponding SFs approximations ¥ (s, 4, z, ),
using data generated by acting in the environment according to some other policy 7,,. In
order to account for this off-policiness, whenever computing the n-step return required in
Eq. 6.10, we are going to cut traces whenever the policies start to disagree and bootstrap

from this step on (Sutton and Barto, 1998):

1+ yder—,(s,a), ifs=s,a=asn(s)=a
et(s,a) = < o, if (s) # a (policies disagree) (B.1)
yler— (s, a), otherwise

Here we can see how the data distribution induce by the choice of training tasks M can
influence the training process. If the data distribution D, is very close to the set M, as in
our first experiment, most of the policies we are going to sample will be close to the policies
that generated the data. This means that we might be able to make use oflonger trajectories
in this data, as the policies will rarely disagree. On the other hand, by staying close to
the training tasks, we might hurt our ability to generalise in the policy space, as our first
experiment suggest (see Figure 6.4.7). By having a broader distribution D, = N (w, 0.5I),
we can learn about more diverse policies in this space, but we will also increase our oft-
policiness. We can see from Figure 6.4.8, that our algorithm can successfully learn and
operate in both of these regimes.

For the distributed collection of data we used 50 actors per task. Each actor gathered
trajectories of length 32 that were then added to the common queue. The collection of

data followed an ¢-greedy policy with a fixed ¢ = o.1. The training curves shown in the
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main text correspond to the performance of the the -greedy policy (that is, they include

exploratory actions of the agents).

B.3.2.3 AGENT’S EVALUATION

All agents were evaluated in the same fashion. During the training process, periodically
(every 20M frames) we will evaluate the agents performance on a test of held out test
tasks. We take these intermediate snapshots of our agents and 'freeze’ their parameters
to assess zero-shot generalisation. Once a test task w’ is provided, the agent interacts with
the environment for 20 episodes, one minute each and the average (undiscounted) re-
ward is recorded. These produce the evaluation curves in Figure 6.4.7. Evaluations are
done with a small ¢ = 0.001, following a GPI policy with different instantiations of C. For
the pure UVFA agents, the evaluation is similar: ¢-greedy on the produced value functions

*(s, a, w), with the same evaluation ¢ = o.001.
b ) )

B.3.3 ADDITIONAL RESULTS

In our experiments we defined a set of easy test tasks (close to M) and a set of harder tasks,

in order to cover reasonably well a few distinct scenarios:
« Testing generalisation to tasks very similar to the training set, e.g. W' = [0, 0.9, 0, 0.1];

« Testing generalisation to harder tasks with different reward profiles: only positive

rewards, only negative rewards, and mixed rewards.

In the main text, we included only a selection of these for illustrative purposes. Here we

present the full results.

B.3.3.1 CANONICAL BASIS: ZERO-SHOT GENERALISATION

This section contains the complete results of the first experiment conducted. As a re-
minder, in this experiment we were traininga USFA agent on M = {1000, 0100, 0010, 0001},
with D, = N (w, 0.1I) and compare its performance with two conventional UVFA agents
(one trained on-policy and the other one using all the data generated to learn off-policy)
on a range of unseen test tasks. Complete set of result is included below, as follows: Fig-
ure B.3.4 includes results on easy tasks, close to the tasks contained in the training set M

(generalisation to those should be fairly straightforward) ; Figure B.3.5 and Figure B.3.6
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present results on more challenging tasks, quite far away from the training set, testing out

agents ability to generate to the whole 4D hypercube.
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(b) Task 0.,0.7,0.2,0.1

35 Task 00.70.20.1

30
25
20
15

10

0.0 0.2 0.4 0.6 0.8 1.0
Environment frame le9

(d) Task 0.,0.,-0.1,1.

a5 Task 00-0.11
40
35 *
30
25
20
15
10
5
0
0.0 0.2 0.4 0.6 0.8 1.0
Environment frame le9

+— USFA (GPl over C = {w'})

USFA (GPloverC=M + {w'})

Figure B.3.4: Zero-shot performance on the easy evaluation set: Average re-
ward per episode on test tasks not shown in the main text. This is
comparing a USFA agent trained on the canonical training set M =
{1000, 0100, 0010, 0001}, With D, = N(w, 0.1I) and the two UVFA agents:
one trained on-policy, one employing off-policy.
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Figure B.3.5: Zero-shot performance on harder tasks: Average reward per episode
on test tasks not shown in the main text. This is comparing a USFA
agent trained on the canonical training set M = {1000, 0100, 0010, 0001},
with D, = A (w,0.1) and the two UVFA agents: one trained on-policy,
one employing off-policy. (Part 1)
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Figure B.3.6: Zero-shot performance on harder tasks: Average reward per episode
on test tasks not shown in the main text. This is comparing a USFA
agent trained on the canonical training set M = {1000, 0100, 0010, 0001},
with D, = A (w,0.1) and the two UVFA agents: one trained on-policy,
one employing off-policy. (Part 2)
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B.3.4 CanonicaL Basis: USFAs IN DIFFERENT TRAINING REGIMES.

In this section, we include the omitted results from our second experiment. As a reminder,

in this experiment we were training two USFA agents on the same set of canonical tasks,

but employing different distributions D,, one will low variance ¢ = o.1, focusing in learn-

ing policies around the training set M, and another one with larger variance ¢ = o.s, that

will try to learn about a lot more policies away from the training set, thus potentially fa-

cilitating the generalisation provided by the UVFA component. Results are displayed in

Figures B.3.7-B.3.8 on all tasks in the hard evaluation set.
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Figure B.3.7: Different D, — Zero-shot performance on harder tasks: Average re-
ward per episode on test tasks not shown in the main text. This is com-
paring the generalisations of two USFA agent trained on the canonical
training set M = {1000, 0100, 0010, 0001}, with D, = N(w,0.1I), and

D, = N(w,o.5I). (Part 1)
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Figure B.3.8: Different D, — Zero-shot performance on harder tasks: Average
reward per episode on test tasks not shown in the main text. This is
comparing a USFA agent trained on the canonical training set M =
{1000, 0100, 0010, 0001}, with D, = N (w, 0.1I), and D, = N (w,o.5I). (Part
2)

B.3.4.1 LARGER COLLECTION OF TRAINING TASKS

We also trained our USFA agent on a larger set of training tasks that include the previous
canonical tasks, as well as four other tasks that contain both positive and negative reward
M = {1000, 0100, 0010, 0001, 1-100, 01-10, 001-1, -1000 }. Thus we expect this agent
to generalises better as a result of its training. A selection of these results and sample per-

formance in training are included in Figure B.3.9.

209



O17T

task_vector_str = 1000

task_vector_str = 1100

task_vector_str = 0111 task_vector_str = 1111

45 80 70 90
40 60
35
g 30 50
2
EI 25 40
)
20
§ 15 *
s 20
10
5 10
0 0
4~ USFA (GPl over C = M + {w_test})
5 task_vector_str = -11-10 50 task_vector_str = -11-11 20 task_vector_str = -1100 60 task_vector_str = -1101 —&— USFA (GPI over C = M)
—#— USFA (GPl over C = {w_test})
30 50
B 25
2 2 20
2
o 15 30
2 10
a
2 20
o 5
0 10
=5 0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 00 0.2 0.4 0.6 0.8 1.0 00 0.2 0.4 0.6 0.8 1.0
environment_frame le9 environment_frame le9 environment_frame le9 environment_frame le9

Figure B.3.9: Large M.

Learning curves for training task [1000] € M and generalisation performance on a sample of test tasks

w € M’ after training on all the tasks M. This is a selection of the hard evaluation tasks. Results are average over 10
training runs.
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