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Abstract

Sample efficiency and risk-awareness are central to the development of practical
reinforcement learning (RL) for complex decision-making. The former can be
addressed by transfer learning and the latter by optimizing some utility function of
the return. However, the problem of transferring skills in a risk-aware manner is not
well-understood. In this paper, we address the problem of risk-aware policy transfer
between tasks in a common domain that differ only in their reward functions, in
which risk is measured by the variance of reward streams. Our approach begins
by extending the idea of generalized policy improvement to maximize entropic
utilities, thus extending policy improvement via dynamic programming to sets of
policies and levels of risk-aversion. Next, we extend the idea of successor features
(SF), a value function representation that decouples the environment dynamics
from the rewards, to capture the variance of returns. Our resulting risk-aware
successor features (RaSF) integrate seamlessly within the RL framework, inherit
the superior task generalization ability of SFs, and incorporate risk-awareness into
the decision-making. Experiments on a discrete navigation domain and control of
a simulated robotic arm demonstrate the ability of RaSFs to outperform alternative
methods including SFs, when taking the risk of the learned policies into account.

1 Introduction

Reinforcement learning (RL) is a general framework for solving sequential decision-making problems,
in which an agent interacts with an environment and receives continuous feedback in the form of
rewards. However, many classical algorithms in RL do not explicitly address the need for safery,
making them unreliable and difficult to deploy in some real-world applications [[10]. One reason for
this is the relative sample inefficiency of model-free RL algorithms, which often require millions of
costly or dangerous interactions with the environment or fail to converge altogether [44}46]. Transfer
learning addresses these problems by incorporating prior knowledge or skills [23}41]]. Despite this,
using the expected return as a measure of optimality could still lead to undesirable behavior such as
excessive risk-taking, since low-probability catastrophic outcomes with negative reward and high
variance could be underrepresented [29]]. For this reason, risk-awareness is becoming an important
aspect in the design of practical RL [[14]. Thus, an ultimate goal of developing reliable systems
should be to ensure that they are both sample efficient and risk-aware.
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| Transfers Skills | Exploits Task Structure | Risk-Sensitive

RL [7, 1T 20, 27, 28, 30, 36, 39, B3] | X | X | v
Transfer (13, (17,19, 25126, 38, 43] | v | X | v
Successor Features [2-4] [8] | v | v | X
RaSF (Ours) | v | v | v

Table 1: Comparison of RaSF with relevant work in transfer learning and risk-aware RL.

We take a step in this direction by studying the problem of risk-aware policy transfer between
tasks with different goals. A powerful way to tackle this problem in the risk-neutral setting is the
GPI/GPE framework, of which successor features (SF) are a notable example [2]]. Here, generalized
policy improvement (GPI) provides a theoretical framework for transferring policies with monotone
improvement guarantees, while generalized policy evaluation (GPE) facilitates the efficient evaluation
of policies on novel tasks and is a key component in satisfying the assumptions of GPI in practice.
Together, GPI/GPE provide strong transfer benefits in novel task instances even before any direct
interaction with them has taken place, a phenomenon we call task generalization. The key to the
superb generalization of GPI/GPE lies in their ability to directly exploit the structure of the task
space, taking advantage of subtle differences and commonalities between task goals to transfer skills
seamlessly in a composable manner. This property could be an effective way of tackling problems
in offline RL [24], such as the transfer of skills learned in a simulator to a real-world environment.
However in many cases, such as helicopter flight control [[16], making one wrong decision could lead
to catastrophic outcomes. Hence, being risk-aware could offer one way to avoid worst-case outcomes
when transferring skills in real-world settings.

Contributions. We contribute a novel successor feature framework for transferring policies with
the goal of maximizing the entropic utility of return in MDPs (Section 2.2)). Intuitively, the entropic
utility encourages agents to follow policies with predictable and controllable returns characterized
by low variance, thus providing a natural way to incorporate risk-awareness. Furthermore, while
our theoretical framework could be extended to other classes of utility functions, the entropic utility
has many favorable mathematical properties [13][22] that we exploit directly in this work to achieve
optimal transfer (Lemma [T} Theorem [T] and [2). We also derive a form of risk-aware GPE based
on the mean-variance approximation, in which the sufficient statistics of the return distribution can
be computed directly (Section[3.3) or by leveraging recent developments in distributional RL [6].
Our resulting approach, which we call Risk-Aware Successor Features (RaSF), is able to exploit the
task structure to achieve task generalization with respect to novel goal instances as well as levels
of risk aversion, where emphasis is placed on avoiding high volatility of returns. Our approach is
also complementary to other advances in successor features, including feature learning [3]], universal
approximation [8]], exploration [21]], and non-stationary reward preferences [4]. Empirical evaluations
on discrete navigation and continuous robot control domains (Section ) demonstrate the ability of
RaSFs to better manage the trade-off between return and risk and avoid catastrophic outcomes, while
providing excellent generalization on novel tasks in the same domain.

Related Work. The entropic and mean-variance objectives are popular ways of incorporating
risk-awareness in RL [7} [11, 20} 27, 128} 1301 36,139} 145]]. However, transferring learned skills between
tasks while taking risk into account is a difficult problem. One way to implement risk-aware transfer
is to learn a critic [38]] or teacher [43] that can guide an agent toward safer behaviors on future tasks.
The risk-aware transfer of a policy from a simulator to a real-world setting has also been studied in the
area of robotics [17]. Another approach for reusing policies is the probabilistic policy reuse of Garcia
and Fernandez [15], but requires strong assumptions on the task space. Hierarchical RL (HRL) is
another related approach that relies on hierarchical abstractions, enabling an agent to decompose
tasks into a hierarchy of sub-tasks, and facilitating the transfer of temporally-extended skills from
sub-tasks to the parent task. The CISR approach of Mankowitz et al. [20] is the first to investigate
safety explicitly within HRL, followed up by work on safe options [18, |19, 125]. However, none of the
existing work takes advantage of the compositional structure of task rewards to transfer skills while
optimizing the variance-adjusted return, which is the problem we tackle in this paper (see Table|I).



2 Preliminaries

2.1 Markov Decision Process

Sequential decision-making in this paper follows the Markov decision process (MDP), defined as
a four-tuple (S, A, r, P): S is a set of states; A is a finite set of actions; r : S x A X § — R is
a bounded reward function, where r(s, a, ') is the immediate reward received upon transitioning
to state s after taking action @ in state s; and P : S x A X & — [0, 00) is the transition function
for state dynamics, where P(s’|s, a) is the probability of transitioning to state s’ immediately after
taking action a in state s.

In the episodic MDP setting, decisions are made over a horizon 7 = {0,1,...T} where T € N.
We define a stochastic Markov policy as a mapping 7 : S X T — (. A), where &(A) denotes the
set of all probability distributions over A. Similarly, a deterministic Markov policy is a mapping
m: S x T — A. In the risk-neutral setting, the goal is to find a policy 7 that maximizes the expected
sum of future rewards after initially taking action « in state s,

T

Qh(s,a) =B, ~P(|s.ar) lz (8¢, Gty Se41) | Sh = 8, ap = a, ay ~ m(5;)
t=h

In this case, it is possible to show that a deterministic Markov policy 7* is optimal [33]. The
theoretical framework in this paper also allows for time-dependent reward or transition functions.

2.2 Entropic Utility Maximization

We incorporate risk-awareness into the decision-making by maximizing the entropic utility Ug of the
cumulative reward, defined for a fixed 5 € R as

Us[R] = %log]E [ePH], (D

for real-valued random variables R on a bounded support 2 C R. An important property of the
entropic utility is the Taylor expansion Ug[R] = E[R] + gVar [R] + O(?). Interpreting the risk as
return variance, /3 can now be interpreted as the risk aversion of the agent: choosing 5 < 0 (8 > 0)
leads to risk-averse (risk-seeking) behavior, while 5 = 0 is risk-neutral, e.g. Up[R] = E[R)].

Specializing (T)) to the MDP setting, the goal is to maximize

Q. p(s,a) = Up

T
Z 7(se, Te(s¢), 3t+1)] (2)
t=h

over all policies starting from s;, = s and a;, = a. As in the risk-neutral setting, it is possible to show
that a deterministic Markov policy is optimal [5]]. Furthermore, QF 5 can be computed iteratively
through time using the Bellman equation [9,|32]:

Qz,ﬂ(sv a) = UB [T(S, a, S/) + Q;errl,ﬁ(Slvﬂthl(S/))]

1
= B 1Og Es’~P(~\s,a) [exp {[3 (T(Sa a, 5/) + QZ—&-L,B(S/? 7Th+1(5/))) }] ’
starting with Q7. ; ﬁ(s, a) = 0. In fact, is the only utility function that has this equivalence,
and other key properties (LemmalI]), while also satisfying time consistency that ensures the learned
risk-aware behaviors remain consistent across time [22]. In this paper, we use (3) to establish a
general GPI framework for risk-aware transfer learning with provable guarantees, and leverage
approximations of (2) to learn portable policy representations.

3)

In reinforcement learning, the Bellman equation is not applied directly since it suffers from the curse
of dimensionality when S is high-dimensional or continuous, and since neither the dynamics nor the
reward function are often known. Instead, the agent interacts with the environment using a stochastic
exploration policy 7¢, collects trajectories {(s¢, at, St41, rt+1)};":01, and updates Q, 5(s¢, ;) via
sample approximations U, 3 ~ Ug [36]. Our goal is to ameliorate the relative sample-inefficiency of
RL through transfer learning that we aim to generalize to the risk-aware setting.



2.3 Transfer Learning

We now formalize the general transfer learning problem. Let M be the set of all MDPs with
shared transition function P but different (bounded) reward functions. A fixed set of source tasks
M, ... M, € M is instantiated, and their corresponding optimal policies 71, . .. 7, are estimated.
Our main goal is to transfer these resulting source policies to a new target task M,, 11 € M, to obtain
a policy 7, whose utility is better than one learned from scratch using only a fixed number of
samples from M,, ;. We refer to this outcome as positive transfer.

As discussed earlier, a standard way to implement transfer learning is the GPI/GPE framework of
Barreto et al. [2]. The core mechanism that enables positive transfer in the risk-neutral setting is called
generalized policy improvement (GPI). Specifically, the set of source policies 71, . . . 7, are evaluated
on the target task M, to obtain corresponding values Q7' ... @77 Given a mechanism that
can perform this policy evaluation step efficiently with some small error ¢ — namely successor
features discussed and extended in Section [3.3]— an agent then selects actions in a greedy manner by
following policy m(s) € argmax, max;j—1.., Qp’ (s, a) in state s. The policy 7 corresponds to a
strict policy improvement operator, and thus fulfills our requirements for positive transfer.

3 Risk-Aware Transfer Learning

An obvious challenge of applying GPI in the risk-aware setting is that transferring optimal risk-
neutral source policies does not guarantee risk-aware optimality in the target task. A much stronger
observation is that, even if the source policies 7; are risk-aware, performing the policy evaluation
step in a risk-neutral way can still break the risk-awareness of GPI. This makes the extension of GPI
to the risk-aware setting a non-trivial problem.

3.1 A Motivating Example

To see this, consider the MDP shown in Figure [T} which
involves navigating from an initial state ‘S’ to a goal state
‘G’ in a grid with stochastic transitions. Traps of two types [« }
(X, Y) are placed in fixed cells, which upon entry terminate  |x | v
the episode with fixed costs, summarized compactly as pairs
(c1,¢2). We define two source tasks with costs (20, 20)
and (0, 0) and a target task with costs (20, 0). The optimal

| « > >0
V<>t

- > > >t

Ve xix

NG G G B Y

Voloxix
S0
Vili<i=t

JENG PG P G I
NG G G g Y

policies for 3 = —0.1 induce three different trajectories: o3| = iliii!f[faf o

safe (blue) and hazardous routes (red) for the source tasks, ‘é ]

and a relatively safe route ( ) for the target task. We St

also note that risk-awareness is prerequisite for this problem, oo

since a risk-neutral agent prefers the hazardous path when o730 -0 -0 0 10

episode return

optimizing any of the tasks.

We compute the GPI policies 7 with risk-averse (8 = —0.1) Figure 1: Comparing risk-aware and
and risk-neutral (3 = 0) policy evaluation, as shown in risk-neutral GPI. The risk-aware (for
the middle and rightmost plots in the top row in Figure[I 3 = —0.1) GPI policy is shown in the
The bottom plot shows the distribution of returns collected top-middle plot, while the risk-neutral
over 5,000 test runs by acting according to the two GPI (for = 0) GPI policy is shown in the
policies. Risk-averse policy evaluation results in an optimal top-right plot.

risk-averse GPI policy corresponding to the green trajectory,

whereas risk-neutral policy evaluation does not, even though

both source policies are optimal on their corresponding tasks. Interestingly, the risk-averse GPI policy
is a non-trivial stitching of the two source policies.

3.2 Risk-Aware Generalized Policy Improvement

Motivated by this example, we conjecture that the risk-awareness of the GPI policy 7 is primarily
dependent on the way in which the source policies are evaluated in target task instances. In this
section, we describe theoretical results that generalize the concept of generalized policy iteration to
the problem of maximizing the entropic utility of returns.



We begin by summarizing key properties necessary for establishing convergence of risk-aware GPI in
the following lemma.

Lemma 1. Let 8 € R and X,Y be arbitrary random variables on ). Then:

(1) (monotonicity) if P(X >Y) = 1then Ug[X]| > UglY]

(2) (cash invariance) Ug[X + c| = Ug[X] + cfor every c € R

(3) (convexity) if B < 0(B > 0) then Ug is a concave (convex) function
(4) (non-expansion) for f,g : Q0 — Q, it follows that

Uslf(X)] = Uplg(X)]| < o Ep|f(X) —g(X)],

where Px () is the set of all probability distributions on ) that are absolutely continuous
w.r.t. the true distribution of X.

A proof is provided in Appendix [B.2] Properties (1)-(3) characterize concave utilities [13], which
intuitively can be seen as minimal requirements for rational decision-making: (1) a lottery that pays
off more than another in every possible state of the world should always be preferred; (2) adding cash
to a position should not increase its risk; and (3) the overall utility can be improved by diversifying
across different risks. Property (4) is a derivative of the first three, and thus the theoretical results in
this work could be extended to the broader class of iterated concave utilities [34].

We can now state the first main result of the paper.

Theorem 1 (GPI for Entropic Utility). Let 71, ... m, be arbitrary deterministic Markov policies
with approximate entropic utilities QZI& . QZ"B when evaluated in an arbitrary task M, with error

| ~Z'fﬁ(s,a) —Qpig(s,a)| <eforallse S,a€ A i=1...nandh € T. Define

7h(8) € arg max max inﬁ(s, a), VseS. 4
acA 1=1...n ’

Then,
Oh s(s,a) >max Qpig(s,a) = 2(T'—h+1)e, h<T.

Thus, evaluating the risk of source policies using Ug provides monotone improvement guarantees for
GPI, and thus satisfies our definition of positive transfer. Another significant property of the bound
in Theorem (T} and the one in Theorem 2] below, is the linear separation between the optimal utility
and the approximation error €. Knowing how the optimality of 7 explicitly depends on €, and how
errors are propagated throughout the transfer learning process, is critical for developing reliable RL
with predictable behavior, and highlights a key advantage of making GPI risk-aware. The additive
relationship between the optimality and the approximation error in Theorem [I] further explains why
SFs are robust to approximation errors. This becomes particularly advantageous in our setting, since
estimating utilities Ug accurately with GPE is more complicated than the risk-neutral setting.

A stronger result for GPI can be derived when the source policies 7y, 73 . . . 7, are e-optimal, and
policy evaluation is once again performed using Ug. In this case, the optimality of GPI is determined
by the similarity J,- between the source and target task instances.

Theorem 2. Let QZ:} be the utilities of optimal Markov policies } from task M; but evaluated in task

M with reward function r(s, a, s'). Furthermore, let QZZB be such that |QZ"*B(5, a)— QZ"*B(S, a)| <e
foralls € S,a € A heTandi=1...n, and let 7 be the corresponding policy in ({). Finally,
let §, = min;=1. nsup, , o [r(s,a,8") —ri(s,a,s’)|. Then,

’QZ”@(S,a) — Q,’;}B(s,a)’ <2(T'-=h+1)(0,+¢e), h<T.

These results are proved in Appendix for the episodic setting and in Appendix for the
discounted setting. Also, please note that these bounds are tight (see, e.g. Nemecek and Parr [31] for
the risk-neutral setting). Finally, while not required in this work, the above results could be extended
to more general settings in risk-averse control [34], though practical implementation of GPE in these
settings remains an open problem.



3.3 Risk-Aware Generalized Policy Evaluation

Following Barreto et al. [2]], let ¢ : S x A x S’ — R? be a bounded and task-independent feature
map, and consider the following linear representation of rewards,

/r(s7a’ S/) = ¢(S)a7 SI)T'W) vs’ a‘) 8/7

where w € R? is a task-dependent vector of reward parameters. The risk-neutral return becomes:

T
Q7 (s,a) =Ep Z¢(St>at78t+1)TW ‘ Sp =8, Gp = Q, Qg ~ Wt(st)‘|
t=h
T T
=Ep Z¢(3t7at75t+1) ‘ Sh =8, Qp = @, Ay ~ 7Tt(3t)‘| w =y (s,a)Tw, (&)
t=h

where 9] (s, a) are the successor features (SFs) associated with the policy 7. The linear dependence
of the return on w allows for instantaneous policy evaluation in novel tasks with arbitrary reward
preferences w, making it a particular — and perhaps the canonical — instantiation of GPE. More
critically, 1} can be seen as a task-independent and highly portable linear feature representation of
policies, and it is the key to the generalization ability of SFs on novel task instances.

The concept of GPE can be generalized to incorporate entire distributions of the return. Repeating
the above derivation for the entropic utility (2), we have:

T

Qp 5(s,a) =Ug (st mi(s1),5641) | = Ug [Ph(s,a) W], (6)

t=h

corresponding to the random vector U7 (s,a) = ZtT: 5, @+ of unrealized feature returns at time h.
Thus, we have transformed the problem of estimating the utility of returns into the problem of
estimating the distribution of U7 (s,a)"w. The key question now is how to estimate this distribution
for fast GPE.

A natural way to do this is by applying a second-order Taylor expansion for Ug, since it allows us to
precompute and cache the necessary moments of the return distribution:

Us [ (5,)"w] = Ep[¥F(s,0) W] + 5 Varp 0 (s,)"w] + O(5?)
~ W (s,0) W+ SwWTVarp[U (s a)lw = Of p(s,0), ()

in which Varp[¥7 (s, a)] = X7 (s, a) is interpreted as a covariance matrix for SFs. In the context
of Theorems and the term € encapsulates the errors in the approximation of %} and X7, plus
the terms contained in O(3?) above. However, the main advantage of (7) is that, like , it is also
analytic in w and allows for instantaneous policy evaluation with arbitrary reward preferences w.
Interestingly, (7) also allows instantaneous policy evaluation with respect to different choices of 3,
making it possible to revise or adapt the level of risk aversion on-demand. In all these cases, 17,
and X7 provide task-independent and portable representations of policies while also accounting for
exogenous risk. This is the key to preserving the task generalization ability of SFs in the risk-aware
setting, and (/) can now be seen as a particular instantiation of GPE. We call this overall approach
Risk-aware Successor Features (RaSF).

The simplest approaches for estimating X7 in the exact (e.g. tabular) Q-learning setting are based on
dynamic programming [37,40], which would allow the overall approach to be easily integrated into
existing SF implementations. In particular, the covariance satisfies the Bellman equation

Sh(s,a) = Egp(s.a) (61617 + X7 1 (s, Tha1(8) [ s = s, an = a (8)
where ), are the Bellman residuals of 47 (s, a). The approximation 1/;,7{ is known to converge to the

true value 1], and a similar result also holds for updating the covariance based on (8.

Theorem 3 (Convergence of Covariance). Let || - || be a matrix-compatible norm, and suppose
there exists € : S x A x T — [0, 00) such that:



1L H";g(‘&a) - 1/)2(8,@)”2 < Eh(sva)
2. |Eyp(isa)[0n (@ (8 i1 (s) — $F(s', mgr (8))) ] < en(s. a).

Then,
HEZ(&@) —Egp(s,a) [6;15; + EZ+1(S/77T}L+1(S/))} H < 3ep(s,a).

A proof can be found in Appendix Appendix describes how 177 and X7 can be learned online
from environment interactions, while Appendix |A.4|discusses further generalizations of (7). There
are, however, several limitations of estimating X} in this way. First, obtaining accurate estimates
of ¥} requires accurate estimates of 1/} (thus estimating one quantity on top of another), making
this approach difficult to apply with deep function approximation. This claim is further substantiated
by Theorem [3|and preliminary experiments. A second issue that occurs is double sampling, when
the same transitions are used to update the mean and covariance, resulting in accumulation of bias
in the latter [, 47]]. Our experiments on the reacher domain mitigate these issues by leveraging
distributional RL to approximate (7), while maintaining computational efficiency.

4 Experiments

To evaluate the performance of RaSF, we revisit the benchmark domains in Barreto et al. [2],
which have been slightly modified for learning and evaluating risk-aware behaviors. We defer all
experimental details to Appendix [C]

4.1 Four-Room

Domain Description. The first domain consists of a fam-
ily of navigation tasks defined on a discrete 2-D space di-
vided into four rooms, as illustrated on the left in Figure@
The environment has additional objects that can be picked
up by the agent by occupying their cells. These objects
belong to one of three possible classes, drawn as different
shapes in Figure 2] which determine their reward. The po-
sition of the objects remains fixed, but the rewards of their
classes are reset every 20,000 transitions to random values
sampled uniformly in [—1, +1]. To incorporate risk, traps Figure 2: Four-_Room (Left): th?
are placed in fixed cells marked with X. For every time in- shapes of the objects represent their
stant during which the agent occupies a trap cell, the trap ~classes, ‘S’ is the start state, ‘G’ is
activates spontaneously with a small probability, resulting ~ the final goal state, and “X" is a trap.
in an immediate penalty and termination of the episode (we Reacher (Right): colored and gray
refer to this event as a failure). The goal is to maximize the ~circles represent training and test tar-
total reward accumulated over 128 random task instances &ets, respectively, while shaded re-
while minimizing the number of failures. gions represent areas of high risk.

Baselines. In order to demonstrate the power of our ap-

proach in the absence of approximation errors, we define a simple instance of RaSFs in which ¥™
and ™ are learned exactly using lookup tables and dynamic programming (equation (8)). We
also apply modest discounting of rewards to ensure that the Q-function converges, as is standard in
RL and discussed further in Appendix [A.2] The vector w is also learned using immediate reward
feedback and exact, sparse state features ¢ provided to the agent. Due to its similarity to standard
Q-learning, we call this approach RaSFQL. To provide a challenging baseline for comparison, we
implemented another policy reuse algorithm (PRQL) [12]. Further replacing the risk-neutral action
selection mechanism of PRQL with smart exploration [16] allows PRQL to easily account for return
volatility, and we refer to this baseline as RaPRQL.

Main Results. The performance of these algorithms is shown in Figure 3] The cumulative reward
obtained by RaSFQL is generally lower than SFQL, as expected since a risk-averse agent should avoid
the objects in the bottom-left and top-right rooms and forgo their associated rewards. Interestingly,
the performance of RaSFQL far exceeds that of RaPRQL and even PRQL, suggesting that the benefits
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Figure 3: Average return, cumulative return and number of failures per task in the four-room domain,
for 5 = w = —2. Shaded bands show one standard error over 30 independent runs.
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Figure 4: Performance on training and test tasks for the reacher domain, as a function of the number
of experiences collected from the training tasks. Left: Normalized return on training tasks. Faded
curves correspond to C51 performance. Middle: Normalized return averaged across all test tasks.
Right: Total failures across all test tasks. Shaded bands show one standard error over 10 independent
runs with different seeds.

of task generalization provided by GPI/GPE are quite strong. Furthermore, the number of failures
observed by RaSFQL gradually decreases over the task instances, while the number of failures of
SFQL slightly increases. This is consistent with Theorem T]that guarantees monotone improvement
in the risk-adjusted return of RaSFQL. On the other hand, while RaPRQL also learns to avoid risk, it
fails slightly more often than RaSFQL. This suggests that the benefits of task generalization promised
by GPI/GPE even allow risk-aware behaviors to emerge sooner than by using generic policy reuse
methods that are unable to exploit the task structure, namely PRQL. This aspect becomes critical for
minimizing failures when deploying a trained policy library on novel task instances in a real-world
setting. Further analysis and ablation studies are provided in Appendix [D.1]

4.2 Reacher

Domain Description. The second domain consists of a set of tasks based on the MuJoCo physics
engine [42]] that involve the maneuver of a robotic arm toward a fixed target location. As illustrated in
the rightmost plot in Figure 2] the agent is only allowed to train on 4 tasks, whose target locations are
indicated by colored circles, and must be able to perform well on 8 test tasks whose target locations
are indicated by the grey circles. Furthermore, we incorporate two sources of reward volatility: (1)
actions are perturbed by additive Gaussian noise; and (2) fixed regions around some of the target
locations randomly incur negative rewards (failures), illustrated by faded circles in Figure 2] Please
note that most of these high-volatility regions are centered on target locations of test tasks from which
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Figure 6: Left: Normalized average test return for the reacher domain, for different values of
(legend values indicate the negative values of ). Middle: Total failures across all test tasks for
various values of 3 (legend values indicate the negative values of 3). Right: Evolutions of the arm tip
position during three successful rollouts of the reacher domain according to the GPI policy obtained
after training with 5 = —3 (yellow pentagons indicate the initial states in each rollout). Only one
training task and two test tasks are shown. The risk-averse agent learns to hover close to the goal
while avoiding the high-volatility shaded regions.

the agent never learns directly. This stresses the agent’s ability to avoid unforeseen dangers in the
environment, in additional to performing well on previously unseen task instances.

Baselines. As discussed earlier, it is difficult to compute

Y™ directly using (8). A computationally tractable way ayay Q)

to avoid these issues is to first approximate the density of F ‘_ wi(s, )
U™i(s,a), and then extract the moments needed to com- ' return
pute (). Specifically, we apply C51 [6] by modeling %‘ ? E- 3 (s,-)

VT (s,a),... ¥ (s,a) using histograms for each (s,a). O, : L
However, U™ are high-dimensional, so we avoid the curse : w

of dimensionality by modeling the marginals V7" rather F. hr‘l’fi'(sr)

than their full joint distribution. This still turns out to be
an effective way of detecting high-variance scenarios in the
environment. The final architecture is illustrated in Figure 3]
where the marginal distributions of U™ are modeled as separate output "heads" with a shared state
encoder. The rest of the training protocol is identical to the SFDQN of Barreto et al. [2]], except that
DQN is replaced by the C51 architecture above, as further detailed in Appendix [A3] The risk-averse
and risk-neutral instances of this approach for modeling successor features are referred to as RaSFC51
and SFC51, respectively, while RaC51 and C51 replace successor features with universal value
functions [33] for generalization across target locations.

Figure 5: Architecture for ¥7 (s, a).

Main Results. The performance of the algorithms on the reacher domain is illustrated in Figure
[ We first observe that the performance of all four training policies for RaSFC51 improves almost
immediately, obtaining returns that exceed 75% of the performance of a fully trained C51 agent, an
observation that correlates highly with the original SFDQN. Interestingly, RaC51 is unable to achieve
satisfactory performance on two out of the four training tasks, even after fully trained on all 4 tasks.
Furthermore, the performance of RaSFC51 on the testing tasks far exceeds that of both RaC51 and
C51, demonstrating the superior generalization ability of SFs in the risk-aware setting. Finally, the
total number of failures across the test task instances is also considerably lower for RaSFC51 than it
is for SFC51, and remains low during the entire training horizon. RaC51 and C51 fail frequently at
the beginning of training, but less often later in training. While this may suggest that C51 is learning
adequate risk-sensitive policies, it is mainly due to the fact that C51 is not able to generalize nearly as
well as SFC51 for some of the test target locations, as elaborated in Appendix [D.2]

Additional Analysis. We also conducted a sensitivity analysis for the risk-aversion parameter
for each of the algorithms, summarized in Figure[6] The performance of RaSFC51 and RaC51 decays
gracefully as the level of risk-aversion § is increased in magnitude, but the performance of RaSFC51
uniformly outperforms RaC51 for every value of § tested. The middle plot demonstrates that the
number of failures also decreases drastically as [ is increased in magnitude, which stabilizies around
B = —4. Furthermore, while C51 and RaC51 generally fail less often than SFC51 and RaSFC51, this



40 HEl RaSFC51(4) I RaC51(4)
) HEEm RaSFC51(3) HEm RaC51(3)
g 30 s RaSFC51(2) I RaC51(2)
=2 Bmm RaSFC51(1) RaC51(1)
o
: 20 SFC51 C51
©
)

5 10
0

0 1 2 3 4 5 6 7 8 9 10 11
Task Instance

Figure 7: Left: Empirical signal-to-noise ratios of the GPI policies at the end of training. Right:
Examples of worst-case behavior observed by RaSFC51 with 5 = —3, which depict the most likely
sources of high return variability. While the agent learns to successfully avoid the risky regions of
the domain, high return variance between rollouts can sometimes still be accumulated in other ways,
such as failure to find a globally optimal policy (top left), inability to generalize the utility precisely
on an unseen task for all states (bottom left), policy instability (top right) and divergence in the most
extreme cases (bottom right) due to compounding of numerical errors.

is due to their inability to generalize their learned behavior to all novel target instances, as mentioned
above. The final plot on the right shows that RaSFC51 indeed learns safer policies than SFC51 on
both training and test instances. Specifically, RaSFC51 learns to hover as close to the goal as possible
in most cases, while still avoiding the high-volatility shaded regions.

Failure Modes and Limitations. Finally, we compared the empirical signal-to-noise ratioﬂ
achieved by each baseline on each task using the returns of sampled trajectories at the end of training,
and the results are summarized in Figure[7] RaSFC51 and SFC51 soundly outperform RaC51 and
C51, and RaSFC51 generally obtains the highest ratios for medium values of § € {—3, -2, —1}.
However, RaSFC51 does not consistently outperform SFC51 on all domains, despite RaSFC51
avoiding the high-risk regions of the domain. We suspect that return variance is accumulated in
other ways, some of which can be identified by examining the worst-case behaviors exhibited by
the risk-aware GPI policy illustrated in the rightmost plots of Figure|/| However, we believe that
these results are expected. Firstly, estimation of only the expected return in an off-policy setting with
bootstrapping and deep function approximation is already a difficult problem [44]], and addressing
it is outside the scope of this work. Secondly, generalizing the empirical distribution learned on
one set of tasks to a completely new set of unseen tasks — even within the same domain — is an
even more challenging problem. We believe that advances in distributional RL that can learn more
accurate distributions will strongly benefit our approach, as will methods suited for estimating the
joint distributions of correlated returns efficiently.

5 Conclusion

We presented Risk-aware Successor Features (RaSFs) for realizing policy transfer between tasks
with shared dynamics, with the goal of maximizing the entropic utility of return. We extended GPI
to the risk-aware setting, providing monotone convergence and optimality guarantees, assuming
that the utility of source policies can be evaluated. To facilitate policy evaluation, we also extended
the notion of GPE to the risk-aware setting. Together, risk-aware GPI and GPE inherit the superior
task generalization abilities of successor features, while learning to avoid dangerous high-volatility
regions. More generally, incorporating risk and safety in sequential decision-making is a complex
problem. The entropic utility objective does not capture tail risk nor other properties of the return
distribution, which could be a challenging but powerful extension of successor features.

*This is computed as /i/&, where /i is the estimated return and & is the estimated standard deviation of the
return accumulated across multiple rollouts. We use the signal-to-noise ratio because it is independent of 8 and
allows consistent comparison across baselines.
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Risk-Aware Transfer in Reinforcement Learning
using Successor Features

Supplementary Material

Abstract

This part of the paper discusses algorithmic details for the total reward and the
discounted setting that were not included in the main paper due to space limitations.
It includes proofs of all main theoretical claims, as well as all domain configurations
and parameter settings that are required to reproduce the experiments. Finally, it
includes additional experiments and ablation studies that had to be excluded from
the main paper due to space limitations, and the NeurIPS paper checklist.
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A Mathematical and Algorithmic Details

In this section, we outline the ways in which successor features and their covariance matrices can be
learned in practical RL settings. Specifically, we discuss the details surrounding Bellman updates
and the distributional RL framework, and also discuss the mean-variance approximation under more
general assumptions in parameteric density estimation.

A.1 Mean-Variance Approximation for Episodic MDPs

Directly Computing Successor Features and Covariances. In the tabular setting, we compute

estimates of the mean %7 (s, a) and covariance Y7 (s, a) by extending the analysis in Sherstan et al.
[37]] to the d-dimensional setting. For a transition (s, a, ¢, s’, a’), where ¢ = ¢ (s, a, s’), and learning
rate o > 0, the update for successor features is:

o=+ 9I (s, a") — Pf(s,a),
Q/;}T;(s’a) = &2(870’) + aSh,

By virtue of the covariance Bellman equation (), a per-sample update of the covariance matrix can
be computed by using the Bellman residuals §;, as a pseudo-reward:

€))

A, = Sh(ﬁ + f}gﬂ(s’, d)— X7 (s, a),

- - (10)
Yi(s,a) = X7 (s,a) + alAy,.

In practice, & is usually set much smaller than o, e.g. & = pa for some positive p < 1.

Computing Reward Parameters. When the reward parameters w are unknown, they can be
learned by solving a regression problem. Specifically, for known or estimated features ¢ (s, a, s’) and
an observed reward r, the objective function to minimize is the mean-squared error,

1 2
L(w) = 3 (r—o(s,a,8")'w)",
that can be minimized using stochastic gradient descent (SGD). Introducing a learning rate o, > 0,
an update of SGD on a single transition (s,a) — s’ is

W W+ ay(r— ¢(s,a,5")"w)o(s,a,s).

Pseudocode. The general routine for performing risk-aware transfer learning in an online setting,
which we call Risk-Aware Successor Feature Q-Learning (RaSFQL), can now be fully described.
Pseudocode adapted for the total-reward episodic MDP setting is given as Algorithm[I] Please note
that our approach closely follows the risk-neutral SFQL in Barreto et al. [2].

Both the discounted and total reward episodic settings are amenable to function approximation.
However, as discussed in the main text, this “residual” method is usually not advisable as the

approximation errors in the residuals d;, can dominate the environment uncertainty. While this could
be useful for handling epistemic or model uncertainty in successor features [21], the intent of our
work is to learn the aleatory or environment uncertainty. Therefore, a more precise method — based
on the projected Bellman equation — will be introduced in Appendix [A.3]

A.2 Mean-Variance Approximation for Discounted MDPs

Bellman Principle and Augmented MDP. The utility objective in the discounted infinite-horizon

setting becomes
o)
t
Z Y T(Sta Qt, St+1) )
t=0

Qg7'y(s’ a) = Uﬂ

where v € (0, 1) is a discount factor for future rewards.

In the discounted setting, it is necessary to accumulate and keep track of the discounting over time.
This can be implemented by augmenting the state space of the original MDP [3]]. Specifically, define
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Algorithm 1 RaSFQL with Mean-Variance Approximation

1: Requiresm, T, N, € N, e € [0,1], a,&,a, >0, BER, p € RY, My,... M,, € M
2: fort=1,2...mdo
\\ Initialize successor features and covariance for the current task
3:  ift = 1 then Initialize ¢!, ©* to small random values else Initialize 1, X* to ¢t =1, %t=1
4: Initialize w; to small random values
\\ Commence training on task M
5: forn, =1,2...N. do

6: Initialize task M, with initial state s
7: forh=0,1...7T do
\\ Select the source task M, using GPI
8: ¢ + arg max; max, {4y (s, b) W, — Bw X7 (s, b)wy}
\\ Sample action from the epsilon-greedy policy based on ..
9: random_a ~ Bernoulli(e)
10: if random_a then a ~ Uniform(.A) else
a <+ arg max {15 (s, b)T\?vt — W] X6 (s, b)wy }
11: Take action a in M, and observe r and s’
\\ Update reward parameters for the current task
12: Wy Wi+ (1 — @(s,a,8") W) d(s, a,8)
\\ Update the successor features and covariance for the current task
13: a’ + arg max;, max; {7 (s, b) W, — BWIT (8", b)W, }
14: Update !, 3¢ on (s,a, ¢,s',a’) using (EI) and
\\ Update the successor features and covariance for task M,
15: if ¢ # t then
16: a’ <+ arg max, {5 (¢, b) W, — BWINS (s, b)W,}
17: Update 95, X% on (s, a, ¢, s’,a’) using (9) and
18: end if
19: s s
20: end for
21: end for
22: end for

Z =[0,1] and let z € Z denote the state of discounting. For a given MDP (S, A, r, P), we define
the augmented MDP (S, A, v/, P}, with state space S’ = S x Z, action space A, reward function
" ((s,2),a,(s',2")) = zr(s,a,s),

and dynamics
P'((s',2)|(s, 2),a) = P(s'[s, a)d:(2),
where ¢ is the Dirac delta function. Applying this augmentation transformation to a set of MDPs with

common transition function and common discount factor implies that the set of augmented MDPs
will also have the same transition functions.

Moreover, the following Bellman equation can be derived for the augmented MDP [5]]:
JE (s,a,2) = Ug [2r(s,a,8") + T (s, m(s',v2),72)]
1
=3 g By p(.js,a) [exp {B (27(s,a,8") + T (s, 7(s',72),7v2)) }] -

Then, we can recover the original utility with Qg y (s,a) =J, 3 (s,a, 1). Furthermore, the Bellman
equation above converges to a unique fixed point, and so the search for optimal policies can be
restricted to stationary Markov policies 7 : S x Z — A.

Y

However, learning general policies 7 : S x Z — A introduces additional difficulties in the function
approximation setting. In this case, successor features and their covariance matrices would have to
be functions of z. For a single transition, their corresponding updates would also require a sweep
over all possible values of z, e.g. z = 1,7,+2, ..., and would be computationally demanding. On
the other hand, restricting the search to stationary policies 7 : S — A alleviates this computational
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burden, making the overall time and space complexity per update comparable to the risk-neutral SF
representation, and also allows off-the-shelf RL algorithms to be used to learn successor features.
This also facilitates more precise estimation of risk using the distributional framework discussed in
the next section.

Fortunately, the restriction to z-independent source policies does not affect the validity of Theorem I}
since policy improvement was shown for arbitrary admissible policies. This implies that monotone
policy improvement is guaranteed even for z-independent policies, provided that their utilities can be
estimated. In the case of Theorem 2] the approximation error ¢ generally arises from two sources of
additive error, namely that of restricting optimal policies 7 to z-independent optimal policies 7,
and that of approximating utilities using function approximation, e.g.

€= ‘j;:(s,a, 1) — jg;(s,a, 1)‘
= ‘jg’i*(s,a,l) - j;;(s,a,l) +]§Z(s,a,1) fjg;(s,a,l)‘
< ‘j;:(s,a, 1) — jg:(s,a, 1)’ + ‘j;:(s,a, 1) — jg:(s,a, 1)‘
= {approximation error of 7, ; i } + {absolute difference between utilities of 7} and 7} }.

The first source of error arises solely due to the method of function approximation, and can be
reduced by using architectures whose training parameters and capacity are well-calibrated for each
problem. The second source of error is in general irreducible, but whether it can be tolerated should
be traded-off against the difficulty of learning z-dependent policies. In general, the learning of
z-dependent policies tractably is a challenging problem, which we leave for future investigation.

Incorporating Moment Information into GPE in Discounted MDPs. We now apply the idea of
generalized policy evaluation to discounted objectives. First, observe that for fixed 7 : S — A:

Jj (s,a,1) = Ug Z’ytr(st, 7(st), se41)| = Ug [¥7(s,a) W], (12)
=0

corresponding to the random vector U™ (s, a) = >~ 7' ¢; of unrealized feature returns at time h.
Thus, we have again transformed the problem of estimating the utility of rewards into the problem of
estimating the moments of the random variable ¥™ (s, a) "w.

Next, computing the Taylor expansion of Ug:
Jj (s,a,1) = Ep[U7™(s,a) w] + gVarp[\Il”(s, a)Tw] + O(B?)
~ YT (s,a)Tw + ngVarp[\Il”(s, a)lw = J5(s,a,1). (13)

From a practical point of view, the mean-variance approximation in the discounted setting is identical
to the episodic total-reward setting, with the exception that the successor features and covariance are
discounted (and also time-independent). As in the undiscounted case, induces an error of 0(52),
but is now another instantiation of GPE. However, restricting the search to z-independent policies
introduces additional approximation error that can also be absorbed into ¢, as discussed previously.
Crucially, the theoretical results proved for the discounted setting (Appendix [B.3)) will now also hold
for z-independent stationary policies.

Bellman Updates for Covariance in Discounted MDPs. The covariance matrix satisfies the
covariance Bellman equation

Sh(s,a) = Egp(isa) [0n60T + 7?57 1 (8, i () [ s = s, an = a] (14)
Similar to (9) and (I0), in the discounted setting the successor features can be computed as [2]:
Sh = d) =+ 712;;{+1(8/’ CL/) - 1/;;{(‘9’ a)7

. - < (15)
Y5, (s,a) = ¥j (s, a) + adp.
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Once again, the covariance matrix can be updated per sample following (T4):
Ah = ShS}E + ’7222-&-1(5/7 Cl/) - 22(87 Cl),
YT (s,a) = X7 (s,a) + aly,.

In the context of Algorithm [I] all calls to (9) and (I0) would be replaced with (I5) and (T6),
respectively.

(16)

The convergence of the covariance matrix in the discounted setting (T4) is established in the following
result that can be easily proved using the techniques in Appendix [B.4] for the episodic setting.

Theorem 4 (Convergence of Covariance). Let || - || be a matrix-compatible norm, and suppose
there exists € : S x A x T — [0, 00) such that

1. |l (s,a) — ¥ (s,0)|* < en(s,a)

2. Eympisn [1On (7 (' T (s) = (8" mnaa () 1)) < enls. a).

Then,
HE’,{(s,a) —Esop(|s,a) [6;45 + v Zthl(S Tht1(s ”‘ < 3ep(s,a).

Please note that this result is identical to Theorem [3| with the exception of the discount factor.

A.3 Histogram Representations for Successor Features

The theoretical framework for distributional RL is discussed in details in the relevant literature [6]. In
this appendix, we discuss how this framework can be applied to learn distributions over successor
features, and how to use these distributions to select actions in a risk-aware manner.

Learning Distributions over Successor Features. As discussed in the main text, the goal is to
estimate the distribution of each component in the discounted infinite horizon setting

‘I’W S UL Z’Y o St,at,8t+1)

starting from sg = s, agp = a, where a; = w(s;) is selected according to a policy 7. Treating
UT,... U7 as value functions, we are now able to apply distributional RL.

Specifically, suppose that each state feature component is bounded in a compact interval, e.g.
¢i(s,a,s") € [¢"™, ¢**]. Then, we may define corresponding bounds on ¥7 (s, a) by bounding
the terms of its geometric series representation above:

min max
;nz’n _ (b < \II‘IT(S a) ¢ — pmax
I—x I—vy
Now, we may model each U7 (s, a) by using a discrete distribution parameterized by N € N and
h
[Wmin pmaz] whose support is defined by a set of atoms

max min
\I]z' — \Iji

Zi:{Zj,i:\:[/;nin—ijZi10§j<N}7AZi: ~

Vi=1,...d.

Finally, the atom probabilities for z; ; are given by a parameteric model 6, ; : S x A — R¥ e.g.
ebi.i(s,a)
Z e 03, L(S a)’

where the softmax layer ensures that probabilities are non-negative and sum to one.

Zoi(s,a) = zj; W.p. pji(s,a) = (17

In order to update p; ; on environment transitions (s, a, ¢;, s’), we project the Bellman updates for
each i onto the support of Z;. To do this, given a sample (s, a, ¢;,s"), we compute the projected
Bellman update, clipped to the interval [¥7"*" UMaer]

Tizji = clip (i + yzj0 [, W)
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and then distribute its probability p; ;(s’, 7(s’)) to the immediate neighbors of sz ;. Here, we again
follow Bellemare et al. [[6] and define the projected operator ¢ with j-th component equal to

N-1

(T Zp,i(s,a)); = Y _ clip [ 1 -

k=0

2y

Az 0,1] | pri(s’, m(s")).

As standard in deep RL, we view the target distribution py, ;(s’, w(s’)) as parameterized by a set of
frozen parameters €’. Then, the loss function to optimize for the sample (s, a, ¢;, s') is given as the
cross-entropy term

Li(0) = Dir, (@7;29,71-(3, a) H Zo.i(s, a)) ,
that can be easily optimized using gradient descent.

Calculating Utilities. The calculation of (7) is a trivial matter given the distribution (I7). In
particular, we have:

N-1
E[Zy (s, a)? Z 2;)'pji(s.a), pEN, (18)
7=0

from which we can easily compute the variance
Var[U7 (s, a)] = Var[Zp i(s,a)] = E[Zy.i(s,a)?] — E[Zy(s,a)]*. (19)

Recall that by the independence assumption, the cross-covariance terms are ignored in these calcula-
tions, and thus X7 (s, a) is represented as a diagonal matrix with entries on the i-th diagonal term
equal to Var[UT (s, a)].

Another possibility is to compute the entropic utility Ug exactly. In particular, using the independence
assumption of U7 (s, a) again, we have:

logE [eﬂ\y?(s’“)wi}

tb \

d
Us[¥™ (s, a)"w] = %logE [e¥ ] ~ Z

ZZW

=1, w; #0

{ (Bwi) Wi (s,a } szUﬁw (s,a)l, (20)

and can be seen as another risk-sensitive instantiation of GPE. Crucially, the utility terms in (20) can
be calculated efficiently in the C51 framework using

N-1
1
Upl¥7 (s,a)] = 3 logE [eﬁz‘”(s’a)} 3 log Z ePzi. ipji(s, a).
7=0

However, this quantity is difficult to compute numerically, since for negative 3, the terms % often
suffer from overflow at z;; close to U™, and underflow for z;; close to ¥!"**. This becomes
considerably more problematic for 3 of larger magnitude, such as when risk-awareness is a priority, or
for rewards w of larger magnitude. We also find that the log-sum-exp trick, a standard computational
device used for calculations of this form, offers relatively little improvement. A similar issue has
also been previously pointed out in other work using the entropic utility [52]]. For this reason, we
use the mean-variance approximation, which provides an excellent approximation to the entropic
utility for various values of 3, as we demonstrated experimentally, and without suffering from the
aforementioned issues above.

Pseudocode. The approach described above can be applied to compute the distribution of successor
features for every component ¢ = 1, ...d across all training task instances. This results in a new
algorithm that we call SFC51. Generally, the training procedure of SFC51 is identical in structure
to SFDQN in Barreto et al. [2]], except the deterministic DQN update of successor features [55] is
replaced by the distributional C51 update described above. Therefore, the overall training procedure
is similar to Algorithm ] but with a few subtle differences. First, instead of learning w, it is provided
to the agent as done in SFDQN. Second, every sample (s, a, ¢, s’) collected from any training is
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Algorithm 2 RaSFC51 with Mean-Variance Approximation

1: Requires m,T,N,N. € N, e € [0,1], B, o7, p7%% ... gmin ¢me* € R ¢ € R, v €
(0,1),M1,...Mm S MWitth,...Wm S R4
\\ Initialize atoms and their probability distributions

2: Initialize 8(s,a), ... 0™ (s, a) to random values

3 fori=1,2...ddo Ui « 907 ymav ST N WEWET
B B
4: fori=1,2...ddoforj =0,1...N —1do z;,; + U7 + jAz
\\ Main training loop
5:fort=1,2...mdo
\\ Commence training on task M

6: forn, =1,2...N. do
7: Initialize task M, with initial state s
8: forh=0,1...T do
\\ Extract sufficient statistics from 6*(s, -) and select the source task M. using GPI
9: for j = 1,2...m do Compute 97 (s, -), ¥/ (s, -) using 7 (s, -) and and (19)
10: ¢ ¢ argmax; max{t’ (s, b) wy — Bw, TSI (s, b)wy }
\\ Sample action from the epsilon-greedy policy based on ..
11: random_a ~ Bernoulli(e)
12: if random_a then a ~ Uniform(.A) else
a < arg max, {9°(s, b)th — Bw,TY¢(s, b)w,}
13: Take action @ in M, and observe r and s’
\\ Update 8'(s,a),...0™(s,a)
14: forc=1,2...mdo
\\ Extract sufficient statistics from 6¢(s’, -) and select action a’ = 7.(s’)
15: Compute 1/30(3’, s f]c(s’, -) using 0¢(s’, ) and 1| and
16: @+ arg max, {P°(s',b) we — BwTE(s, b)w,}
\\ Apply Categorical Algorithm to update 8 (s, a)
17: forj=0,1...N—-1dofori=1,...ddom;; < 0
18: fori=1,2...ddo
19: forj=0,1...N —1do
\\ Compute the projection of 77, ;. onto the support Z;
20: 7A'Z-zjﬂ~ + clip (qﬁi(s, a,s") + vz [P, \Il;”‘”])
21: bj’i — (ﬁZj’i — \I/:nln)/AZZ
22: [+ Lbj,iJa U $— [bj,i-‘
\\ Distribute probability of T;z; ;
23: My my; +p5 (8", a") (u—by,)
24: My — Moy + p;,i(s’, a')(bj; —1)
25: end for
26: end for
27: Backpropagate through — 3, m; ; log p§ ;(s, a) to update 6°(s, a)
28: end for
29: s 8
30: end for
31: end for
32: end for

used to update all successor feature distributions simultaneously, as also done in SFDQN. Finally,
the utility of returns can be used to select actions, rather than the expected return as done in DQN.
Applying this last modification to SFC51 leads our proposed algorithm, which we call Risk-aware
SFC51 (RaSFCS51). Of course, SFC51 can be recovered by simply setting 3 = 0. A complete
description of RaSFC51 with the mean-variance approximation is provided in Algorithm

3In practice, the double for loop starting in lines 18 and 19 can be implemented efficiently by vectoring the
computation of m; ;, in languages that support vectorized arithmetic operations.
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A.4 Possible Generalizations of the Mean-Variance Approximation

Cumulant-Generating Functions. The quantity K z(3) = log E[e#T] in (1)) is often referred to as
the cumulant-generating function. The cumulant generating function admits the well-known Taylor
expansion:

1 1 > n & n—1
UslR) = GKn(8) = 5 3 mnto)'yy = 3 ) @1
where kr(n) is the n-th cumulant of the random variable R [62]. The mean-variance approximation
then follows directly from (21)) by ignoring all terms of order n > 3. Another way to look at the
mean-variance approximation is that it is the result of applying a Laplace approximation to the return
distribution prior to calculating its utility [48]]. While it is also possible to approximate (2I]) using
orders of n greater than 2, such approximations would no longer provide “instantaneous" GPE. In
particular, cumulants are much harder to compute as functions of w for n = 3 [49]], and no closed
formulas are even known to us for n > 4.

n=1

Elliptical Distributions. The mean-variance approximation (7)) results from making the distribu-
tional assumption U7 (s,a) ~ N (Y] (s,a), X7 (s,a)). Since the normal distribution is a member
of the class of elliptical distributions, a natural question to ask is whether GPE can apply to other
members of this class of distributions as well.

Formally, a random variable X has an elliptical distribution on R? if there exists . € R?, positive
definite ¥ € R%*9 and a positive-valued function ¢ : R — R, and the characteristic function of X
has the form 4 4

E[e®tX] = e He(tTEL), YVt e RY (22)
Equivalently, for any random variable with characteristic function ([22)), there exists a positive function
ga : R — R such that the density of X is

Fx(x) oc [B17 204 (x — )27 (x — ) -

In either case, we write X ~ &;(u, X, £). One advantage of this parameterization is that g corre-
sponds exactly to the mean of X, e.g. E[X]| = p. Furthermore, if the covariance of X exists, then it
is equal to ¥ up to a positive multiplicative constant, e.g. Var[X] = ¢X for some ¢ > (ﬂ

In order to connect this to the SF framework, we parameterize U7 (s, a) ~ E4(¢¥7 (s, a), X (s,a), ).
Then, using the linearity property (6l [I2), GPE evaluates the entropic utilities of the random variables
U7 (s,a) w. Fortunately, affine transforms of elliptically distributed random variables are univariate
elliptically distributed [57]].

Lemma 2. Let X ~ E4(p, %, €) and w € R Then, XTw ~ & (uTw, wTSw, &).

Applying Lemma [2] and then substituting ¢ = —i[3, the entropic
utility becomes

—— normal

U»B[\Ij;zr (87 a)TW] = Q/’}T(& G)TW + % 10g§ (—ﬁ2WTEZ(S7 (I)W) R laplace
(23)

and is also a mean-variance approximation. However, unlike (7)) in
which %log of is the identity mapping, is allowed to depend
non-linearly on the variance of returns. Table []illustrates these
mappings for different distributional assumptions. For heavy-tailed /
distributions, ¢ should increase super-linearly for sufficiently large re-

turn variances, and thus (23) will often be more sensitive to variance 00 03 W%‘fw 1s 20
than (7). This phenomenon is clearly illustrated in Figure [§|by com-

paring the variance penalties of the normal and Laplace distributions.  Rjgure 8: Comparing % log of
Anothe;r adyantage of this generalization is that the methodologlf.:s in (Z3) for normal and Laplace
for estimating successor features and their covariances (Appendix jicributions. for B=1.
and[A.3) can be directly applied to this more general setting. An ’

ablation study comparing the Gaussian assumption and the Laplace

assumption in a complex experiment is provided at the end of Appendix

vl

IS

variance penalty
N w

=

o

“This implies that the Bellman updates or can still be used to learn X7, but now the resulting
estimates must be scaled by ¢ when computing the utilities, if ¢ is not one.
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Name Parameters 5 log of

multivariate normal n,x ng Yw
multivariate Student w2 v does not exist

. . 2
multivariate Laplace 79> —5log(1 — B wTsw)

multivariate logistic 7> % log B(1 — BVWTEwW, 1 + BVwWTEw)

Table 2: Table of common elliptical distributions with corresponding variance penalties. Here B
denotes the Beta function.

Skew-Elliptical Distributions. The elliptical distributions represent a well-known class of symmet-
ric probability distributions, containing both heavy-tailed and light-tailed members as special cases.
However, they cannot capture skew in the return distribution that often arises in strictly discounted
MDPs. The class of generalized skew-elliptical distributions (GSE) can model skew by extending the
characteristic function 22)) to

E[e™ X] = e HE(tTSt) kg (t), V€ RY, (24)

where k4 : R? — R is some positive-valued function. In this case, we write X ~ SE4(u, %, €).

As for the elliptical distributions (Lemma 2)), it is possible to show that GSE distributions are also
closed under affine transforms [59].

Lemma 3. Let X ~ SE4(u, 3, &) and w € R?. Then, XTw is univariate GSE with characteristic
function E[e*X™W] = ¢itXTr¢ (*wWTEw) k(t; w, ) for some real-valued function k.

By using Lemma [3|and the substitution ¢t = —i/3,

US (W7 (5, a)™w] = 9 (5, a)Tw + %mgs (—B2WTSE (s, a)w) + %mgm—w;w, ST (s,a).

This new approximation generalizes (23)) through the introduction of the term log &, which intuitively
captures the skew of the return distribution.

Mixtures Densities. One significant limitation of elliptical (and skew-elliptical) distributions to
model returns is that they are unimodal, and can fail to capture multimodal risks in the environment.
Consider the following mixture of elliptical distributions on R%:

I ~ Categorical i (),
X|[I =k~ E(pr, Xk, k),

where w € R¥ satisfies 7, > 0 and Zk mp = 1land k = 1,... K define the possible modes of the
distribution. In other words, each component of the mixture is a member of an elliptical distribution.
This model extends the standard Gaussian mixture model, and can approximate any continuous
distribution to arbitrary accuracy provided K is chosen sufficiently large [58. 61]]. In the context
of risk-aware transfer (Theorem [T} Theorem [2) this means that the approximation error terms in €
associated with approximating Ug could in principle be driven to zero.

Applying Lemma 2] to each component, XTw | I =k ~ & (p,Tw, wTX,w, &), and so X Tw is a
mixture of univariate elliptical distributions. Now, (6] [I2) can be computed using the law of total
expectation,

K
1 ” -
Us[V7(s,a)Tw] = 3 longg(s,a)eﬂwk (s:0)TWe, (—B2WTET (s, a)w).
k=1

This expression does not simplify further unless &' = 1 and is thus not a mean-variance approximation,
although it is a generalization of (23). It can be computed numerically by using the log-sum-exp
trick, and the parameters of its associated mixture density could be learned in the Bellman framework
using expectation propagation [56].
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B Proofs of Theoretical Results

In this section, we verify all the theoretical claims stated in the main paper for the episodic MDPs. For
ease of exposition and due to space limitations, we also state and prove similar results for discounted
MDPs in this sectio

B.1 Proof of Lemmall
Lemma 1. Let § € R and X,Y be arbitrary random variables on ). Then:

Al (monotonicity) if P(X >Y) = 1 then Ug[X] > Ug[Y]

A2 (cash invariance) Ug[X + c] = Ug[X] + cforevery c € R

A3 (convexity) if B < 0 (B > 0) then Ug is a concave (convex) function
A4 (non-expansion) for f,g : Q@ — Q, it follows that

Uslf(X)] = Uplg(X)]| < pel Ep|f(X) —g(X)],

where Px () is the set of all probability distributions on ) that are absolutely continuous
w.r.t. the true distribution of X.

Proof. The first three properties are derived in Follmer and Schied [13]. As for the fourth property,
we use A3 and convex duality [[13l], [54] to write

1
UslR] = sup {Ep[Rl—D<P|P*>}, @)
PEPR(Q) B

where P () is the set of all probability distributions on {2 absolutely continuous w.r.t. the true
distribution P* of R, D is the KL-divergence between P and P*. Now, for f,g: Q — Q, fand g
are bounded and hence P-integrable for any P € Z5((2), and using (25):

Uslf(X)] = Uslg(X)]]

1 . 1 X
L {Eme)] - Lo(P|P >} - {Ep[gm] - S|P >}‘

sup [Ep[f(X)] - Ep[g(X)]]
PeZx(Q)

sup  Ep|f(X) - g(X)|.
PeZx(Q)

IN

IN

This completes the proof. O

B.2 Proofs of Theorem[I]and 2] for Episodic MDPs

Theorem 1. Let 7y, ..., be arbitrary deterministic Markov policies with approximate entropic
Tn

utilities Qzlﬁ, . Qh 5 evaluated in an arbitrary task M, such that the errors satisfy |Q7f?,8(5v a) —
hg(s,a)| <ceforalls €S, aeAi=1...nandh € T. Define

7 (s) € arg max max QZ'B(S,G)7 Vs e S.
acA i=l.n 0

Then,
Qhp(s,a) >max Qpig(s,a) = 2(T' = h+1)e, h<T.

Proof. We have for all A that

| max QF (s,0) — max O (s,a)] < max| Q] (s,a) — Of(s,0)] < =

SWhile the analysis of GPI in the risk-neutral setting [2] follows Strehl and Littman [60], our analysis of
risk-aware GPI is also inspired by Huang and Haskell [53]].
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We proceed by induction on h. Clearly, the desired result holds for h = T" 4 1 since Q}’;L ﬁ(s, a) =
Q;@Lﬂ(s, a) = 0 uniformly. Next, suppose that OF ., 5(s,a) > max; Qp’,, 5(s,a) —2¢(T — h)
holds uniformly at time i + 1. Using A1 and A2 of Lemmal T}

Qh /3(5 a) =Ug[r(s,a,s ) Qht1 5(3/ Tht1(s /))]
> Uglr(s,a, s’ + max Qi1 (8 s Ty (s") — 2¢(T — h)]

> Uglr(s,a, s’ —|—math+16(8 The1(s")) — 2e(T — h) — €]
= Ug[r(s,a,s’ —l—maxmaXQhHﬁ(s a') —2e(T —h) — €]
> Ug|r

s,a, s + max max Q158 a)] —2e(T —h+1)

/

> Ug[r(s,a,s —|—math+15(s Tint1(s))] —2e(T —h+1)

Q1,8 minta(s)] = 26(T — h +1)
s,a) —2e(T —h+1).

/

[
[
> Uglr
[
[

(

( )

( )

( )

(s,a,s’)+maxmath+lﬁ(s a') —2e(T —h+1)]
( )

( )

> Ug r(s,a,s’) +

hes

Since 1 is arbitrary, the proof is complete. O

Lemma 4. Let sz be the utility of policy w} evaluated in task j at time h. Then for all i, j,

sup | Qi (s,a) — Q{Lj(s,a) < (T —h+1)d;.

s,a

Proof. Let Ayj(h) = sup, , |Q}(s,a) — Q1 (s,a)|. Define 2, , to be the set of probability
distributions that are absolutely continuous with respect to P(-|s, a). Then, using A4 from Lemma|[T}

Ay;(h)

Q! (s,a) — O (s,0)

= sup
=sup |Ug[ri(s,a,s") + max Qiti1(s',a")] = Ug[rj(s, a,s") + max Q%_ﬂsﬂa’)]‘
a

S,a

<sup sup Ey pi(s,a)
s,a P'eP;

ri(s,a,s") —r;(s,a, s)+math+1(s a') — %@Xgi{p1(slaa')

< supsup

s,a s’

T (S, a, SI) - Tj(s, a, S/) + H}ZE}X Q%Jrl(s/a a/) - H}ﬁx Qiﬂ_l(sc al)

< sup |ri(s,a,8") —rj(s,a,8)| + sup

/ math_H(s a') — H}IE;XQ%H(S/’Q/)
$,a,8 s,a,s’

%—&-1(87 a) - QgL]-H(Sv a)

'y
=61 + Aij(h+ 1).

Starting with A;;(T + 1) = 0 and proceeding by backward induction, we have A;;(h) < 6;;(T —
h + 1) for all h.

Lemma 5.

sup|Q}/ (s, a) = Qf/(s,a)| < (T~ h+1)d;.

s,a

Proof. Define I';;(h) = sup, , |Q%j(s, a) — Q{f(s, a)|. Then using A4 from Lemma
Lij (h)
= sup Q;j(s, a) — Qii(s, a)'

s,a

24



= sup
s,a

Uslri(s,a,s") + QL1 (8", 75 g ()] = Uslri(s, a, 8) + Qill(S’,W}‘,hH(S’))}‘

<sup sup Eb '~P'(-]s,a)
s,a PlePs ,

s, ) = (5,0 8) + O (5,7 () = Qi (8, g (1)

< sup sup

s,a s’

Ti(sv a, S/) —Tj (Sv a, Sl) + Qiﬁ-l(slv W;,h+1(sl)) - Q{L—l(slv ﬂ;’:h+1(sl))‘

< sup [ri(s, a,s") —rj(s,a,5')| + sup

s,a,s’ s,a,s’

S 5ij + sup ‘Qiﬂ.] (57 a) - Qi:-&-l(& a)
s,a

QY155 () = Qs (5,75 ()|

= 5ij + Fij(h + 1).
Thus, T';;(h) < 8;;(T — h + 1) as claimed. O

Theorem 2. Let QZ{B be the utilities of optimal Markov policies 7} evaluated in task M.

Furthermore, let Qh be such that |Qhﬁ(s a) — QZ?B(S,CL)‘ < eforall s € S,a € A
h € T and i = 1...n. Similarly, let T be the corresponding policy in #). Finally, let
0p = min;_y._, supsyaﬁ, Ir(s,a,s") —ri(s,a,s")| Then,

|QZ’ﬁ(s,a) — Q,’;ﬁ(s7a)| <2(T—h+1)(6,+¢), h<T.
Proof. Using Theorem[I]and the triangle inequality:

|Q2’ﬂ(s,a) - QZ,B(s,a)| < ‘QZ?B(S,CL) — QZ7ﬂ(s,a) +2(T —h+1)e.

The goal now is to bound the first term. By the triangle inequality and Lemma H] and Lemma [5]
Q) (s,a) — Q3 (s,a)| < Q)(s,a) — Q) (s,a)| + Q4 (s,a) — Qi (s,a)] = 2(T — h + 1)dy;.
Finally, designating j as source task j and ¢ as target task, and substituting this bound into the first
inequality above yields the desired result. O

B.3 Proofs of Theorem [Iland 2l for Discounted MDPs

Theorem S. Let 1, ..., be arbitrary deterministic Markov policies with approximate entropic
utilities 7, g v g f evaluated in an arbitrary task M, such that the errors satisfy \J f i(s,a,z) —
Jg'(s,a,2) S ez forall s,a, z and i. Define

7(s, z) € arg max max j,@ (s,a,2), VseS, ze€Z. (26)
acA =1
Then,
Tf(5,0,2) > max T (5,0, 2) — 1
a i - .
5 (s,a,2) > max Jg' (s, a, 2 1_7,2

Proof. Define J3"**(s,a,z) = max; J;'(s,a,2) and jﬁm‘”(s,a, z) = max; jﬁ”i(s,a,z). We
have:

|T5" " (s,a,2) — jﬁm‘”’(s,a,z)\ < max |T5 (s, a,2) — jé”(s,a,zﬂ <ez.
Let T7 be the operator corresponding to (]E[) Then using A1 and A2 of Lemmam leads to:
T3 m”(s,a,z) =Up [zr(s a,s’) + jé"”(s/,w(s','yz),'yz)}
=Us |z [ s,a,s Jrn}lz}xjgmm(sl,a’,’yz)}
> Up {zr s,a,s +maxjmaz(s’,a’,vz)} — ez
[or(

Z Uﬁ zr(s,a, 5 jﬂm,az(s 77Tz‘(5laVZ)7'YZ)] — ez
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> Ug |2r(s,a,8') + J5° (s’,m(S’,vZ),w)] — ez
= Tgijﬁ”i(s,a, z) — ez
= j[;”(s,a,z) — ez
> max Jj (s, a,2) — yez
3
> jﬁmax(s’ a, Z) — €z — YEZ

Finally, using A1 of Lemmam and the fact that 77 has a unique fixed point [5]):

. ~ ~ €
Jg(s,a,2) = Jim (T5)FTE " (s,a,2) > T§""(s,a,2) — (1 +7) 7
2e
ijaw(87a7z)_ )
B 1—~
and is the desired result. O

Lemma 6. Define jj(s, a, z) be the utility of optimal policy 7} on the augmented MDP i when
evaluated in the augmented MDP j. Furthermore, let 6;; = sup, , o |ri(s,a,8") — 1;(s,a,5")].
Then, 5

Ti(s,a,2) — jjj(s,a,z)’ <Yz

sup -~

s,a

Proof. Define A;;(z) = sup, , f

butions for the one-step transitions of the augmented MDP, e.g. P((s’, 2)|(s, z), a) that are absolutely
continuous w.r.t. the true distribution. Since P((s', 2')|(s, 2),a) = P(s'|s,a)d.~(2'), and §,(2') is
absolutely continuous only w.r.t. itself, the set s , consists of all products P(s’|s, a)d.~(2’), where
P(s']s, a) is absolutely continuous w.r.t. the true dynamics of the original MDP.

Ti(s,a,2) — T (s,a,z) ‘ Let 2., be the set of probability distri-

Now, using A4 from Lemma [}

Aij(2)

= sup kjii(sa a, Z) - ~7]](87 a, Z)’
s,a

= sup [Ulzri(s.0,) + max (', 72)] — Uplers (s.a.) + mae J7 (' 2)]|
s,a a a

<sup sup ]Es’NP(‘|s,a)

2ri(s,a,8") — zr;(s,a,s") + max J/(s',a’,72) — max Jjj (s',a,vz)
s,a PEP; 4 a’ a’

<z sup |ri(s,a,5") —7;(s,a,s")| + sup
s,a,s’ s,a,s’

‘7;(57(1’,72) - ‘7]»]'(8, a7’YZ)

max (s, a!y2) — max 77 (', 72)

= 20;; + sup
= 2055 + Aij (72).
Repeating the above bounding procedure leads to:
Aij(2) < 26i5 + Aij(72)
< 26;5 + v26i5 + Aqj(v2)

< 2055 + 265 + ’722513' +- =

and completes the proof. O

Lemma 7.




Proof. Define I';;(z) = sup , |._7jj(s7 a,z) — J?(s,a,z)|. Then, using A4 from Lemmaand the
technique from Lemma 6}

['ij(2)
= sup ;7;(37 a,z) — L714]‘(8,0,7 Z)‘
s,a
Y Uglzrj(s,a, ') + T (s, 75 (s, 72),v2)] — Usleri(s, a,8') + Zj(sl’ﬂ;(s/’vz)’vz)]’
< sup Pes, Eywp((sa)|27i(s,a,8") — 2rj(s,a,8") + T (', w5 (s 72),72) — Zj(sl’ﬂ;(slﬁz)"y’z)‘
<z sup |ri(s,a,s") = rj(s,a,8)| + sup |7 (s, 7} (s, y2),72) — «Zj(sl’ﬁ;(sl”y'z)"y’z)‘

! /7
s,a,s s,a,s

IN

Z(Sij + sup u7jj(s7 a, Pyz) - \Zj(sv a, 72)‘

= 2645 + L'ij(72)

1—v

The proof is complete. ]

<

Theorem 6. Let jﬁﬂ © be the utilities of optimal Markov policies w} evaluated in some task

M. Furthermore, let jgf be such such that |jgi*(s,a,z) - jﬁﬁ(s,a,zﬂ < ez forall s €

S,a € A z € Zandi = 1...n, and m be the corresponding policy in (26). Finally, let

0 = Minj=1_, SUp; , o |7(s,a,s") —ri(s,a,s")|. Then,
2(6, +¢)

” — I < 2T

|T5 (s,a,2) — Tj(s,a,2)| < T z

Proof. Using Theorem 5}

T5(s,0,2) = Ti(s,0,2) = TF(s,0,2) = Tg (s,0,2) + T3 (s,0,2) — T3 (5,0, 2)
2e
1—n

> z+Jg;(s,a72)—j§(s,a,z).

The goal now is to bound the difference between the last two terms. Let jj(s, a) be the entropic
utility of the optimal policy 7 evaluated in the augmented MDP for task j. Then, by the triangle
inequality, |7} (s, a, 2) — J} (s, a,2)| < |T}(s,a,2) = T/ (s,a,2)| + |T} (s,0,2) — T/ (s,a,2)|.
Applying Lemma |§| and Lemma we have |Ji(s,a,2) — J/(s,a,2)| < fd_fy z, and the result
follows. O

B.4 Proof of Theorem 3]

The proofs depend on the following result adapted from Sherstan et al. [37].
Lemma 8. Ler X be a random vector in R? that depends only on sy, ap,ry, and sjy1. Then,

E [X (U741 (8 mhs1(8) = Wi (8 a1 (8) T [ s = s, ap, = a] =0.
We first demonstrate that the Bellman equation (8] is correct for our problem.
Lemma 9.

$h(s,a) = Egp()s,a) [thhT + X7 (8" g (87) [ sh =8, ap = a} .

Proof. Let U7 (s,a) = ¢p + Pppt1 + ... and define €] (s, a) = ¥} (s,a) — ¥] (s, a). By definition
of successor features, we have:

fﬁr(saa) = \PZ(Saa) - '(,b;;(s,a)
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= ¢n + P (8 i (s") =] (s,0) + (OF 1 (8, 1 (81) — haa (8 Thia(57)))
=0 + &1 (s ()

By definition, the covariance is:

Eh(s,a) = E[(P(s,a) — 9y (s,a)) (V) (s, a) — i (s,a))T |sp = s, an = q]

=E & (s,0)&}(s,a)" | sn = s, ap = d]

=E [(0n + &1 (8, mhs1()) (On + &1 (8, g1 ()T | s = s, an = a

=E [000" + &1 (8" a1 () &7 1 (8, mhia ()T | 0 = s, an = a
+E [0, 1 (s, i1 (8)T | sn = s, ap = a
+E [ﬁgﬂ(s',wh“(s'))éﬂ |sp =s, ap = a]

=E [000n" + &1 (8" a1 () &7 1 (8, mha ()T | 30 = s, an = a

=E [6,01T + 371 (5", mhy1(s)) | sn =5, an = a],

where the second-last line follows from Lemma 8 O

Theorem 3. Let || - || be a matrix-compatible norm, and suppose there exists € : S x AX T — [0, 00)
such that:

L 47 (s,a) = (5,0 < nls,a)
2. B, BT (5, s () = W7 (s ()] < nls, ),
Then,
[=7(5.0) = Bornppo [500] + S7a(s s mnia ()] | < Bens,a).
Proof. We start by decomposing the true covariance matrix:
S7(s,0) = E[(h(s,0) = $7(s,0) + 9] (5,) — ¥ (5,0))
(W7 (5. 0) = P (s, @) + ] (s,0) = ] (5,0)" [ 30 = 5, an =
—E |(¥5(s,0) = 7 (5,0)) (Wi (5, ) = $7i(s,a)) " [ 50 = s, an = a
+ (WF (s, 0) = W (s,0)) (P (s, 0) = i (s,0))
+ 2B Wi (s, @) = (5, ) | sn = 5, an = a| ($7(s.0) = $7(5,0))"
— E[(7(s,0) = $7i(s,0)) (W5 (5,0) = 7 (5,0)) | 0 = 5, an =
— (7i(s,0) = 7l (s,0)) (W (5, 0) = ¥ (5,0))]

where in the last step we use the identity E{\I/}j(s,a)—&}{(s,aﬂsh:& ah:a} =

E[U7(s,a) —¥f(s,a)[sp = s, an = a] + ] (s,a) — P (s,a) = Y7 (s,a) — P (s,a). Now,
we define £7 (s,a) = ¥ (s,a) — 97 (s, a), then follow the derivations in Lemma|9|to write the first
term above as:

E [€7(s, )€ (5,0)" |1 = 5, 1 = a
=B [808] + &1 (' w1 (8)ER (5 msa (5) L s = 5, an =

FE [5071 (5 mnaa () 5w = 5, an = a| + B [€1,1(5, i1 ()8 | sn = 5, an =
=E [Shég + 2T (8 The (8) | s = s, ap = a}

FE (50871 ( mnaa(8) 15w = 5, an = o] + B [€1,1(5', mui1 ()3 [ sn = 5, an = a -
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Finally, we norm bound the desired difference as follows:

HZZ(S,a) —E [5;,5; + iz+1(s',7rh,_,_1(s')) |sp =s, ap = a] H

< 2B [81&70 (5 mnsa () Lsn = 5, an = |
+ || (B (s, 0) = R (s, ) (Pf(s,0) — i (s,0))"
< 2 |[B [5n(0711(5 mns1(5) = $i (s s ()T s = 5, an = a
+ 2 |[B [8h@h 1 (s Thi1(5) = B (s mnsa () [sn = s, an = a |
+ || @R (s.0) = 7 (s, ) (D7 (5,0) — 7 (s,0)|

< 2|[B [81 (71 (' a1 (5) = Bl (s a8 L3 = 5, a0 = |

+ #1060 — v )|

< 2ep(s,a) +en(s,a) = 3en(s,a).

This is the desired result. O

C Experiment Details

In this section, we describe the setup of the domains discussed in the main paper in greater detail. We
also provide detailed descriptions of baseline algorithms, as well as all hyper-parameters used and
how they were selected.

C.1 Motivating Example

Domain Configuration. The motivating example is a 5-by-5 grid-world domain with discrete
states and discrete actions described by the four possible directions of movement into an adjacent cell.
The environment is made stochastic by introducing random action noise as follows. Desired actions
are taken only with probability 0.8, while the remaining time a (uniformly) random action is taken.
Furthermore, transitions that would take the agent outside of the boundaries of the grid leave the
agent in its current position. The cost structure is defined as follows. The goal state is terminal and
provides a reward of +20. Each time step incurs a fixed penalty of —1, on top of any other rewards
or costs incurred.

Learning Source Policies and Utilities. To recover the properties of risk-aware and risk-neutral
GPI claimed in the main text, we first learn the source policies 71 and 72 and their utilities le and
Q72 using a variant of the classic value iteration algorithm adapted to maximize the entropic utility
(see Algorithm [3). We consider the non-discounted setting (y = 1), and iterate until an absolute error
less than e,4;; = 1072 is achieved between two consecutive iterationsﬂ The two source policies are
then recovered by acting greedily with respect to the learned utilities.

Transfer Learning. In order to implement GPI, we evaluate these two resulting policies on the
target task by adapting the iterative procedure in Algorithm[3|for policy evaluation. Essentially, line 10
of the algorithm is replaced by r (s, a, s') +vQ(s’, w(s")) for m € {m1, w9 }. We repeat this procedure
twice to produce two sets of value functions: a set { Q(", @32} for 5 = (J'|and a set {Q™, 1, Q™% ; }
for 8 = —0.1. The two GPI policies are then defined as mg(s) € argmax, max;—1 o Qg”’(s7 a)
for 8 € {0, —0.1}. Finally, we generate the histogram of returns by simulating episodes of length
T = 35, in which actions are selected from g, and computing the cumulative reward obtained on
each episode.

SPlease note that convergence of value iteration is guaranteed due to the existence of absorbing states and
because the underlying MDP is ergodic.
"For B =0, Algorithmreduces to standard value iteration.
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Algorithm 3 Value Iteration for Entropic Utility Maximization

1: Requires e..;s > 0,v€[0,1], 8 €R, (S, A,r,P) e M
2: fors €S, a€ Ado Q(s,a) + 0
3: forn=1,2...00do

\\ Update Q(s, a) for all state-action pairs

4: forse€S,ae€ Ado
\\ Perform one iteration of @ with the greedy policy derived from Q

5: Q'(s,a) <0
6: for s’ € Sdo
7: if s’ is terminal then
8: target < r(s,a,s’)
9: else
10 target < r(s,a,s’) + ymaxy Q(s',b)
11: end if
12: Q'(s,a) < Q'(s,a) + P(s'|s, a) ef*tareet
13: end for
14: Q'(s,a) %log Q'(s,a)
15: end for

\\ Check for convergence in utility values
16: € < max; o |Q'(s,a) — O(s,a)|
17: if ¢ < €44 then return Q'

\\ If not converged, then continue with value iteration
18: fors €S, ae Ado Q(s,a) + Q'(s,a)
19: end for

C.2 Four-Room

State and Action Spaces. The four-room domain consists of a family of discrete-state discrete-
action MDPs M defined as follows. The world is defined as a set of discrete cells arranged in a
grid of dimensions 13-by-13, such that at each time instant, the agent occupies a specific cell with
some z- and y-coordinates (p,,p,) € {0,...12}% As the agent explores the space, it can collect
objects belonging to one of 3 possible classes. While the initial positions of these objects remains
fixed throughout the experiment, their existence is determined by whether or not they have already
been collected by the agent in a given episode (the same object cannot be picked up multiple times in
a given episode). In our configuration, there are 6 instances of objects belonging to each class, for a
total of n, = 18 collectible objects. Therefore, the state space S = {0, 1}" x {0,...12}2 consists
of the concatenation of the agent’s current position (p,;, p,) and a set of binary variables indicating
whether or not each object has already been picked up by the agent. All objects are reset at the
beginning of each episode. Actions are defined as A = {left, up, right, down} that move the agent
to an adjacent cell in the corresponding direction. In the case that the destination cell lies outside the
grid, then the agent remains in the current cell at the next time instant.

Reward Function and Risk. The goal cell ‘G’ provides a fixed reward of 41 and immediately
terminates the episode upon entry. The reward r. associated with each object class ¢ € {1,2,3}
is reset every time a new task begins, and is sampled from a uniform distribution on [—1, +1].
Occupying a trap cell that triggers at a particular time instant defines a failure, and is communicated to
the agent by incurring a penalty of —2 and immediately terminating the episode. However, occupying
a trap cell does not automatically guarantee a failure. Instead, a failure is only triggered with
probability 0.05 independently at every time instant during which the agent occupies a trap cell. This
additional reward stochasticity can be implemented without breaking the existing successor feature
framework by introducing a fictitious terminal state sy to indicate failure, which is reached at random
when in cells marked ‘X’. This state augmentation induces a modified MDP with a deterministic
reward of —2 on arrival to state sy, whose associated transitions are stochastic in nature. Crucially,
this state augmentation transformation applies uniformly to all task instances, and thus does not break
our assumptions about M. We use a discount factor of v = 0.95.
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Features and Linear Reward Parameterization. Exact state features ¢ (s, a, s’) are provided
directly to the agent. Specifically, we define ¢.(s, a, s") for every class of objects ¢ € {1,2,3} to
take the value 1 if the agent occupies a cell with an object of class ¢ in state s’ and 0 otherwise.
Similarly, we define ¢4 (s, a, s) to take the value 1 if s’ corresponds to the goal cell and 0 otherwise.
Unlike Barreto et al. [2], the four-room domain also contains an additional failure state with non-zero
reward, as described above, and this must also be incorporated into the SF representation. This can be
done by defining ¢/ (s, a, s') that takes the value 1 if s’ corresponds to the state sy and 0 otherwiseﬂ
The state features ¢ € R are then the concatenation of ¢, ¢, and ¢ . These features are sparse,
but can represent the reward functions of all possible task instances in M exactly. Finally, we define
W, =7., Wy = 1and wy = —2, and it is now clear that r(s, a, s’) = ¢(s,a, s’)"w holds.

Hyper-Parameters. Each time a new task is created, a new ¥™ and 2™ are created. The training
loop of RaSFQL then proceeds according to Algorithm[I] We set o = 0.5 and ¢ = 0.12, based on
preliminary experiments for Q-learning. We also set @ = 0.1 for learning ¥™ and a,, = 0.5 for
learning w with gradient descent. Rollouts are limited to 7" = 200 steps for all algorithms.

Baseline. The baseline used for comparison is the probabilistic policy reuse framework of Fer-
ndndez and Veloso [12]] (PRQL), here adapted for learning risk-sensitive behaviors. In order to do
this, we incorporate the smart exploration strategy of Gehring and Precup [16]. This strategy is
fundamentally similar to our mean-variance approach, since it also incorporates second-moment
or reward-variance information into action selection in a similar way. The controllability bonus
C7 (s, a) in each state-action pair is learned using a Q-learning approach by using the negative of
the absolute Bellman residuals —|d| as pseudo-rewards, and learned in parallel to the Q-values in
practical implementations. The penalty for C'(s, a) is denoted as w, and is fundamentally similar to (3
used by SFQL. The resulting algorithm, which we call RaPRQL, is described in Algorithm 4}

Baseline Hyper-Parameters. Similar to RaSFQL, every time a new task is created, a new Q7
and C™ are created for RaPRQL for learning new policies. We set o = 0.5 for fair comparison
with RaSFQL, and p = 0.1 based on the original implementation [16]. The performance is highly
sensitive to the parameters 1 and 7 used by PRQL. To select these two hyper-parameters, we follow
Barreto et al. [2] and run a grid search for n € {0.1,0.3,0.5} and 7 € {1, 10,100}, selecting the
combination of ) and 7 that resulted in the highest cumulative return over 128 task instances. This
validation experiment is repeated for every value of w.

C.3 Reacher

State and Action Spaces. The state space S C R* consists of the angles and angular velocities of
the robotic arm’s two joints. The two-dimensional action space A C [—1, +1]? is discretized using 3
values per dimension, corresponding to maximum positive (4-1) and negative (—1) and zero torque
for each actuator, resulting in a total of 9 possible actions. At the beginning of each episode, the
angle of the central joint is sampled from a uniform distribution on [—, +|, while the angle of the
outer joint is sampled from a uniform distribution on [—7 /2, +7 /2], and the angular velocities are
initialized to zero. Furthermore, state transitions are made stochastic by adding zero-mean Gaussian
noise to actions with standard deviation 0.03, and then clipping the actions to [—1, +1].

Reward Function and Risk. The reward received at each time step is 1 — 49, where § is the
Euclidean distance between the target position and the tip of the robotic arm. We define 12 target
locations, of which 4 are used for training and the remaining 8 for testing. Furthermore, circular
regions of radius d¢ = 0.06 are placed around 6 of the 12 target locations (2 training and 4 testing)
in which failures occur spontaneously with probability py = 0.035. Once a failure occurs, a cost of
¢y = 3 is incurred and the episode continues without termination. This implies that the expected

81t is not practical to redefine the task space with the augmented state s 7 in an actual implementation. Instead,
we simulate this by providing the state features ¢ with a binary variable indicating failure. This does not change
the SF implementation, since the occurrence of a failure event can be deduced using the done flag (indicating
arrival in a terminal state) and the state s’.
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Algorithm 4 RaPRQL with Smart Exploration

1: Requires m,T,N. € N, ¢, € [0,1], a, p, 7 >0, w e R, My,... M, € M
2: fort=1,2...mdo

3: Initialize Q*(s,a), C*(s, a) to small random or zero values
4: for k =1,2...¢tdoscore; < 0, used, < 0

5: c+t

6: R<+0

\\ Commence training on task M,

7: forn,=1,2... N. do
8: Initialize M; with initial state s
9: forh=0,1...7T do
\\ Select actions according to Q-values plus controllability bonus
10: if ¢ # ¢ then use_prev_policy ~ Bernoulli(n) else use_prev_policy <+ false
11: if use_prev_policy then
\\ Action is selected from 7, the source policy being used
12: a < argmax, {Q%(s,b) + wCs(s,b)}
13: else
\\ Action is selected from 7, the policy being learned
14: random_a ~ Bernoulli(e)
15: if random_a then a ~ Uniform(A) else a <+ arg max;,{Q} (s, b) + wC} (s,b)}
16: end if
17: Take action a in M; and observe r and s’
\\ Update the Q-values for the current task
18: On 7+ max, Q}_(s',b) — Q}(s,a)
19: Q! (s,a) + Q) (s,a) + ady,
\\ Update the controllability bonus for the current task
20: Cl(s,a) « C(s,a) + ap(—|on] — Cl(s,a))
21: R+~ R+r
22: 54§
23: end for
\\ Update average return obtained by following policy 7.
24: score, <— %
\\ Sample a new source policy
25: fork:1,2...td0pk<—%
26: ¢ ~ Multinomial(py, pa, . .. pt)
27: used, < used, + 1
28: R<+0
29: end for
30: end for

reward, as a function of the distance 9, isﬂ
1—-46 ifd > 4§
R(5) = ' !
1—45—Cfxpf lf(SS(Sf.
Therefore, a rationaﬂ risk-neutral agent would prefer to enter inside the failure region if it holds that
1 —cy x py > 1 — 44y, or in other words if
cr X pr < 405.

Clearly, given our choice of values for cf, py and ¢ ¢, the above condition holds in our setting. Setting
up the reward structure and risk in this way makes it possible to control the trade-off between risk
and reward, and thus the anticipated behavior of the agents, in a principled way. We also apply
discounting of future reward using v = 0.9.

The reasoning here has simplified some of the aspects of the environment, ignoring the effects of multiple
risk regions that could alter the trajectories, limited-length episodes and discounting.

190f course, a rational agent would want to keep the tip as close to the target location as possible, and so
would want § = 0.
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Features and Linear Reward Parameterization. The state features are vectors ¢ (s, a, s') € R'3,
in which the first 12 components consist of 1 — 45g, where 59 are the Euclidean distances to each of
the goal locations g. The last component takes the value 1 if a failure event occurs and 0 otherwise.
As done in the four-room experiment, state features are provided to the agent. However, target
goal locations w € R'3 are not learned in this instance, but provided directly to the agent as well.
Specifically, we set w, = 1 for the goal with index g and w3 = ¢y = —3, and set all other elements
to zero. This recovers the correct reward function (s, a, s") for all task instances as described above.

Hyper-Parameters and Learning Architectures. The overall training and testing procedures
closely mimic Barreto et al. [2]. The successor features 1™ and their distribution ¥™ are represented
as multi-layer perceptrons (MLP) with two hidden layers of size 256 and tanh non-linearities. The
SFCS51 and RaSFC51 architectures are generally identical and require output layers of dimensions
R9*51x13 'with a softmax activation function applied with respect to the second dimension. Similarly,
C51 and RaC51 also require output layers but of dimensions R?*5! and softmax applied with respect
to the second dimension. For SFDQN, the output of the network is linear with dimensions R9*13,
We also use target networks for both SFC51/RaSFC51 and C51/RaC51, which are updated every
1,000 transitions by copying weights from the learning networks. These target networks are only
used for computing the bootstrapped return estimates. For SFC51, RaSFC51 and SFDQN, separate
MLPs are used to learn each policy. To allow C51 and RaC51 to generalize across target locations,
we apply universal value function approximation [35]] and incorporate the target position into the
state. This makes C51 essentially identical to the DQN baseline in Barreto et al. [2], except that DQN
is replaced by C51. For C51-based agents, recall that the range of possible values of ¢ must also be

specified. For SFC51 and RaSFC51, we use ¢¢, = —1 and ¢%,,, = 1 ford = 1,2...12 and use
13 . =0and ¢L3, . = 1, which corresponds to a relatively tight bound for state features described

in the previous paragraph. For C51 and RaC51, we set the bounds to V,,,;,, = —30 and V,,,4, = 10,
which corresponds to a tight bound for the discounted return. These intervals are discretized into
N = 51 atoms for learning histograms, as recommended in the original paper [6].

Training and Testing Procedures. Agents are trained on all 4 training task instances sequentially
one at a time, for 200,000 time steps per task using an epsilon-greedy policy with € = 0.1. Analogous
to Barreto et al. [2], every sample is used to train all 4 policies simultaneously for SFC51, RaSFC51
and SFDQN. A randomized replay buffer of infinite capacity stores all previously-observed transitions
(s,a, ¢, s’) from all 4 training tasks, to avoid “catastrophic forgetting" of previously learned task
instances. Each update of the network is based on a mini-batch of size 32 sampled uniformly from
the replay buffer, and uses the Adam optimizer with a learning rate of 1073, Please note that these
parameters, and those in the previous paragraph, are generally identical to those used in Barreto et al.
[2]. Testing follows an epsilon-greedy policy with € = 0.03 and greedy actions are selected according
to risk-aware GPI, e.g. a* € arg max, max;e .43 {%7 (s, a)ij + Bw,;TE7i(s,a)w; }. Recall
that test rewards w; are provided to the agent. We set the episode length to 7" = 500 time steps for
training and testing. All visualizations are based on estimating the test return at regular intervals of
5,000 time steps, calculated as the average performance of 5 independent rollouts.

Normalization of Returns. Since the performance varies for different target locations, Barreto
et al. [2] applies a normalization procedure to compare the performance between tasks in a fair
manner. We apply the same procedure, by first training a standard C51 agent from scratch on each
training and test task 10 times, and recording the average performance at the beginning and end of
training, G, and G, respectively. The normalized return illustrated in all figures is then calculated as
Gn = (G = Gp)/(Go — Gy).

Physics Simulator. The physics simulator used for the reacher domain is provided by the open-
source pybullet and pybullet-gym packages [50,51]. We adapted the Python environment in the
latter package to handle multiple target goal locations as required in our problem setting. Please note
that this package is released under the MIT license.

C.4 Additional Details for Reproducibility
Reproducing Four-Room. The four-room experiment was run on an Alienware m17 R3, whose

software and hardware specifications are provided in Table 3] Please note that while this machine has
a GPU and tensorflow installed, neither were used in this experiment.
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Component Description Quantity

Operating System Windows 10 Home
Python 3.8.5 (Anaconda)
tensorflow 2.3.1
System Memory 32 GB
Hard Disk 953.9GB 1
CPU Intel i7-10875H @ 2.30GHz (turbo-boost @ 5.1GHz) 1
GPU Nvidia RTX 2080 Super 8GB 1

Table 3: Software and hardware configuration used to run all experiments for the four-room domain.

Reproducing Reacher. The reacher experiment was run on a Lenovo ThinkStation P920 worksta-
tion, whose software and hardware specifications are described in Table ]

Component Description Quantity
Operating System Ubuntu 18.04
Python 3.8.5
tensorflow 24.0
System Memory 187 GB
Hard Disk 953.9GB 5
CPU Intel Xeon Gold 6234 @ 3.30GHz (turbo-boost @ 4GHz) 32
GPU Nvidia Quadro RTX 8000 48GB 2

Table 4: Software and hardware configuration used to run all experiments for the reacher domain.

Other Factors. Please note that seeds were not fixed during the experiment but generated in each
trial using Python’s default seed generation algorithm. This allows us to average the performance of
all algorithms over different seed values and initializations. No internal modifications to the Python
environment nor to any of its installed packages were made. No effort to overclock the machines’
CPUs or GPUs beyond their factory settings were made in order to decrease the overall computation
time (see below).

Computation Time. The majority of the computation time in running the experiment was allocated
to the reacher domain, partially because of the size of the network architectures required to learn
meaningful policies (2 hidden layers consisting of 256 neurons), and the number of samples required
to draw meaningful conclusions for all baselines. The computation time is considerably greater for
RaSFC51 (around 28-36 hours per trial) than it is for RaC51 (around 6-8 hours per trial), which is
expected since the former must train 4 neural networks while the latter must train only one. This
could potentially lead to negative environmental impacts if the model is to be deployed on complex
problems in real-world settings. At the same time, the potential speed-ups demonstrated by RaSFC51
as compared to RaC51 could reduce the overall training time considerably and offset the total energy
requirement of learning policies with a satisfactory variance-adjusted return. Parallelization of the
training loop could also be beneficial and provide significant time and cost savings in practice.

D Additional Ablation Studies and Plots

In this section, we include the full details and results of the ablation studies described in the main
text, and additional analysis that had to be left out of the main paper due to space limitations.

D.1 Four-Room
Effect of Varying 5. We can study the effect of 3 on the return performance and risk-sensitivity of

the learned behaviors by repeating the four-room experiment (Appendix [C.2)) for various values of
8. In particular, we trained RaSFQL for 58 € {0, —1/2, —1, —2, —4} (w for RaPRQL), and recorded
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Figure 9: Left: cumulative reward collected across all training tasks in the four-room domain, for
various values of 3 for RaSFQL (w for RaPRQL). Right: cumulative number of failures across all
training tasks in the four-room domain, for various values of 5, w. Please note that legend entries in
parentheses indicate the negative values of 8 and w. Shaded error bars indicate one standard error
over 30 independent runs of each algorithm.

the cumulative reward and number of failures across all 128 training task instances. The results of
these experiments are summarized in Figure[9] We see that the performance of RaSFQL degrades
gracefully as 3 decreases (a relative drop in cumulative reward of approximately 25% is observed
when [ is decreased from 0 to —4), while the corresponding degradation for RaPRQL is considerably
more pronounced (a relative drop in cumulative reward of roughly 75% is observed for an identical
change in w). Meanwhile, the number of cumulative failures of RaSFQL is generally lower than
RaPRQL for every pair of identical values of 5 and w. In fact, for 8 € {—1, —2, —4}, the cumulative
numbers of failures are increasing at sub-linear rates, which implies that risk-avoidance behavior is
becoming more prominent as the number of training task instances increases.

Examination of Learned Behaviors. In order to better understand the kind of risk-averse behaviors
being learned, we instantiated 27 novel test task instances by enumerating w; € {—1,0, 1} for every
object class ¢ = 1, 2, 3. We then tested the performance of the GPI policy obtained from the training
procedure described in the main paper, by simulating 100 rollouts following the epsilon-greedy policy
with € = 0.1 on each of the test tasks. Please note that no training was ever performed on the test
tasks. The state visitation counts across all 100 trajectories were computed for every task instance
and arranged in a 3D-lattice as indicated in Figure[T0} We repeated this procedure twice: once for
RaSFQL with § = —2 and once for SFQL. Interestingly, RaSFQL and SFQL learn behaviors that
are similar to each other when looking at the same task, but each of them exploits different regions
of the state space depending on the reward. However, RaSFQL almost always learns to avoid the
dangerous objects in the bottom-left and top-right rooms, whereas SFQL does not necessarily do so.
This discrepancy is most evident, for instance, when wo = 1 and for (wq, wo, w3) = (1, -1, —1)
and (Wl, Wo, Wg) = (1, —1, 0)

D.2 Reacher

Benefit of Distributional RL for Learning Successor Features. The left plot in Figure|l1|illus-
trates the normalized test return, averaged across all test tasks, for SFC51 and the original SFDQN
implementation of Barreto et al. [2]]. Both agents are risk-neutral in this comparison. It is likely that
learning the full distribution of SF returns provides additional stability of the Bellman backups in
stochastic domains, and thus allows SFs to inherit the advantages of distributional RL for maximizing
expected return [6].

Effect of Varying 5. Unlike the four-room domain, we saw that the number of failures of RaSFC51
was modestly greater than RaC51 for the same values of 5. In order to better understand how
efficiently the trade-off between risk and reward is handled by these two algorithms, we decided
to compute an alternative measure of return by dividing the normalized return by the total number
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Figure 10: Visitation counts over 100 rollouts from behavior/training policies (epsilon-greedy with
€ = 0.12) derived from GPI after training on all 128 task instances. The behavior policies are
illustrated on 27 novel task instances in which the reward w varies, e.g. w1, wo, w3 € {—1,0,1}.
Left: Behavior policies derived from GPI for RaSFQL with § = —2. Right: Behavior policies
derived from GPI for standard SFQL. Visitation counts are averaged over 30 independent runs for
each algorithm.

of failures. Intuitively, this quantity provides an estimate of the expected reward collected between
between successive failure events. The right plot contained in Figure [TT] which compares this
quantity for RaSFC51 and RaC51 for different values of 3, shows that RaSFC51 is actually much
more efficient at managing the trade-off between risk and reward for larger-magnitude values of 3.
This is not surprising, given that RaSFC51 can obtain much high return than RaC51 for a comparable
number of failures, when 8 = —3 and 8 = —4. In fact, for § = —4, the number of failures of
RaSFC51 and RaC51 become equivalent as both methods learn sufficiently conservative policies.
Even in this case, successor features combined with GPI allow RaSFC51 to generalize much better
on novel tasks than RaC51.

Examination of Learned Behaviors. As suggested in the main text, one possible conjecture is
that RaSFC51 learns to correctly solve the test tasks, requiring the robotic arm to hover closer to the
edge of the risky areas, while RaC51 does not. The presence of environment stochasticity, errors in
function approximation, and the stochasticity of the epsilon-greedy policy used during testing could
exacerbate this. Comparing rollouts of successfully-learned behavior produced by RaSFC51 and
RaC51 in training tasks in Figure[I2] and testing tasks in Figure[T3] confirms that RaSFC51 is much
better at task generalization than RaC51. Here, RaSFC51 learns to hover right at the boundaries
of the high-variance regions, preferring not to enter them whenever possible. On the other hand,
risk-neutral SFC51 is completely unaware of the risky areas, focusing exclusively on minimizing
the distance to the target location, but is able to successfully locate all targets. RaC51 demonstrates
similar risk-aware behaviors as RaSFC51, but cannot reliably locate the target on some of the test
task instances.
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Figure 11: Additional ablation studies for the reacher domain, that were left out of the main paper
due to space limitations. Left: Normalized average test return for the reacher domain, showing the
improvement obtained by replacing DQN by C51 as a function approximator for SFs. Right: In
order to assess the trade-off between return and possibility of failure, we divide the normalized return,
averaged across all test tasks, by the total number of failures for each value of 5. The resulting
measure is compared between RaSFC51 and RaC51. The x-axis indicates the negative values of 3.

Figure 12: Evolutions of the robotic arm tip position in three successful rollouts of the reacher domain
according to the GPI policy obtained after training on all 4 tasks. Here, all 4 training tasks are shown.

T6D4seyd

Examination of Learned Covariance. A similar conclusion can also be drawn by observing the
heat-maps of the learned mean-variance objectives in Figure[T5] For SFC51, these objectives take the
highest values precisely at the target locations, whereas for RaSFC51 these take the highest values
slightly away from the targets in regions of low volatility. This is expected as the utility of hovering
very close to a target location centered in a risky region should be lower than hovering outside the
risky region, for a sufficiently risk-averse agent. Moreover, the first 4 rows correspond to training task
values and the last 8 correspond to test task values. Because a similar pattern described above can
also be observed in test tasks, the ability of SFs to generalize expected return estimates to novel task
instances also extends to higher-order sufficient statistics, namely the variance of return. Finally, the
aggregated plots located in the top half in Figure [I6]show that RaSFC51 learns the return variance
correctly after having trained on all 4 task instances. On the other hand, the SFDQN architecture that
learns the covariance using the residual method (8)) is unable to learn the variance correctly, likely

due to the propagation of errors and overestimation bias in )™ (s, a) as discussed in the main paper.
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Figure 13: Evolutions of the robotic arm tip position in three successful rollouts of the reacher domain
according to the GPI policy obtained after training on all 4 tasks. Here, all 8 test tasks are shown.
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Figure 14: Ablation study for varying the distributional assumption used in the mean-variance
approximation in the reacher domain. Gaussian implies the usual mean-variance approximation with
the assumption of normally-distributed returns, while Laplace assumes a Laplace distribution for
returns. Both approximations use 3 = —2. Left: Normalized average test return across all test tasks.
Right: Total failures across all test tasks.

Effect of Varying the Distributional Assumption of Returns. A final ablation study we con-
ducted was to assess the stability of the task generalization of risk-aware SFs under different dis-
tributional assumptions of the cumulative reward. As discussed in Section[A4] the mean-variance
approximation used in this work results from making a Gaussian assumption on the cumulative
reward distribution, which may not always be closely-aligned with reality. To assess the flexibility
of our approach, we evaluate the performance of RaSFC51 when the distribution of cumulative
reward is assumed to follow a Laplace approximation (see Table 2] for details). We repeat the reacher
experiment with this modification and report the results (test return and test failures) in Figure
[[4] As we can see, the normalized test return under both distributional assumptions is essentially
unchanged. However, the number of test failures is reduced to almost half its original amount by
simply replacing the normal distribution with the Laplace distribution for modeling returns. By
inspecting and comparing the penalties of these two distributional assumptions in Figure[§] this result
is expected, since the Laplace distribution is better-suited for modeling heavy-tailed risks and thus
penalizes the variance more than the normal distribution. This further suggests that the assumptions
used for modeling the distributions of returns in GPE can have a profound effect on the effectiveness
of transfer and the risk-sensitivity of the learned policies. Thus, these distributional assumptions
can — and perhaps should — be treated as important hyper-parameters or design parameters in future
experiments. Designing and characterizing suitable distributional assumptions for different classes of
problems could be an interesting topic for further investigation.
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Figure 15: Each plot located in column ¢ and row j illustrates the value of the mean-variance objective
P7™i(s,a)"w; — w;TE™ (s, a)w; as a function of the robotic arm tip position in (z,y) coordinates
for the reacher domain, after training each agent on all 4 tasks. In other words, the first 4 rows
illustrate the value functions learned on the training task instances, while the last 8 rows illustrate the
value functions learned on the test tasks. Left: mean-variance objective computed by RaSFC51 with
£ = —3. Right: mean-variance objective computed by SFC51.
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Checklist

1. For all authors...

(a) Do the main claims made in the abstract and introduction accurately reflect the paper’s
contributions and scope? [Yes] The abstract and contributions paragraph in the introduc-
tion clearly state the paper’s novel contributions. We discuss that the theoretical results
could generalize to other concave utility functions. Our experimental design closely
matches the one in the original paper on successor features, and we also mention that
our approach can take advantage of other improvements in successor features. Thus,
we expect our empirical results to follow through for domains with similar structure
and complexity to those introduced in subsequent literature on successor features.

(b) Did you describe the limitations of your work? [Yes] The conclusion summarizes
several limitations associated with assumptions that are introduced when made in the
paper. Specifically, we describe how the error term ¢ propagates as a result of relying
on the mean-variance approximation in GPE in Section [3.3] We also point out the
independence assumption used in the SFC51 and RaSFC51 architectures in Section
[ Finally, in the conclusion we mention that our approach is specific to the entropic
utility objective, that is largely based on estimating risk using the variance of returns.

(c) Did you discuss any potential negative societal impacts of your work? [N/A] We do
not foresee any direct societal impacts of this work. However, we do briefly discuss
computation time and the need to train large models in Appendix

(d) Have you read the ethics review guidelines and ensured that your paper conforms to
them? [Yes]

2. If you are including theoretical results...

(a) Did you state the full set of assumptions of all theoretical results? [ Yes] All assumptions
are stated at the beginning of each theoretical result.

(b) Did you include complete proofs of all theoretical results? [Yes] All complete proofs
are provided in Appendix

3. If you ran experiments...

(a) Did you include the code, data, and instructions needed to reproduce the main experi-
mental results (either in the supplemental material or as a URL)? [Yes] Instructions for
replicating the domains and how models are created and trained are provided in detail
in Appendix [C} A zip file of our code is also provided.

(b) Did you specify all the training details (e.g., data splits, hyperparameters, how they
were chosen)? [Yes] All hyper-parameters and how they were selected, along with
other key details regarding training, are provided in Appendix [C]

(c) Did you report error bars (e.g., with respect to the random seed after running experi-
ments multiple times)? [Yes] All plots clearly show error bars, which represent one
standard error around the mean.

(d) Did you include the total amount of compute and the type of resources used (e.g.,
type of GPUs, internal cluster, or cloud provider)? [Yes] Appendix [C.4] describes
the computing infrastructures used, including both hardware and software, to help
reproduce the experiment. We also include a paragraph describing the computation
time to run a trial of the reacher domain, which represented an overwhelming majority
of the overall computation time.

4. If you are using existing assets (e.g., code, data, models) or curating/releasing new assets...

(a) If your work uses existing assets, did you cite the creators? [Yes] Our implementation
of the reacher domain is based on the pybullet-gym package as described in Appendix
C.3I

(b) Did you mention the license of the assets? [Yes] We mentioned that the package above
is MIT licensed.

(c) Did you include any new assets either in the supplemental material or as a URL? [Yes]
Our code is provided as a zip file with the submission.

(d) Did you discuss whether and how consent was obtained from people whose data you’re
using/curating? [N/A] We do not use data.
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(e) Did you discuss whether the data you are using/curating contains personally identifiable
information or offensive content? [N/A] We do not use data.

5. If you used crowdsourcing or conducted research with human subjects...

(a) Did you include the full text of instructions given to participants and screenshots, if
applicable? [N/A]

(b) Did you describe any potential participant risks, with links to Institutional Review
Board (IRB) approvals, if applicable? [N/A]

(c) Did you include the estimated hourly wage paid to participants and the total amount
spent on participant compensation? [N/A |
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