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ABSTRACT

We introduce the forward-backward (FB) representation of the dynamics
of a reward-free Markov decision process. It provides explicit near-optimal
policies for any reward specified a posteriori. During an unsupervised phase,
we use reward-free interactions with the environment to learn two repre-
sentations via off-the-shelf deep learning methods and temporal difference
(TD) learning. In the test phase, a reward representation is estimated
either from observations or an explicit reward description (e.g., a target
state). The optimal policy for that reward is directly obtained from these
representations, with no planning.

The unsupervised FB loss is well-principled: if training is perfect, the
policies obtained are provably optimal for any reward function. With
imperfect training, the sub-optimality is proportional to the unsupervised
approximation error. The FB representation learns long-range relationships
between states and actions, via a predictive occupancy map, without having
to synthesize states as in model-based approaches.

This is a step towards learning controllable agents in arbitrary black-box
stochastic environments. This approach compares well to goal-oriented RL
algorithms on discrete and continuous mazes, pixel-based Ms. Pacman, and
the FetchReach virtual robot arm. We also illustrate how the agent can
immediately adapt to new tasks beyond goal-oriented RL.

1 INTRODUCTION AND RELATED WORK

We consider one kind of unsupervised reinforcement learning problem: Given a Markov
decision process (MDP) but no reward information, is it possible to learn and store a compact
object that, for any reward function specified later, provides the optimal policy for that
reward, with a minimal amount of additional computation? In a sense, such an object would
encode in a compact form the solutions of all possible planning problems in the environment.
This is a step towards building agents that are fully controllable after first exploring their
environment in an unsupervised way.

Goal-oriented RL methods (Andrychowicz et al., 2017; Plappert et al.l |2018|) compute policies
for a series of rewards specified in advance (such as reaching a set of target states), but
cannot adapt in real time to new rewards, such as weighted combinations of target states or
dense rewards.

Learning a model of the world is another possibility, but it still requires explicit planning for
each new reward; moreover, synthesizing accurate trajectories of states over long time ranges
has proven difficult (Talvitie, 2017} [Ke et al., [2018)).

Instead, we exhibit an object that is both simpler to learn than a model of the world, and
contains the information to recover near-optimal policies for any reward provided a posteriori,
without a planning phase.

Borsa et al.| (2018) learn optimal policies for all rewards that are linear combinations of a
finite number of feature functions provided in advance by the user. This limits applications:
e.g., goal-oriented tasks would require one feature per goal state, thus using infinitely many
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features in continuous spaces. We reuse a policy parameterization from Borsa et al.| (2018)),
but introduce a novel representation with better properties, based on state occupancy
prediction instead of expected featurizations. We use theoretical advances on successor state
learning from [Blier et al|(2021). We obtain the following.

e We prove the existence of a learnable “summary” of a reward-free discrete or continuous
MDP, that provides an explicit formula for optimal policies for any reward specified
later. This takes the form of a pair of representations F': S X A X Z — Z and B: S X
A — Z from state-actions into a representation space Z ~ R?, with policies 7.(s) :=
argmax, F'(s,a,z) 2z . Once a reward is specified, a value of z is computed from reward
values and B; then 7, is used. Rewards may be specified either explicitly as a function, or
as target states, or by samples as in usual RL setups.

e We provide a well-principled unsupervised loss for ' and B: if training is perfect, then
the policies are provably optimal for all rewards (Theorem [1). In finite spaces, perfect
training is possible with large enough dimension d (Proposition|3). With imperfect training,
sub-optimality is proportional to the training error (Theorem [5)).

e We provide a TD-like algorithm to train F' and B to minimize this loss, with function
approximation, adapted from recent methods for successor states Blier et al.| (2021). As
usual with TD, learning seeks a fixed point but the loss itself is not observable.

e We prove viability of the method on several environments from mazes to pixel-based
MsPacman and a virtual robotic arm. For single-state rewards (learning to reach arbitrary
states), we compare this method to goal-oriented methods such as HER. (Our method
is not a substitute for HER: in principle they could be combined, with HER improving
replay buffer management for our method.) For more general rewards, which cannot be
tackled a posteriori by trained goal-oriented models, we provide qualitative examples.

e We also illustrate qualitatively the sub-optimalities (long-range behavior is preserved but
local blurring of rewards occurs) and the representations learned.

2 PROBLEM AND NOTATION

We consider a reward-free Markov decision process (MDP) M = (S, A, P,~) with state
space S (discrete or continuous), action space A (discrete for simplicity, but this is not
essential), transition probabilities P(s’|s,a) from state s to s’ given action a, and discount
factor 0 < v < 1|Sutton & Barto (2018). If S is finite, P(s’|s,a) can be viewed as a matrix;
in general, for each (s,a) € S x A, P(ds'|s,a) is a probability measure on s’ € S. The
notation P(ds’|s,a) covers all cases. All functions are assumed to be measurable.

Given (sg,ap) € S x A and a policy 7: S — Prob(A), we denote Pr(|sg,ap,m) and
E[-|s0, ao, 7] the probabilities and expectations under state-action sequences (s, a)i>0
starting with (sg,ag) and following policy 7 in the environment, defined by sampling
s¢ ~ P(ds¢|si—1,a:—1) and a; ~ 7(s).

Given a reward function r: S x A — R, the @-function of 7 for r is QT (sg,a0) :=
Ym0V Elr(se, ar)|so, ag, 7). We assume that rewards are bounded, so that all Q-functions
are well-defined. We state the results for deterministic reward functions, but this is not
essential. We abuse notation and write greedy policies as 7(s) = argmax, Q(s,a) instead of
7(s) € argmax, Q(s,a). Ties may be broken any way.

We consider the following informal problem: Given a reward-free MDP (S, A, P, ), can we
compute a convenient object E such that, once a reward function r: S x A — R is specified,
we can easily (with no planning) compute from E and r a policy 7 such that Q7 is close to
maximal?

3 OUTLINE OF THE METHOD

The method has three phases: an unsupervised learning phase where we learn a pair
of representations F' and B in a reward-free way, by observing state transitions in the
environment; a reward estimation phase where we estimate a policy parameter zr from
reward observations, or directly set zp if the reward is known (as in goal-oriented RL); and
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an exploitation phase, where we directly set a policy based on F', B, and zr. The last two
phases may be merged in some cases.

The unsupervised learning phase. We set a representation space Z = R%, used to
represent both states and reward functions. We learn a pair of “forward” and “backward”
representations

F:SxAxZ— Z, B:SxA—Z (1)

For each z € Z, we define the policy ,(s) := argmax, F(s,a,2) 2.

No rewards are used in this phase, and no family of tasks has to be specified manually. F
and B are trained such that, for any state-actions (sp, ag), (s',a’), and any z € Z,

F(so,a0,2)'B(s',d') =~ Z'yt Pr(s; =8, a; = ad' | s0, ag, 7>) (2)
>0

We actually learn probability densities, which make more sense in continuous spaces, see
(7)—(8).) Since 7. depends on F, is a fixed point equation, similarly to the dependency
between the optimal Q-function and optimal policy in ordinary @-learning.

the past of a state, or the ways to reach that state (see also Appendix . If F'B is large,
then it is possible to reach the second state from the first. This is akin to a model of the
environment, without synthesizing state trajectories.

Intuitively, F' is a representation of the future of a state under a certain policy. B represents
i

This unsupervised learning phase is fully principled: If learning of F' and B is successful,
then this is guaranteed to provide all optimal policies (Theorem . Namely, for any reward
function r(s,a), the optimal policy for r is the policy 7, with z := E(, )[r(s,a)B(s,a)]. For
instance, Tp(s,q) is the optimal policy to reach (s, a).

Approximate solutions still provide approximately optimal policies, with optimality gap
directly proportional to the error on F'B (Appendix, Theorem , so the guarantees are
non-empty.

F and B can be learned off-policy from observed transitions in the environment, via the
Bellman equation for ,

F(S()»aOvZ)TB(S/va/) = ]]-so:s’,aoza/ +'V]Esle(dsﬂso,ao)[F(slvﬂ-z(sl)aZ)TB(Slaa/)] (3)

in discrete spaces. We leverage efficient algorithms for successor states [Blier et al.| (2021)),
also valid in continuous spaces, and which learn without using the sparse reward 1s,—s/, qo=a’

(see Section [4)).

In finite spaces, exact solutions F and B exist (Appendix, Prop. 3), provided the dimension d is
large enough. In infinite spaces, arbitrarily good approximations can be obtained by increasing
d, corresponding to a rank-d approximation of the pairwise cumulated transition probabilities
in . The dimension d controls how many types of rewards can be optimized well; even a
relatively small d can provide useful behaviors, see the experiments and Appendix [E:2] The
algorithm is linear in d, so d can be taken as large as the neural network models can handle.

For exploration in this phase, we use the policies being learned: the exploration policy
chooses a random value of z from some distribution (e.g., Gaussian), and follows 7, for
some time (Appendix, Algorithm . However, the algorithm can also work from an existing
dataset of off-policy transitions.

The optimality guarantee and training algorithm are detailed in Section [

The reward estimation phase. Once rewards are available, we estimate a reward
representation (policy parameter) zp by weighing the representation B by the reward:

zg = E[r(s,a)B(s,a)] (4)

where the expectation must be computed over the same distribution of state-actions (s, a)
used to learn F' and B. There are several scenarios.



Self-supervision for Reinforcement Learning Workshop at ICLR 2021

If the reward is known explicitly, this phase is unnecessary. For instance, if the re-
ward is to reach a target state-action (sg,ag) while avoiding some forbidden state-actions
(s1,a1), ..., (Sk,ax), one may directly set

zr = B(s0,a0) f)\ZB(si,ai) (5)

where the constant A adjusts the negative reward for visiting a forbidden state. This can be
used for goal-oriented RL.

If the reward is known algebraically as a function r(s,a), then zr may be computed by
averaging the function r(s,a)B(s,a) over a replay buffer from the unsupervised training
phase.

If the reward is black-box as in standard RL algorithms, then the exploration policy has to
be run again for some time, and zg is obtained by averaging r(s,a)B(s,a) over the states
visited.

If it is not possible to run the exploration policy again, one may learn a model 7(s,a) of
r(s,a) on some reward observations from any source, then estimate zr = E[(s, a)B(s, a)]
by averaging the model over a replay buffer from the unsupervised training phase. In this
case, reward identification may be done in parallel to exploitation.

An approximate value for zg still provides an approximately optimal policy (Appendix,
Prop. |§| and Thm. .

Since reward functions are represented by d-dimensional vectors zg, loss of precision neces-
sarily occurs. In practice, for small d we notice some blurring of rewards between nearby
states (Fig. [3)), for reasons discussed in Section

The exploitation phase. Once the reward representation zr has been estimated, the
@-function is estimated as

Q(s,a) = F(s,a,2r)" 2. (6)
The corresponding policy 7., (s) = argmax, Q(s,a) is used for exploitation.

Fine-tuning was not needed in our experiments, but it is possible to fine-tune the Q-function
using actual rewards, by setting Q(s,a) = F(s,a,2r) 2r + qo(s,a) where the fine-tuning
model gy is initialized to 0 and learned via any standard @-learning method.

4 THE FORWARD-BACKWARD REPRESENTATION OF AN MDP ENCODES
THE OPTIMAL POLICIES

We now present in more detail the algorithm used to learn F' and B, and the associated
theoretical guarantee.

Background on successor states. We start with some definitions and an algorithm from
Blier et al.| (2021)) for successor states of a single policy. The successor state operator M™
of a policy 7 is defined as follows. For each state-action (sg,ag), M7 (s, ap,-) is a measure
over the state-action space S x A, representing the expected discounted time spent in each
set X C S x A, namely,

M™(sg,a0,X) = Zyt Pr((s¢,at) € X | so, ao, ) (7)
>0

for each X C § x A. Viewing M as a measure deals with both discrete and continuous
spaces.

In practice, M™ is represented by a function m™(sg, ag, s, a’) taking a pair of state-actions
and returning a number. Namely, assume access to a training set of transitions in the MDP
(off-policy, reward-free). Let p(ds, da) be the probability distribution of state-actions in this
training set; we assume p > 0 everywhere. The measure M™(sg, ag, -) may be represented as
a density with respect to p:

MW(SOa ao, d8/7 da/) = mﬂ(So, ao, 8,7 0,,) p(dsl7 da’,) (8)
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where m™ is an ordinary function (or a distribution, see Appendix [E.4]).

Algorithms exist to train a parametric model mj(sg, ag, s’,a’) of m™ from a training set of
off-policy observed transitions (sg,a, s1) in the MDP, based on a Bellman-like equation for
M [Blier et al. (2021). Namely, sample a transition (sg, a, s1) from the training set, generate
an action a; ~ 7(a1|s1), sample a state-action (s’,a’) from the training set, independently
from (sg,a,s1). Then update the parameter 6 by 6 < 6 + 1660 with learning rate n and

80 := dgmy (so, a, S0, a) + Oemj (so,a,s',a") x (ymf(s1,a1,s',a") —mj(so,a,s",a")) (9)

The true successor state density m™ is a fixed point of this update in expectation [Blier et al.
(2021) (it is the only fixed point in the tabular or overparameterized case). Variants exist,
such as using a target network for mj(s1,a1,s’,a’) on the right-hand side, as in DQN.

The naive way to estimate successor states via a Bellman equation from would involve a
sparse reward term lg —s 4—q/, resulting in infinitely sparse rewards in continuous spaces.
However, in expectation, this term’s contribution is known algebraically: (9) avoids sparse
rewards in a principled way thanks to the dgmj (so, a, so, @) term Blier et al.| (2021)).

It is not necessary to know the training distribution p: all quantities are expressed as
expectations under p, namely, expectations over the training set. When training under data
distribution p, one learns the density m™ of M™ with respect to p; this will be useful below.

The forward-backward representation provides the optimal policies. The next
theorem contains the core idea of our algorithms. In short, if we can learn two representations
F and B of state-actions such that F'B approximates the successor states of certain policies,
then we can compute all optimal policies from F' and B.

Theorem 1 (Forward-backward representation of an MDP). Consider an MDP with state
space S and action space A. Let Z = R? be some representation space. Let

F:SxAXxZ— 2Z, B:SxA—=Z (10)
be two functions. For each z € Z, define the policy

7,(s) := argmax F(s,a,2)" 2. (11)

Let p be any probability distribution on S x A (e.g., the distribution of state-actions under
some exploration scheme).

Assume that F' and B have been chosen (trained) to satisfy the following: for any z € Z, and
any state-actions (s,a) and (s',a’), the quantity F(s,a,z)"B(s',a’) is equal to the successor
state density m™ (s,a,s’,a’) of policy 7, with respect to p.

Then, for any bounded reward function r: S x A — R, the following holds. Set
2R = E(s,0)~p [1(5,a) B(s,a)]. (12)

Then 7., is an optimal policy for reward r in the MDP. Moreover, the optimal Q-function
Q* for reward r is

Q*(s,a) = F(s,a, zg) 2g. (13)

The theoretical guarantee extends to approximate training of F' and B, with optimality
gap proportional to the F'B training error. This is important, as exact finite-d representa-
tions are often impossible in continuous spaces. Namely: if, for some reward r, the error
|F(s,a,zr)"B(s',a’) — m™r(s,a,s',a’)| is at most & on average over (s',a’) ~ p for every
(s,a), then 7., is 3e||r|, /(1 — 7v)-optimal for » (Appendix, Theorem 5| with additional
results on weaker norms).

A similar statement holds if we use m(s,z,s,a') + F(s,a,2)'B(s',a’) instead of just
F(s,a,2)"B(s',a’) to learn successor states (Appendix, Theorem . Here m is any function
that does not depend on a. Since m has no rank restriction, the finite rank approximation
only applies to the advantage function.
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Learning F' and B. Theorem [I|suggests to choose a parametric model for the representa-
tions F' and B, and then train F and B such that F'B approximates the successor state
density m, via any successor state learning algorithm.

This unfolds as follows (Appendix, Algorithm . Assume access to a training dataset of
transitions (sg, a, s1) in the MDP, e.g., from some exploration policies. The samples (s, a)
in this dataset follow some unknown distribution p; we make no assumptions on p. Then:

e In the unsupervised learning phase, train F' and B so that F''B approximates the successor
state density m™= for every z. This can use any successor state learning algorithm, adapted
to incorporate z. Here we use @[)

For this, choose a parametric model Fy, By for the representations F' and B. At each step,
pick a z at random, pick a batch of transitions (sg,a,s;) from the training set, set the
next actions a1 := m,(s1), and pick a batch of state-actions (s’,a’) from the training set,
independently from z and (sg,a,s1). Then apply the successor state update (@ to the
parametric model mj*(so,a,s',a’) = Fp(so,a,z) By(s',a’) (Algorithm [1)).

For sampling z, we use a fixed distribution (rescaled Gaussians, see Appendix . Any
number of values of z may be sampled: this does not use up training samples. We
use a target network with soft updates (Polyak averaging) as in DDPG. For training
we also replace the greedy policy m, = argmax, F'(s,a, z) z with a regularized version
7, = softmax(F(s,a,z)'z/7) with fixed temperature 7 (Appendix . Since there is
unidentifiability between F' and B (Appendix, Remark , we normalize B via an auxiliary
loss in Algorithm

e In the reward estimation phase, we estimate the reward representation zr via , following
one of the use cases from Section [3] The distribution p in is the same as the one
used to define the density m™; thus, zg must be estimated over the same distribution of
state-actions used to train F' and B.

If the reward is known directly, zg can be set by hand following . For instance, for the
optimal policy to reach state-action (s,a), we directly set zg = B(s,a). (A unit reward at
(s,a) corresponds to zg = B(s,a)/p(s,a) in ([L2)), but p is unknown and scaling the reward
yields the same optimal policy.) This extends to finite combinations of states. If r is
provided as a function, then E(; 4)~,[r(s,a)B(s,a)] may be estimated directly on (s, a) in
a replay buffer. The case of r accessible only by samples has been discussed in Section
Stochastic rewards may be used to estimate zr. Indeed, if E#(s,a) = r(s,a) then
E[7(s,a)B(s,a)] = r(s,a)B(s,a).

e In the exploitation phase, the exploitation policy can be directly set to 7,, which selects
the action arg max, F(s,a,2r) zg.

Incorporating prior information. We are often interested in rewards depending, not
on the full state, but only on a part or some features of the state (e.g., a few components
of the state, such as the position of an agent, or its neighbordhood, rather than the full
environment). If this is known in advance, the representation B can be trained on that
part of the state only, with the same theoretical guarantees (Appendix, Theorem [2]). F' still
needs to use the full state as input. This way, the FB model does not have to learn
how often every (s',a’) is reached, only the part of interest in (s’,a’). More generally, if
p: Sx A— G is a feature map to some features g = ¢(s, a), and if we know that the reward
will be a function R(g), then the same theorem holds with B(g) everywhere instead of B(s, a),
and with the successor density m7™ (s, a, g) instead of m™ (s, a, s’,a’) (Appendix, Theorem [2)).
Learning the latter is done by replacing dgmj (so, a, So, a) with pmj (so, a, ¢(so,a)) in the
first term in (9) Blier et al| (2021). Rewards can be arbitrary functions of g, so this is more
general than Borsa et al.| (2018]) which only considers rewards linear in g. For instance, in
MsPacman below, we let g be the position of the agent, so we can optimize any reward
function that depends on this position.

5 EXPERIMENTS

We first consider the task of reaching arbitrary goal states. For this, we can make quantitative
comparisons to existing goal-oriented baselines. Next, we illustrate qualitatively some tasks
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that cannot be tackled a posteriori by goal-oriented methods, such as introducing forbidden
states. Finally, we illustrate some of the representations learned.

5.1 ENVIRONMENTS AND EXPERIMENTAL SETUP

We run our experiments on a selection of environments that are diverse in term of state
space dimensionality, stochasticity and dynamics.

e Discrete Maze is the classical gridworld with four rooms. States are represented by one-hot
unit vectors.

e Continuous Maze is a two dimensional environment with impassable walls. States are
represented by their Cartesian coordinates (z,y) € [0,1]?. The execution of one of the
actions moves the agent in the desired direction, but with normal random noise added to
the position of the agent.

e FetchReach is a variant of the simulated robotic arm environment from (Plappert et al.|,
using discrete actions instead of continuous actions. States are 10-dimensiona
vectors consisting of positions and velocities of robot joints.

e Ms. Pacman is a variant of the Atari 2600 game Ms. Pacman, where an episode ends
when the agent is captured by a monster (Rauber et all, [2018)). States are obtained by
processing the raw visual input directly from the screen. Frames are preprocessed by
cropping, conversion to grayscale and downsampling to 84 x 84 pixels. A state s; is the
concatenation of (z;_12,%1_g, T4, z¢) frames, i.e. an 84 x 84 x 4 tensor. An action repeat
of 12 is used. As Ms. Pacman is not originally a multi-goal domain, we define the goals as
the 148 reachable coordinates (x,y) on the screen; these can be reached only by learning
to avoid monsters.

For all environments, we run algorithms for 800 epochs. Each epoch consists of 25 cycles
where we interleave between gathering some amount of transitions, to add to the replay
buffer, and performing 40 steps of stochastic gradient descent on the model parameters.
To collect transitions, we generate episodes using some behavior policy. For both mazes,
we use a uniform policy while for FetchReach and Ms. Pacman, we use an e-greedy policy
with respect to the current approximation F(s,a,z)' z for a sampled z. At evaluation time,
e-greedy policies are also used, with a smaller . More details are given in Appendix [G]

5.2  GOAL-ORIENTED SETTING: QUANTITATIVE COMPARISONS

Figure 2:

Figure 1: Comparative performance of FB Comparative performance of FB

for different dimensions and DQN in the dis-
crete maze. Left: the policy quality averaged
over 20 randomly selected goals as function of
the the first 200 training epochs. Right: the
policy quality averaged over the goal space
after 800 training epochs.

for different dimensions and DQN in Ms. Pac-
man. Left: the success rate averaged over
20 randomly selected goals as function of the
first 200 training epochs. Right: the success
rate averaged over the goal space after 800
training epochs.

We investigate the FB representation over goal-reaching tasks and compare it to goal-oriented
baselines: DQNEL and DQN with HER when needed. We define sparse reward functions. For
Discrete Maze, the reward function is equal to one when the agent’s state is equal exactly to
the goal state. For Discrete Maze, we measured the quality of the obtained policy to be the
ratio between the true expected discounted reward of the policy for its goal and the true
optimal value function, on average over all states. For the other environments, the reward
function is equal to one when the distance of the agent’s position and the goal position is

"Here DQN is short for goal-oriented DQN, Q(s, a, g).



Self-supervision for Reinforcement Learning Workshop at ICLR 2021

below some threshold, and zero otherwise. We assess policies by computing the average
success rate, i.e the average number of times the agent successfully reaches its goal.

Figs. [1f and [2| show the comparative performance of FB for different dimensions d, and
DQN and DQN+HER respectively in Discrete Maze and Ms. Pacman (similar results in
FetchReach and Continuous Maze are provided in the Appendix). The performance of FB
consistently increases with the dimension d and the best dimension matches the performance
of the goal-oriented baseline. In Ms. Pacman, DQN totally fails to learn and we had to add
HER to make it work.

In Discrete Maze, we observe a drop of performance for d = 25: this is due to the spatial
smoothing induced by the small rank approximation and the reward being nonzero only if
the agent is exactly at the goal. This spatial blurring is clear on heatmaps for d = 25 vs
d =175 (Fig. . With d = 25 the agent often stops right next to its goal.

To evaluate the sample efficiency of FB, after each epoch, we evaluate the agent on 20
randomly selected goals. Learning curves are reported in Figs. [1] and 2] (left). In all
environments, we observe no loss in sample efficiency compared to the goal-oriented baseline.
In Ms. Pacman, FB even learns faster than DQN+HER.

5.3 MORE COMPLEX REWARDS: QUALITATIVE RESULTS
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Figure 4: Contour plot of
Figure 3: Heatmap of max, F(s,a,zr) ' zr maxaca F(s,a,2r) "2z in  Continuous
for zg = B(?f?) Left: d = 25. Right: d = 75. Maze. Left: for the task of reaching a target

while avoiding a forbidden region, Right:
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Figure 6: Trajectories generated by the F' B
policies for the task of reaching the closest

Fjigure 5:  Trajectories generated by the
among two equally rewarding positions (star

B policies for the task of reaching a target
position (star shape ¢ while avoiding forbid-

den positions (red shape ®) shapes 71\4’) (Optimal @-values are not linear

over such mixtures.)

We now investigate FB’s ability to generalize to new tasks that cannot be solved by an already
trained goal-oriented model: reaching a goal with forbidden states imposed a posteriori,
reaching the nearest of two goals, and choosing between a small, close reward and a large,
distant one.

First, for the task of reaching a target position gy ¥ while avoiding some forbidden positions
g1,---9x @, we set zg = B(go) — )\Zle B(g;) and run the corresponding e-greedy policy
defined by F(s,a,zr)" zr. Fig. |5|shows the resulting trajectories, which succeed at solving
the task for the different domains. In Ms. Pacman, the path is suboptimal (though successful)
due to the sudden appearance of a monster along the optimal path. (We only plot the initial
frame; the full series of frames along the trajectory is in the Appendix.) Fig. [4] (left) provides
a contour plot of max,e F(s,a,zr) " zg for the continuous maze and shows the landscape
shape around the forbidden regions.

Next, we consider the task of reaching the closest target among two equally rewarding
positions go and g1, by setting zr = B(go) + B(g1). The optimal Q-function is not a linear
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combination of the Q-functions for gg and g;. Fig. [6] shows successful trajectories generated
by the policy 7.,. On the contour plot of max,ec4 F(s,a, zg) " zg in Fig. 4| (right), the two
rewarding positions appear as basins of attraction. Similar results for a third task are shown
in the Appendix: introducing a “distracting” small reward next to the initial position of the
agent, with a larger reward further away. The Appendix includes embedding visualizations
for different z and for Discrete Maze and Ms. Pacman.

6 CONCLUSION

The FB representation is a learnable mathematical object that “summarizes” a reward-free
MDP. It provides near-optimal policies for any reward specified a posteriori, without planning.
It is learned from black-box reward-free interactions with the environment. In practice, this
unsupervised method performs comparably to goal-oriented methods for reaching arbitrary
goals, but is also able to tackle more complex rewards in real time. The representations
learned encode the MDP dynamics and may have broader interest.
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A  OUTLINE OF THE SUPPLEMENTARY MATERIAL

The Appendix is organized as follows.

e Appendix [B] provides an extended related work.

e Appendix [C] discusses how incoporate prior information as well as what kinod of
representation is learned.

e Appendix [D] presents the pseudo-code of the unsupervised phase of FB algorithm.

e Appendix [E] provides extended theoretical results on approximate solutions and
general goals:

— Section formalizes the forward-backward representation with a goal or
feature space.

— Section [E.2] establishes the existence of exact FB representations in finite spaces.

— Section [E:3] shows how approximate solutions provide approximately optimal

policies.

Section [E-4] presents a note of the measure M™ and its density m™.

Section shows how F' and B are successor and predecessor features of each
other.

e Appendix [F] provides proofs of all theoretical results above.
e Appendix [G] provides additional information about our experiments:

— Section describes the environments.

— Section describes the different architectures used for FB as well as the
goal-oriented DQN.

— Section provides implementation details and hyperparameters.
— Section [G.4] provides additional experimental results.

B EXTENDED RELATED WORK

[Borsa et al.| (2018) learn optimal policies for rewards that are linear combinations of a finite
number of feature functions provided in advance by the user. The approach of
cannot tackle generic rewards or goal-oriented RL: this would require introducing one
feature per possible goal state, requiring infinitely many features in continuous spaces.

Our approach does not require user-provided features describing the future tasks, thanks to
using successor states Blier et al. (2021]) where Borsa et al. (2018) use successor features.
Schematically, and omitting actions, successor features start with user-provided features ¢,
then learn 1 such that v(so) = >, v E[¢(st) | so]. This limits applicability to rewards
that are linear combinations of . Here we use successor states, namely, we learn two
representations F and B such that F(so)'B(s') = 3,507 Pr(s; = ¢’ | so). This does not
require any user-provided input. -

Thus we learn two representations instead of one. The learned backward representation B is
absent from Borsa et al.| (2018). B plays a different role than the user-provided features ¢ of
Borsa et al.|(2018): learning of F' given B is not learning of i given ¢. The features ¢ of
Borsa et al.| (2018) are split between our learned B and the functions ¢ we can use if the
reward is known to depend on only part of the state.

We use a similar parameterization of policies by F(s,a, )z as in Borsa et al.| (2018), for
similar reasons, although z encodes a different object.

Successor representations where first defined in for finite spaces, corresponding
to an older object from Markov chains, the fundamental matrix [Kemeny & Snell| (1960));
[Brémaud] (1999); |Grinstead & Snelll (1997)). [Stachenfeld et al|(2017) argue for their relevance
for cognitive science. For successor representations in continuous spaces, a finite number of
features o are specified first; this can be used for generalization within a family of tasks, e.g.,
(Barreto et al., 2017} |Zhang et all [2017; (Grimm et al.,[2019; Hansen et al., [2019). Blier et al.|
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(2021)) moves from successor features to successor states by providing pointwise occupancy
map estimates even in continuous spaces, without using the sparse reward 1,,—,,. We adapt
successor state learning algorithms from Blier et al. (2021]), which also introduced simpler
versions of F' and B for a single, fixed policy.

There is a long literature on goal-oriented RL. For instance, [Schaul et al.| (2015]) learn goal-
dependent value functions, regularized via an explicit matrix factorization. Goal-dependent
value functions have been investigated in earlier works such as (Foster & Dayanl 2002)
and (Sutton et al.,|2011). Hindsight experience replay (HER) (Andrychowicz et al. 2017))
improve the sample efficiency of multiple goal learning with sparse rewards. A family of
rewards has to be specified beforehand, such as reaching arbitrary target states. Specifying
rewards a posteriori is not possible: for instance, learning to reach target states does not
extend to reaching the nearest among several goals, reaching a goal while avoiding forbidden
states, or maximizing any dense reward.

For finite state spaces, [Jin et al. (2020) provide an algorithm to constitute a training set
by reward-free interactions with a finite environment, such that any optimal policies later
computed on this training set instead of the true environment are provably e-optimal, for
any reward. They prove tight bounds on the necessary set size. Planning still has to be done
for each reward.

C DIscuUsSION

Incorporating prior information. Trying to plan in advance for all possible rewards in
an arbitrary environment may be too generic and problem-agnostic, and become difficult
in large environments, requiring long exploration and a large d to accomodate all rewards.
Prior information can be incorporated in several ways into the F'B method, by focussing on
certain types of rewards or parts of the space.

First, F' and B may be trained only on values of zg corresponding to a category of rewards
specified in advance. For instance, training only on zr = B(s) with s in some set S’ C S
learns the optimal policies for reaching all states s € S’. Any prior (e.g., Bayesian) on
rewards may be incorporated this way. In our experiments, z was just sampled from a
rescaled Gaussian.

Second, we are often interested in rewards depending, not on the full state, but only on a
part or some features of the state (e.g., a few components of the state, such as the position
of an agent, or its neighbordhood, rather than the full environment). If this is known in
advance, the representation B can be trained on that part of the state only, with the same
theoretical guarantees (Appendix, Theorem . F still needs to use the full state as input.
This way, the FB model does not have to learn how often every (s',a’) is reached, only
the part of interest in (s’,a’). More generally, if p: S x A — G is a feature map to some
features ¢ = ¢(s,a), and if we know that the reward will be a function R(g), then the
same theorem holds with B(g) everywhere instead of B(s,a), and with the successor density
m™(s,a, g) instead of m™(s,a,s’,a’) (Appendix, Theorem . Learning the latter is done
by replacing dymj (so, a, So, a) with dym (s, a, ¢(so,a)) in the first term in (9) Blier et al.
(2021). Rewards can be arbitrary functions of g, so this is more general than |Borsa et al.
(2018)) which only considers rewards linear in g. For instance, in MsPacman below, we let ¢
be the position of the agent, so we can optimize any reward function that depends on this
position.

Third, if we are interested only in part of the space, focusing the exploration policy on that
part will provide representations F' and B that minimize the loss over that part of the space.
This could lead to optimal policies for rewards “around a typical set of behaviors”, presumably
a more realistic goal than fully agnostic unsupervised training in complex environments.

What kind of representation is learned? Which information on the reward
gets lost? As reward functions are represented by a finite-dimensional object zg, some
approximation is incurred on rewards (unless fine-tuning is used at exploitation time). By
(12)), a reward is represented by 0 if and only if it is L?(p)-orthogonal to all components of
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B. So the representation B is not only part of a transition probability model, but also a
reward regularizer.

The loss associated to , and minimized by a Bellman-like training, is

2
E(s.a)~p, (s )~p, 2P |F(8,0,2)'B(s',d') — >0V Pi(ds’,da’ | s,a,7.)/p(ds’, da’)
(14)
where P, is the distribution of states reached at step ¢ by policy 7, starting at (s,a), and P,
is some user-chosen distribution, such as a Gaussian or a prior over tasks (see above).

Thus, F' and B provide a rank-d approximation to the transition probabilities in the
environment. For a single z, this loss is minimized when F and B are the SVD of the
cumulated transition matrix >, v P, truncated to the largest d singular values. The SVD
is computed in the L?(p) norm: the data distribution influences the representations learned
by focusing on the part of the space covered by p.

For a fixed policy, on a finite space, >, 7'P; = (Id —yP)~! as matrices. Thus the largest
singular values of >, 7' P, correspond to the smallest singular values of the Markov chain
Laplacian Id —yP. The associated singular vectors loosely correspond to long-range (low-
frequency) behavior Mahadevan & Maggioni| (2007): presumably, F' and B will represent
spatially smooth rewards first, while local detail may be lost (Fig. [3|and Section . Stachen-
feld et al. (2017)) argue for the cognitive relevance of low-dimensional approximations of
successor representations.

The features learned in F' and B may have broader interest.
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D ALGORITHM

The unsupervised phase of the FB algorithm is described in Algorithm [T}

Algorithm 1 FB algorithm: Unsupervised Phase

1: Inputs: replay buffer D , Polyak coefficient o , v a probability distribution over R?,
randomly initialized networks Fy and B,,, learning rate 7, mini-batch size b, number of
episodes F, number of gradient updates N, temperature 7 and regularization coefficient
A
form=1,... do
/* Collect E episodes
for episode e =1,... F do
Sample z ~ v
Observe an initial state sg
fort=1,...do
Select an action a; according to some behaviour policy (e.g the e-greedy with
respect to Fy(ss,a,2)  2)
9: Observe next state s;41
10: Store transition (s, at, S¢4+1) in the replay buffer D
11: end for
12:  end for
13:  /* Perform N stochastic gradient descent updates
14: for n=1...N do

S A o ol

15: Sample a mini-batch of transitions {(s;, a;, si+1)}ier C D of size |I| = b.

16: Sample a mini-batch of target state-action pairs {(s}, a})}ier C D of size |I| = b.
17: Sample a mini-batch of {z;};er ~ v of size |I| = b.

18: Set 7., (- | siv1) = softmax(Fy— (si41,-,2:) 2i/T)

19: Z(O,w) =

2
5= Sijers (Fo(sisai,zi) T By(sh,a5) =73 jea 7z (a | siv1) - Fo-(sit1,a,2) " By (8},a})) =
3> ier Folsiyai, 2) T By(si, ai)

20: /* Compute orthonormality regularization loss

21: Lreg(w) = = > ijerz Bu(sis ai)Tstop—gradient(Bw(,9;-7 ay))
stop-gradient(B,(s;, ai)TBw(s;, a;))—% > i1 Bu(ss, a;) "stop-gradient(B,,(s;,a;))

22: Update 0 <— 0 — V.2 (0, w) and w < w — nV,(ZL(0,w) + X - Lreg(w))

23:  end for

24:  /* Update target network parameters
25 0 «—ab” +(1—a)f

260 w4+ aw +(1-aw

27: end for
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E EXTENDED RESULTS: APPROXIMATE SOLUTIONS AND GENERAL
GOALS

E.1 THE FORWARD-BACKWARD REPRESENTATION WITH A GOAL OR FEATURE SPACE

Here we state a generalization of Theorem [I] covering the extensions mentioned in Section [4}

First, this covers rewards depending on the state-action (s,a) only via certain features
g = (s, a) where ¢ is a known function from state-actions to some goal state G (for instance,
rewards depending only on some components of the state). Then it is enough to compute B
as a function of the goal g. Theorem [I] corresponds to ¢ = Id.

This also allows us to cover successor features as in Borsa et al. (2018), defined by user-
provided features ¢. Indeed, fixing B to Id and setting our ¢ to the ¢ of |Borsa et al.| (2018)
(or fixing B to their ¢ and our ¢ to Id) will represent the same set of rewards and policies
as in Borsa et al.| (2018)), although with a slightly different learning algorithm and up to
a linear change of variables for F' and z (given by the covariance of ¢, see Appendix ,
namely, optimal policies for rewards linear in ¢. However, keeping the same ¢ but letting B
free (with larger d) can provide optimal policies for rewards that are arbitrary functions of
©, linear or not.

For this, we extend successor state measures to values in goal spaces, representing the
discounted time spent at each goal by the policy. Namely, given a policy m, let M™ be the
the successor state measure of 7 over goals g:

M7 (s,a,dg) := Z’yt Pr(p(st,ar) €dg | so =, ap =a, 7) (15)
t>0
for each state-action (S,OL)r and each measurable set dg C G. This will be the object
approximated by F(s,a, z) B(g).

Second, we use a more general model of successor states, m ~ F'B + m where m does not
depend on the action, so that the F'B part is enough to compute advantages; this lifts the
constraint that the model of m has rank at most d, because there is no restriction on the
rank on m.

For simplicity we state the result with deterministic rewards, but this extends to stochastic
rewards, because the expectation zr will be the same.

Theorem 2 (Forward-backward representation of an MDP, with features as goals). Consider
an MDP with state space S and action space A. Let p: S x A — G be a function from
state-actions to some goal space G = RF.

Let Z = R? be some representation space. Let
F:SxAxXZ— Z, B:G—Z, m: SxZxG—R (16)
be three functions. For each z € Z, define the policy

7.(a|s) := argmax F(s,a,z) 2. (17)

Let p be any probability distribution over the goal space G. For each z € Z, let m™
be the density of the successor state measure of m, with respect to p: M7 (s,a,dg) =

m™ (s, a, g) p(dg).

Assume that F' and B have been chosen (trained) to satisfy the following: for any z € Z,
any state-actions (s,a), and any goal g € G, one has

m’=(s,a,g) = F(s,a,z)TB(g) +m(s, z,9). (18)

Let R: S x A — R be any bounded reward function, and assume that this reward function
depends only on g = ¢(s,a), namely, that there exists a function r: G — R such that

R(s,a) =r(¢(s,a)). Set
2r = Egp [1(9)B(9)] - (19)
Then:
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1. 7y, is an optimal policy for reward R in the MDP.

2. For any z € Z, the Q-function of policy m, for the reward R is equal to
Q™ (s,a) = F(s,a,2) zg + V*(s) (20)

and the optimal Q-function is obtained when z = zr. The advantages Q™= (s,a) —

Q7™ (s,a’) do not depend on V.

Here -
VZ(s) = Egnp[m(s, z,9)r(g)]- (21)

and in particular V =0 if m = 0.
3. If m =0, then for any state-action (s,a) one has

F(s,a,2zr) zr = sup F(s,a,z) zg. (22)
z€Z

(We do not claim that V is the value function and F'zg the advantage function, only that
the sum is the Q-function. When m = 0, the term F'z is the whole Q-function.)

The last point of the theorem is a form of policy improvement. Indeed, by the second point,
F(s,a,z)"zp is the estimated Q-function of policy 7, for rewards r. If zg falls outside of the
training distribution for F', the values of F(s,a, zr) may not be safe to use; in that case, it
may be useful to use a finite set Z’ C Z of values of z closer to the training distribution, and
use the estimate sup, ¢, F(s,a, 2) zg instead of F(s,a,zg) zr. This has been used, e.g., in
Borsa et al.| (2018]), but in the end it was not necessary in our experiments.

E.2 EXISTENCE OF EXACT FB REPRESENTATIONS IN FINITE SPACES

We now prove existence of an exact solution for finite spaces if the representation dimension
d is at least #S5 x #A. Solutions are never unique: one may always multiply F' by an
invertible matrix C' and multiply B by (CT)~!, see Remark [4] below (this allows us to impose
orthonormality of B in the experiments).

The constraint d > #S x #A can be largely overestimated depending on the tasks of interest,
though. For instance, we prove below that in an n-dimensional toric grid S = {1,...,k}",
d = 2n is enough to obtain optimal policies for reaching every target state (a set of tasks
smaller than optimizing all possible rewards).

Proposition 3 (Existence of an exact F'B representation for finite state spaces). Assume
that the state and action spaces S and A of an MDP are finite. Let Z = R with d > #Sx#A.
Let p be any probability distribution on S x A, with p(s,a) > 0 for any (s, a).

Then there exists F: S x Ax Z — Z and B: S x A — Z, such that F'B is equal to the
successor state density of w, with respect to p:

Pr((st,a:) = (s',a") | so = s, ag = a, 75)

F'(s,a,2)B(s',d) =Y ~ (23)
2 o)

for any z € Z and any state-actions (s,a) and (s',a’), where mw, is defined as in Theorem

by m.(s) = argmax, F'(s,a,2)z.

In practice, even a small d can be enough to get optimal policies for reaching arbitrary many
states (as opposed to optimizing all possible rewards). Let us give an example with .S a toric
n-dimensional grid of size k.

Let us start with n = 1. Take S = {0,...,k — 1} to be a length-k cycle with three actions
a € {—1,0,1} (go left, stay in place, go right). Take d = 2, so that Z = R? ~ C.

We consider the tasks of reaching an arbitrary target state s’, for every s’ € S. Thus the
goal state is G = S in the notation of Theorem [2] and B only depends on s’. The policy for
such a reward is 7., = Tp()-
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For a state s € {0,...,k — 1} and action a € {—1,0,1}, define
F(s,a,z) = eim(sta)/k, B(s) := e2ims/k, (24)

Then one checks that 7, is the optimal policy for reaching s’, for every s € S. Indeed,

F(s,a,zr)"zr = cos(2m(s + a — s')/k). This is maximized for the action a that brings s
closer to s'.

So the policies will be optimal for reaching every target s’ € S, despite the dimension being
only 2.

By taking the product of n copies of this example, this also works on the n-dimensional toric
grid S = {0,...,k — 1}™ with 2n 4+ 1 actions (add £1 in each direction or stay in place),
with a representation of dimension d = 2n in C", namely, by taking B(s); := e2""%i/k for
ecah direction j and likewise for . Then mp(, is the optimal policy for reaching s’ for
every s’ € S.

More generally, if one is only interested in the optimal policies for reaching states, then
it is easy to show that there exist functions F': S x A — Z and B: S — Z such that the
policies 7, describe the optimal policies to reach each state: it is enough that B be injective
(typically requiring d = dim(.S)). Indeed, for any state s € S, let «¥ be the optimal policy
to reach s. We want ., to be equal to n* for z = B(s) (the value of zgr for a reward
located at s). This translates as arg max, F(s',a, B(s))'B(s) = 7(s’) for every other state
s’. This is realized just by letting F' be any function such that F(s',7%(s"), B(s)) := B(s)
and F(s',a, B(s)) := —B(s) for every other action a. As soon as B is injective, there exists
such a function F. (Unfortunately, we are not able to show that the learning algorithm
reaches such a solution.)

Let us turn to uniqueness of F' and B.

Remark 4. Let C be an invertible d x d matriz. Given F and B as in Theorem/[]], define
B'(s,a) := CB(s,a), F'(s,a,2) = (C")"1F(s,a,C™'2) (25)

together with the policies 7. (s) := argmax, F’(s,a,z)"z. For each reward r, define 2} :=

E(s,a)~plr(s,a)B'(s,a)].

Then this operation does not change the policies or estimated Q-values: for any reward, we

have 71';;% =Top, and F'(s,a,27%) 2 = F(s,a,2r) zg.

In particular, assume that the components of B are linearly independent. Then, taking C =
(E(S,a)wp B(s, a)B(s,a)T)_1/2, B’ is L*(p)-orthonormal. So up to reducing the dimension d
to rank(B), we can always assume that B is L*(p)-orthonormal.

Reduction to orthonormal B will be useful in some proofs below. Even after imposing that
B be orthonormal, solutions are not unique, as one can still apply a rotation matrix on the
variable z.

E.3 APPROXIMATE SOLUTIONS PROVIDE APPROXIMATELY OPTIMAL POLICIES

Here we prove that the optimality in Theorems |1 and |2| is robust to approximation errors
during training. We deal in turn with the approximation errors on (F, B) during unsupervised
training, and on zr during the reward estimation phase.

E.3.1 INFLUENCE OF APPROXIMATE F' AND B

In continuous spaces, Theorems 1| and [2] are somewhat spurious: the equality F'B = m will
never hold exactly with finite representation dimension d. Instead, F'B will only be a rank-d
approximation of m. Even in finite spaces, since F’ and B are learned by a neural network,
we can only expect that F'B =~ m in general.

We now prove that approximate solutions still provide approximately optimal policies. We
start with the error from learning F' and B in the unsupervised learning phase. Then we
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turn to the error from estimating zp in the reward estimation phase (in case the reward is
not known explicitly).

We provide this result for different notions of approximate solutions for F' and B: first, in
sup norm over (s,a) but in expectation over (s',a’) (so that a perfect model of the world
is not necessary); second, for the weak topology on measures (this is the most relevant in
continuous spaces: for instance, a Dirac measure can be approached by a continuous model
in the weak topology).

F and B are trained such that F(s,a,z) B(s’,a’) approximates the successor state density
m™=(s,a,s’,a’). In the simplest case, we prove that if for some reward R,

E (s ary~p | F (5, a, 2r)'B(s',a') — m™=r (s, a, s, a)| <e (26)

for every (s, a), then the optimality gap of policy 7., is at most (3/(1 — )) sup |R| for that
reward (Theorem 5} first case).

In continuous spaces, m™ is usually a distribution (Appendix , so such an approximation
will not hold, and it is better to work on the measures themselves rather than their densities,
namely, to compare F'Bp to M™. We prove that if F'Bp is close to M™ in the weak topology,
then the resulting policies are optimal for any Lipschitz rewardE|

Remember that a sequence of nonnegative measures p,, converges weakly to u if for any
bounded, continuous function f, [ f(z)u,(dz) converges to [ f(z)u(dz) (Bogachev| (2007),
§8.1). The associated topology can be defined via the following Kantorovich—Rubinstein
norm on nonnegative measures (Bogachev| (2007)), §8.3)

PR pp— {\ [ st - [ sapian

: f 1-Lipschitz function with sup|f] < 1}

(27
where we have equipped the state-action space with any metric compatible with its topology.

The following theorem states that if F'B approximates the successor state density of the
policy 7, (for various sorts of approximations), then =, is approximately optimal. Given a
reward function r on state-actions, we denote

17l :=  sup |r(s,a)| (28)
(s,a)eSxXA

. (3.0) ~ r(s', )
ris,a) —r{s,a

17l Lip == sup S T ey hsvive (29)
Lip (s,a)#(s",a’)ESXA d((57 a)a (3/7 CL/))

where we have chosen any metric on state-actions.

The first statement is for any bounded reward. The second statement only assumes an
FTB approximation in the weak topology but only applies to Lipschitz rewards. The third
statement is more general and is how we prove the first two: weaker assumptions on F'B
work on a stricter class of rewards.

Theorem 5 (If F' and B approximate successor states, then the policies 7, yield approxi-
mately optimal returns). Let F: S X AX Z — Z and B: S x A — Z be any functions, and
define the policy 7. (s) = argmax, F(s,a,z)'z for each z € Z.

Let p be any positive probability distribution on S x A, and for each policy w, let m™ be the
density of the successor state measure M™ of m with respect to p. Let

m*(s,a,s',a') == F(s,a,2) B(s',d"), M?(s,a,ds’,da’) :== m*(s,a, s, a')p(ds’, da’)
(30)

2This also holds for continuous rewards, but the Lipschitz assumption yields an explicit bound in
Theorem

3The Kantorovich-Rubinstein norm is closely related to the L' Wasserstein distance on probability
distributions, but slightly more general as it does not require the distance functions to be integrable:
the Wasserstein distance metrizes weak convergence among those probability measures such that
Eld(z, z0)] < oo.
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be the estimates of m and M obtained via the model F and B.

Let r: § x A = R be any bounded reward function. Let V* be the optimal value function

for this reward r. Let V™ be the value function of policy 7. for this reward. Let zp =
E(s,a)~plr (s, a)B(s,a)].

Then:

1 If By arymp MR (5, 0,8 a") —m™r(s,a,8",a")| < e for any (s,a) in S x A, then
[7mr = ve| < 3e il /=)

2. If r is Lipschitz and HMZR(S,CL,-) — M™=r (s,a,-)HKR < e for any (s,a) € S x A,

then HV’TZR -V

o < semax(flrllog , lI7llpip) /(1 =)

3. More generally, let ||-|| 4 be a norm on functions and ||| 5 @ norm on measures, such
that [ fdp < ||fllallnll g for any function f and measure p. Then for any reward
function r such that ||r| , < oo,

3|
BT

HVTI’ZR _ V*
[e'e] 17’}/ s,a

3R (5,0, = Mmn(s,a)| . @D)
B
Moreover, the optimal Q-function is close to F(s,a,zgr) zr:

2||r
sup | F(s.0,24) 2 — Q" (s,0)| < 204 up

s,a — 7 s,

N (s,0,0) = M7 (s,0,0)| . (32)

E.3.2 AN APPROXIMATE zp YIELDS AN APPROXIMATELY OPTIMAL POLICY

We now turn to the second source of approximation: computing zg in the reward estimation
phase. This is a problem only if the reward is not specified explicitly.

We deal in turn with the effect of using a model of the reward function, and the effect of
estimating zr = E(s,q)~, (5, a) B(s, a) via sampling.

Which of these options is better depends a lot on the situation. If training of F' and B
is perfect, by construction the policies are optimal for each zg: thus, estimating zr from
rewards sampled at N states (s;,a;) ~ p will produce the optimal policy for exactly that
empirical reward, namely, a nonzero reward at each (s;, a;) but zero everywhere else, thus
overfitting the reward function. Reducing the dimension d reduces this effect, since rewards
are projected on the span of the features in B: B plays both the roles of a transition model
and a reward regularizer. This appears as a \/d/N factor in Theorem [8| below.

Thus, if both the number of samples to train F' and B and the number of reward samples
are small, using a smaller d will regularize both the model of the environment and the model
of the reward. However, if the number of samples to train F' and B is large, yielding an
excellent model of the environment, but the number of reward samples is small, then learning
a model of the reward function will be a better option than direct empirical estimation of zg.

The first result below states that reward misidentification comes on top of the approximation
error of the F'B model. This is relevant, for instance, if a reward model # is estimated by
an external model using some reward values.

Proposition 6 (Influence of estimating zg by an approximate reward). Let #: S x A — R
be any reward function. Let 2r = E(s q)~,[7(5,a)B(s, a)].

Let epp be the error attained by the F'B model in Theorem@for reward 7; namely, assume

that HV”ﬁR -V < epp with V* the optimal value function for 7.

Then the policy ms,(s) = argmax, F(s,a,2r)"2r defined by the model + is
(MX’ + EFB> -optimal for reward r.
(1=1)
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This still assumes that the expectation 2p = E(s 4)~,[7(s, @) B(s, a)] is computed exactly for
the model 7. If 7 is given by an explicit model, this expectation can in principle be computed
on the whole replay buffer used to train F' and B, so variance would be low. Nevertheless, we
provide an additional statement which covers the influence of the variance of the estimator
of zr, whether this estimator uses an external model # or a direct empirical average reward
observations r(s,a)B(s,a).

Definition 7. The skewness ((B) of B is defined as follows. Assume B is bounded. Let
Bi,...,B4: 8 x A — R be the functions of (s,a) defined by each component of B. Let (B)
be the linear span of the (B;)1<i<d as functions on S x A. Set

. (33)
rey. 120 1fllz2(p)

Theorem 8 (Influence of estimating zr by empirical averages). Assume that zp =
E(s,a)~p[r (s, a)B(s,a)] is estimated via

N
1
2R = N E fiB(si,ai) (34)
i=1

using N independent samples (s;,a;) ~ p, where the r; are random variables such that
E[#:]8:, a;] = (84, a;), Var[fi|s;, a;] < v for some v € R, and the #; are mutually independent
given (S;, @i)i=1,... .N-

Let V* be the optimal value function for reward r, and let V be the value function of the
estimated policy s, for reward r.

Then, for any § > 0, with probability at least 1 — 6,

1 B)d
| <erst /SO ok r,0) - By i) (3)

which is therefore the bound on the optimality gap of s, for r. Here epp is the error due to
the FTB model approzimation, defined as in Proposition

V-V

oo

The proofs are not direct, because F' is not continuous with respect to z. Contrary to
(Q-values, successor states are not continuous in the reward: if an action has reward 1 and
the reward for another action changes from 1 — ¢ to 1 + ¢, the return values change by at
most 2, but the actions and states visited by the optimal policy change a lot. So it is not
possible to reason by continuity on each of the terms involved.

E.4 A NOTE ON THE MEASURE M7™ AND ITS DENSITY m™

In finite spaces, the definition of the successor state density m™ via
M7 (s,a,ds’,da’) = m"(s,a,s",a")p(ds’,da’) (36)

with respect to the data distribution p poses no problem, as long as the data distribution is
positive everywhere.

In continuous spaces, this can be understood as the (Radon—Nikodym) density of M™ with
respect to p, assuming M™ has no singular part with respect to p. However, this is never
the case: in the definition of the successor state measure M™, the term ¢t = 0 produces a
Dirac measure d, ,. So M™ has a singular component due to ¢t = 0, and m™ is better thought
of as a distribution.

When m”™ is a distribution, a continuous parametric model mj learned by @ can approx-
imate m™ in the weak topology only: mjp approximates M™ for the weak convergence
of measures. Thus, for the forward-backward representation, F(s,a,z)'B(s’,a’)p(ds’,da’)
weakly approximates M™= (s, a,ds’, da’).

We have not found this to be a problem either in theory or practice, and Theorem [5| covers
weak approximations.
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Alternatively, one may just define successor states starting at ¢ =1 in @ This only works
if rewards 7(s, a) depend on the state s but not the action a (e.g., in goal-oriented settings).
If starting the definition at ¢ = 1, m™ is an ordinary function provided the transition
kernels P(ds’|s,a) of the environment are non-singular, p has positive density, and w(da|s)
is non-singular as well. But starting at ¢ = 1 induces some changes in the theorems:

e In the learning algorithm @ for successor states, the term Jgmj (s, a, s, a) becomes
v Ogmj(s,a,s’ a’).

e The expression for the @Q-function in Theorem |[1| becomes Q*(s,a) = r(s,a) +
F(s,a,2r) 2R, and likewise in Theorem [2| The 7(s,a) term covers the immediate

reward at a state, since we have excluded t = 0 from the definition of successor
states.

e In general the expression for optimal policies becomes

m.(8) = arg;nax{r(s, a) + F(s,a,2)2} (37)

which cannot be computed from z and F' alone in the unsupervised training phase.
The algorithm only makes sense for rewards that depend on s but not on a (e.g., in
goal-oriented settings): then the policy . is equal to 7, (s) := arg max, F(s,a,2)'z
again.

E.5 F AND B AS SUCCESSOR AND PREDECESSOR FEATURES OF EACH OTHER

We now give a statement that specifies how F' encodes the future of a state while B encodes
the past of a state. Namely: if F' and B minimize their unsupervised loss, then F' is equal to
the successor features from the dual features of B, and B is equal to the predecessor features
from the dual features of F' (Theorem [9).

This statement holds for a fixed z and the corresponding policy 7. So, for the rest of this
section, z is fixed.

By “dual” features we mean the following. Define the d x d covariance matrices
Cov I := E4 0y~ p[F (5,0, 2)F (s, a, 2)"], Cov B := E(, q)~,[B(s,a)B(s, a)). (38)

Then (Cov F)~'/2F(s,a, z) is L?(p)-orthonormal and likewise for B. The “dual” features
are (Cov F)"1F(s,a,z) and (Cov B)~!B(s,a), without the square root: these are the least
square solvers for F' and B respectively, and these are the ones that appear below.

The unsupervised FB loss for a fixed z is

2
P(ds',dd'|s, a, .
((F,B) = / F(s,a,2)'B(s',a') = > 7' d ;(’dsfl’(';,‘;’”) p(ds,da)p(ds’,da’).  (39)

t>0

Thus, minimizers in dimension d correspond to an SVD of the successor state density in
L?(p), truncated to the largest d singular values.

Theorem 9. Consider a smooth parametric model for F and B, and assume this model is
overparameterized. E| Also assume that the data distribution p has positive density everywhere.

Let z € Z. Assume that for this z, F and B lie in L*(p) and achieve a local extremum
of £(F, B) within this parametric model. Namely, the derivative Opl(F, B) of the loss with
respect to the parameters 0 of F is 0, and likewise for B.

4 Intuitively, a parametric function f is overparameterized if every possible small change of f can
be realized by a small change of the parameter. Formally, we say that a parametric family of functions
€O fo e L*(X, Rd) smoothly parameterized by 0, on some space X, is overparameterized if,
for any 0, the differential dp fo is surjective from © to L*(X,R%). For finite X, this implies that
the dimension of 0 is larger than #X. For infinite X, this implies that dim(#) is infinite, such as
parameterizing functions on [0; 1] by their Fourier expansion.
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Then F is equal to (Cov B)~! times the successor features of B: for any (s,a) € S x A,

(Cov B)F(s,a,z) Z'y / Py(ds’,dd’|s,a,7.) B(s',a’) (40)

t>0 a

and B is equal to (Cov F)™! times the predecessor features of F':

Py(ds’,dd'|s,a, )
Cov F)B(s',a") / F(s,a,z)p(ds,da 41
( S T ey Pl ednda) @)

p-almost everywhere. Here the covariances have been defined in , and P;(-|s,a, ) denotes
the law of (s¢,ar) under trajectories starting at (s,a) and following policy .

The same result holds when working with features p(s',a’), just by applying it to B o p.

Note that in the FB framework, we may normalize either F' or B (Remark , but not both.
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F  PRrOOFS

The first proposition is a direct consequence of the definition of successor states with a
goal space G.

Proposition 10. Let p: S x A — G be a map to some goal space G.

Let m be some policy, and let M™ be the successor state measure of ™ in goal space G.
Let m™ be the density of M™ with respect to some positive probability measure p on G.

Let r: G — R be some function on G, and define the reward function R(s,a) := r(¢(s,a))
on S x A.

Then the Q-function Q™ of policy © for reward R is

Q7 (s.a) = / r(g) M* (s, a, dg) (42)
=Egp [r(9) m" (s,0a,9)]. (43)

Proof of Proposition[10 For each time ¢t > 0, let P (so,ap,dg) be the probability distribu-
tion of g = (s, at) over trajectories of the policy 7 starting at (sg,ag) in the MDP. Thus,
by the definition (|15

i

M7 (s,a,dg) = Z’ytPt“(s,a,dg). (44)
t>0

The Q-function of 7 for the reward R is by definition (the sums and integrals are finite since
R is bounded)

ZVE (st,at) | so = s, ag = a, 7] (45)
>0
= Z'ytIE[r(gp(st,at)) | so = s, ap = a, 7 (46)
>0
= (s,a,dg) (47)
;7 / g
= /r(g)M’r(s, a,dg) (48)
~ [ rtgm™(s.0.9)0(dg) (19)
= EQNP[T(g)mﬂ-(Sa avg)] (50)
by definition of the density m™. O

Proof of Theorems[1] and[g Theorem [1] is a particular case of Theorem [2] (¢ = Id and
m = 0), so we only prove the latter.

Let R(s,a) = r(¢(s,a)) be a reward function as in the theorem.

The Q-function of 7 for the reward R is, by Proposition
Q" (s,a) = Egp[r(g)m™ (s, a, g)]. (51)

The assumptions state that for any z € Z, m™ (s, a, g) is equal to F(s,a, z)'B(g) +m(s, 2, g).
Therefore, for any z € Z we have

Q" (s,0) = Egnp [1(9)F (s, 0,2)' Bg) + r(g)m(s, z,9)] (52)
= F(s,a,2) Egnp [r(9) B(9)] + Egnplr(g)m(s, 2, 9)] (53)
= F(s,a,2) zp + V*(s) (54)

by definition of zz and V. This proves the claim about Q-functions.
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By definition, the policy 7. selects the action a that maximizes F(s,a,z)'z. Take z = zg.
Then

T., = argmax F(s,a,2r) 2p (55)

= arg max {F(s,a,2r)zr + V*(s)} (56)

since the last term does not depend on a.
This quantity is equal to Q™= (s,a). Therefore,

Typ, = argmax Q™r (s, a) (57)

and by the above, Q™ (s, a) is indeed equal to the Q-function of policy 7,,, for the reward R.
Therefore, 7., and Q7*r constitute an optimal Bellman pair for reward R. Since Q™= (s, a)
is the @Q-function of 7z,,, it satisfies the Bellman equation

Q™ x(s,a) = R(s,a) + 7By (5,0) Q77 (5", 72 (87)) (58)
= R(s,a) + 7 Eg|(s,a) max Q™ r(s',a) (59)
by (7). This is the optimal Bellman equation for R, and 7, is the optimal policy for R.

We still have to prove the last statement of Theorem [2] Since 7., is an optimal policy for R,
for any other policy 7, and state-action (s, a) we have

Q™r(s,a) > Q™ (s,a). (60)
Using the formulas above for Q™, with m = 0, this rewrites as
F(Sv a, ZR)TZR > F(S7 a, Z)TZR (61)

as needed. Thus F(s,a,zg) 2r > sup,c, F(s,a, 2)"zg, and equality occurs by taking z = zp.
This ends the proof of Theorem [2] O

Proof of Proposition[3 Assume d = #S x #A; extra dimensions can just be ignored by
setting the extra components of F' and B to 0.

With d = #S5 x #A, we can index the components of Z by pairs (s, a).
First, let us set B(s,a) := 1, 4.

Let r: S x A — R be any reward function. Let zr € R#5¥#4 be defined as in Theorem
namely, zr = E(, q)~,[7(5,a)B(s,a)]. With our choice of B, the components of zr are
(2R)s,a = 7(s,a)p(s,a). Since p > 0, the correspondence r < zp is bijective.

Let us now define F. Take z € Z. Since r <> zg is bijective, this z is equal to zr for some
reward function r. Let 7, be an optimal policy for this reward r in the MDP. Let M™" be
the successor state measure of policy 7., namely:

M™(s,a,s',a") = Z'yt Pr ((st,ar) = (s',d") | (s0,a0) = (s,a), 7). (62)
>0

Now define F(s,a,z) by setting its (s’,a’) component to M™=(s,a,s’,a’)/p(s’,a’) for each
(s',a):
F(s,a,2)s a0 == M"(s,a, s, a’)/p(s’, a/)' (63)

Then we have

F(S, a, Z)TB(S/, a/) = Z _F‘(S7 a, Z)s”,a” B(S/, a,l)s//’a//
s a’

=F(s,0,2)s .00 = M™(s,a,8",a")/p(s',a") (64)

because by our choice of B, B(s',a’)srq = Ly=g/, a/=a’-
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Thus, F(s,a,z) B(s’,a’) is the density of the successor state measure M™ of policy 7, with
respect to p, as needed.

We still have to check that , satisfies 7, (s) = argmax F(s, a, z)"z (since this is not how it
was defined). Since 7, was defined as an optimal policy for the reward r associated with z,
it satisfies
m.(s) = argmax Q" (s, a) (65)
a

with Q™= (s,a) the Q-function of policy 7, for the reward r. This Q-function is equal to the
cumulated expected reward

Q™ (s,a) ZV E[r(s:,at) | so = s, ap = a, 7] (66)

>0

_ t ro (A _ _

_Zry Zr(s,a)Pr((st,at)—(s,a)|so—8, ag = a, m.) (67)
t>0 s’,a’

*Z s, a Z*y Pr ((s¢, at) ( /)|50:S, ap = a, ;) (68)

>0
= Z s, a') (s,a,s a") (69)

= Z r(s',a')F(s,a,2)s q p(s,a’) (70)

= F(s,a,2) (Z r(s',a)p(s, a’)nsla) (71)

s'a’

= F(s,a,2)"z (72)

since z is equal to Ey )., [r(s',a')B(s’,a’)]. This proves that r(s) = arg max, Q™=(>%) =
argmax, F(s,a, z)"z. So this choice of F' and B satisfies all the properties claimed. O

We will rely on the following two basic results in @)-learning.

Proposition 11 (r — Q* is Lipschitz in sup-norm). Let r1, 72: S x A — R be two bounded
reward functions. Let Q7 and Q5 be the corresponding optimal Q-functions, and likewise for
the V -functions. Then

1
sup |Q7 — Q3] < sup |ry — 7o (73)
SxA 1—7s5xa

and

* * 1
sup |V — V5| < sup |r; — 1o . (74)
s 1—7sxa
Proof. Assume supg, 4 |r1 — r2] < € for some € > 0.

For any policy m, let QT be its Q-function for reward r1, and likewise for ro. Let m and
be optimal policies for 71 and ro, respectively. Then for any (s,a) € S x A,

Qi(s,a) = Q7' (s,a) (75)
> Q7*(s,a) (76)
= Z’YtE [r1(st,a1) | w2, (S0,a0) = (s,a)] (77)
t>0
> A Elra(si,ar) = | w2, (s0,a0) = (s, a)] (78)
t>0
3
= ;7 Elra(se, ac) | m2, (s0,a0) = (5,0)] = 7— (79)
= Q3(s,0) — (80)
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and likewise in the other direction, which ends the proof for Q-functions. The case of
V-functions follows by restricting to the optimal actions at each state s. O

Proposition 12. Let f: S x A — R be any function, and define a policy wy by ms(s) =
argmax, f(s,a). Let r: S x A — R be some bounded reward function. Let Q* be its optimal
Q-function, and let Q™7 be the Q-function of m¢ for reward r.

Then
sup | = Q'] < 7= sup |f — Q™| (81)
SxA — 7 SxA

and
sup [Q/ — Q"] < = sup | — @ (52
SxA — 7 SxA

Proof. Define €(s,a) := Q™ (s,a) — f(s,a).

The Q-function Q™f satisfies the Bellman equation

Qﬂf (87 a) = T(Sa a) + ’y]Es’\(s,a) Qﬂ-f (sla ﬂ—f(s/)) (83)
for any (s,a) € S x A. Substituting Q™ = f + ¢, this rewrites as
f(s,a) =r(s,a) —e(s,a) + Y Egs.a) [f (8", mp(s) + (s, ms(s"))] (84)
=r(s,a) —€'(s,a) + YEy(s.0) f(s', 75 (5)) (85)
= T(Sa a) - 6/(‘9’ a) + FYES'KS,G,) IHE}X f(slv a’,) (86)

by definition of ¢, where we have set

'(s,a) :=e(s,a) = YEy (5,0 (s, mp(s)). (87)

is the optimal Bellman equation for the reward r — &’. Therefore, f is the optimal
Q-function for the reward r — &’. Since Q* is the optimal Q-function for reward r, by
Proposition [T1] we have

1

1—

sup |f — Q[ < sup |€'| (88)
SxA Y SxA

By construction of &', supg, 4 €] < 2supgy 4 |e| = 2supgy 4 |f — Q7| This proves the first
claim.

The second claim follows by the triangle inequality |Q™ — Q*| < |Q™ — f| + |f — Q*| and
O

2 3

Proof of Theorem[5 By construction of the Kantorovich-Rubinstein norm, the second claim

of Theorem [5|is a particular case of the third claim, with || f[| , := max(||f|| .. , [ flly;,) and

Il = llikg-

Likewise, since m is the density of M with respect to p, the first claim is an instance of the
. . d

third, by taking |1f], := 1f]l.c and [l = |4

. Therefore, we only prove the third
L(p)

claim.

Let z € Z and let 7: S x A — R be any reward function. By Proposition [I0] with G = S x A
and ¢ = Id, the Q-function of policy Q™= for this reward is

Q™ (s,a) = /T(s',a')M”z(s,a, ds’,da’). (89)

Let €.(s,a,ds’,da’) be the difference of measures between the model F'Bp and M™=:
e.(s,a,ds’ da’) := M™(s,a,ds’ da’) — M?(s,a,ds’,da’) (90)
= M™(s,a,ds’,da’) — F(s,a,2) B(s',a’)p(ds’,da’). (91)
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We want to control the optimality gap in terms of sup, , [l€.(s,a, )| 5-

By definition of ¢,
Q™ (s,a) = /r(s’,a’)F(s,a,z)TB(s',a')p(ds',da') + /r(s’,a’) e.(s,a,ds’,da’)  (92)
= F(s,a,2) zg + /T(s', a')e.(s,a,ds’,da’) (93)
since zg = [1(s',a')B(s’,a’)p(ds’,da’). Therefore,

’Q”Z(s,a) - F(s,a,z)TzR‘ = ‘/r(s’,a’) e.(s,a,ds’,da’)

< lrlla lle=(s,a, )l (95)
for any reward r and any z € Z (not necessarily z = zg).

Let Q* be the optimal Q-function for reward r. Define f(s,a) := F(s,a,zr)'zr. By
definition, the policy 7., is equal to argmax, f(s,a). Therefore, by Proposition

sup |Q™r — Q*| < : sup |f — Q™r|. (96)
SxA — 7 SxA
and
sup |f — Q" < 7= sup |f — Q. (97)
SxA — 77 SxA
But by the above,
sup |f — Q™r| = sup ’F(s,a,zR)TzR — Q™R (s,a)‘ (98)
SxA SxA
< I7ll4 sup [lezx (s, a, )l - (99)
SxA
Therefore, for any reward function r,
T2 *| < 3H/’1||A
sup [Q7*r — Q" < = sup [lezq (s, a, )l - (100)
SxA — 7 SxA

This inequality transfers to the value functions, hence the result. In addition, using again
f(s,a) = F(s,a, zg) zr, we obtain

2]Jrll4

sup | F(s, a, 2r) 2R — Q* (s, a)| < sup |lez,(s,a,-)| 5 - (101)
SxA 1—7 sxa

O

Proof of Proposition[f. This is just a triangle inequality. By assumption, the difference
between the value function of 7;,, and the optimal value function V; is at most epp. Then

by Proposition the difference between V. and V;* is bounded by ﬁ Supgy 4 |f—rl. O

Proof of Theorem[§ We proceed by building a reward function 7 corresponding to Zz. Then
we will bound # — r and apply Proposition [6]

First, by Remark [4] up to reducing d, we can assume that B is L?(p)-orthonormal.
For any function ¢: (s,a) — R, define z, := E(5 4)~,[0(s,a)B(s,a)]. For each z € Z, define

¢, via ¢,(s,a) := B(s,a)'z. Then, if B is L?(p)-orthonormal, we have z,, = z. (Indeed,
%p. = E[(B(s,a)'2) B(s, a)] = E[B(s,a)(B(s,a)'z)] = (E[B(s,a)B(s,a)T]) z.)

Define the function

P =74+ Qsp—zpn (102)
using the functions ¢, defined above. By construction, z; = zg + Zosp g = Zgr. Therefore,
the policy 73, associated to Zg is the policy associated to the reward 7.

27



Self-supervision for Reinforcement Learning Workshop at ICLR 2021

We will now apply Proposition |§| to r and 7. For this, we need to bound ||¢z, -2, -

Let By, Bo, ..., By be the components of B as functions on S x A. For any z € Z, we have
2
2 2
=172,y = (| D = Bi =Yz ==l (103)
g L p) 1

since the B; are L?(p)-orthonormal. Moreover, by construction, ¢, lies in the linear span
(B) of the functions (B;). Therefore

[:lloe < C(B) lezll 2 = S(B) Iz (104)
by the definition of ((B) (Definition [7)).
Therefore,
125 -2rlloo < C(B) 2R — 2z - (105)

Let us now bound 2r — zg:
E[I2r — 22l =E [E [l12r - zal* | (5100 (106)

= E [E |22~ Elzr | (si.a))l + [El2n | (si,a0)] = zal® | (si,a0)] | (107)
+

2
1

N Z T(Sia ai)B(8i7 ai) — 2R

%

—E |E | (si,a:)

1 A
N XI:(W —1r(84,a;))B(s;, a;)

(108)

The first term satisfies
2

E %Z(’f’\l — T(Si, al))B(sz,al) | (si,ai) = % ZE |:(7/’:1 — 7’(31-’ ai))2 ||B(S“ al)H2:|
(109)
< <2 v Bl e (110)

because the 7#; are independent conditionally to (s;,a;), and because B is deterministic. The
expectation of this over (s;,a;) is

E

1 9 v 2 v 2
2 S v B s a0 ] = LBy B0 = S Bl (1)

which is thus a bound on the first term.

The second term satisfies
2

1 2
E = |lr(s,a)B(s,a) — Ep[r(s,a)B(s,a)}HLQ(p) (112)

1
i ZT(S“ a;)B(s;,a;) — zr

since the (s;,a;) are independent with distribution p. By the Cauchy—Schwarz inequality
(applied to each component of B), this is at most

1 2 2
N [r(s,a) —E, 7"HL2(p) HB||L2(p) : (113)

Therefore,
2
||BHL2(p) .

~ (114)

2 2 2
E[l12r = 2all’] < (v+1Ir(s,0) ~ Eyrllag,)

28



Self-supervision for Reinforcement Learning Workshop at ICLR 2021

Since B is orthonormal in L?(p), we have ||B||2L2(p) = d. Putting everything together, we
find

E[lr - r2] < S22 (o4 fr(s.a) - EByriay,) (115)

Therefore, by the Markov inequality, for any § > 0, with probability 1 — 6,

B)d
1=l < /S (o (s, ~ Byl ) (116)

hence the conclusion by Proposition [6] O

Proof of Theorem[9 Let

Py(ds’,dd’|s,a,7,)
’oIN L ttt ’ s Uy Mz
m(s,a,s’ a’) .—Zv o(ds da’) (117)
>0
so that
{(F,B) = / |F(s,a,2)'B(s',d’) — m(s7a,s’,a’)‘Qp(ds,da)p(dsﬂda’). (118)

Let us first take the derivative with respect to the parameters of F. This is 0 by assumption,
so we find

0= /agF(s,a, 2)'B(s',d') (F(s,a,2)'B(s',d’) —m(s,a,s',a’)) p(ds,da)p(ds’,da’) (119)

:/89F(s,a,z)TG(s,a)p(ds,da) (120)

where

G(s,a) := /B(s’,a’) (F(s,a,2)'B(s',a') — m(s,a,s',a)) p(ds’,da’) (121)

Since the model is overparameterized, we can realize any L? function f(s, a) as the derivative
dpF (s,a, z) for some direction f. Therefore, the equation 0 = [ 9y F (s, a, 2)'G(s,a)p(ds, da)
implies that G(s,a) is L?(p)-orthogonal to any function f(s,a) in L?(p). Therefore, G(s,a)
vanishes p-almost everywhere, namely

/B(s’7a’)F(s,a,z)TB(s'7a')p(ds',da') = /B(s’,a’)m(s,a,s',a')p(ds’,da') (122)

Now, since F(s,a,z)"B(s',a') is a real number, F(s,a,2)'B(s',a') = B(s',a') F(s,a, z).
Therefore, the right-hand-side above rewrites as

/B(s’,a’)B(s’,a’)TF(s,a,z)p(ds’,da’) = (Cov B)F(s,a,2) (123)

so that
(Cov B)F(s,a,z) = /B(s',a')m(s,a, s, a")p(ds’,da’). (124)

Unfolding the definition of m yields the statement for F'. The proof for B is similar. O
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G EXPERIMENTAL SETUP

In this section we provide additional information about our experiments.

G.1 ENVIRONMENTS

e Discrete maze: is the 11 x11 classical tabular gridworld with foor rooms. States are
represented by one-hot unit vectors, S = {0, 1}2!. There are five available actions ,
A = {left, right, up, down, do nothing }. The dynamics are deterministic and
the walls are impassable.

e Continuous maze: is a two dimensional environment with impassable walls. States
are represented by their Cartesian coordinates (z,y) € S = [0,1]%. There are five
available actions, A = {left, right, up, down, do nothing }. The execution of
one of the actions moves the agent 0.1 units in the desired direction, and normal
random noise with zero mean and standard deviation 0.01 is added to the position
of the agent (that is, a move along the x axis would be ' = z + 0.1 + N(0,0.01),
where A(0,0.01) is a normal variable with mean 0 and standard deviation 0.01).
If after a move the agent ends up outside of [0, 1]2, the agent’s position is clipped
(e.g if x < 0 then we set x = 0). If a move make the agent cross an interior
wall, this move is undone. For all algorithms, we convert a state s = (z,y) into
feature vector ¢(s) € R*! by computing the activations of a regular 21 x 21 grid
of radial basis functions at the point (s,y). Especially, we use Gaussian functions:
o(s) = <exp(——(”6_””)z;r(y_y’i)2 )y exp(— (x—x441)22:2(y—y441)2 )) where (x;,y;) is the

center of the it Gaussian and ¢ = 0.05.

e FeatchReach: is a variant of the simulated robotic arm environment from (Plappert
et al [2018]) using discrete actions instead of continuous actions. States are 10-
dimensional vectors consisting of positions and velocities of robot joints. We discretise
the original 3-dimensional action space into 6 possible actions using action stepsize
of 1 (The same way as in https://github.com/paulorauber/hpg, the implementation
of hindsight policy gradient (Rauber et al., 2018))). The goal space is 3-dimensional
space representing of the position of the object to reach.

e Ms. Pacman: is a variant of the Atari 2600 game Ms. Pacman, where an episode
ends when the agent is captured by a monster (Rauber et all [2018). States are
obtained by processing the raw visual input directly from the screen. Frames are
preprocessed by cropping, conversion to grayscale and downsampling to 84 x 84 pixels.
A state s; is the concatenation of (z4_12,2¢—s, Tr—4, x¢) frames, i.e. an 84 x 84 x 4
tensor. An action repeat of 12 is used. As Ms. Pacman is not originally a multi-goal
domain, we define the set of goals as the set of the 148 reachable coordinate pairs
(z,y) on the screen; these can be reached only by learning to avoid monsters. In
contrast with (Rauber et al., 2018)), who use a heuristic to find the agent’s position
from the screen’s pixels, we use the Atari annotated RAM interface wrapper (Anand
et al., [2019).

G.2 ARCHITECTURES

We use the same architecture for discrete maze, continuous maze and FeatchReach. Both
forward and backward networks are represented by a feedforward neural network with three
hidden layers, each with 256 ReLU units. The forward network receives a concatenation
of a state and a z vector as input and has |A| x d as output dimension. The backward
network receives a state as input (or gripper’s position for FeatchReach) and has d as output
dimension. For goal-oriented DQN, the Q-value network is also a feedforward neural network
with three hidden layers, each with 256 ReLU units. It receives a concatenation of a state
and a goal as input and has |A| as output dimension.

For Ms. Pacman, the forward network is represented by a convolutional neural network
given by a convolutional layer with 32 filters (8 x 8, stride 4); convolutional layer with
64 filters (4 x 4, stride 2); convolutional layer with 64 filters (3 x 3, stride 1); and three
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fully-connected layers, each with 256 units. We use ReLU as activation function. The z
vector is concatenated with the output of the third convolutional layer. The output dimension
of the final linear layer is |A| x d. The backward network acts only on agent’s position, a
2-dimensional input. It is represented by a feedforward neural network with three hidden
layers, each with 256 ReLU units. The output dimension is d. For goal-oriented DQN, the
Q-value network is represented by a convolutional neural network with the same architecture
as the one of the forward network. The goal’s position is concatenated with the output of
the third convolutional layer. The output dimension of the final linear layer is |A|.

G.3 IMPLEMENTATION DETAILS

For all environments, we run the algorithms for 800 epochs. Each epoch consists of 25 cycles
where we interleave between gathering some amount of transitions, to add to the replay
buffer D (old transitions are thrown when we reach the maximum of its size), and performing
40 steps of stochastic gradient descent on the model parameters. To collect transitions, we
generate episodes using some behavior policy. For both mazes, we use a uniform policy while
for FetchReach and Ms. Pacman, we use an e-greedy policy (¢ = 0.2) with respect to the
current approximation F(s,a,z)'z for a sampled 2. At evaluation time, e-greedy policies
are also used, with a smaller € = 0.02 for all envrionments except from discrete maze where
we use Boltzmann policy with temperature 7 = 1. We train each models for three different
random seeds.

For generality, we will keep using the notation B(s,a) while in our experiments B acts only
on (s, a), a part of the state-action space. For discrete and continuous mazes, ¢(s,a) = s,
for FetchReach, ¢(s,a) the position of arm’s gripper and for Ms. Pacman, ¢(s,a) is the
2-dimensional position (x,y) of the agent on the screen.

We denote by 6 and w the parameters of forward and backward networks respectively and 6~
and w~ the parameters of their corresponding target networks. Both #~ and w™ are updated
after each cycle using Polyak averaging; i.e 67 < af~ + (1 —a)f and w™ + aw™ + (1 — a)w
where o = 0.95 is the Polyak coefficient.

During training, we sample z from a rescaled Gaussian that we denote v. Especially, we

sample a d-dimensional standard Gaussian variable z ~ N(0,1d) € R? and a scalar centered
Cauchy variable u € R of scale 0.5, then we set z = \/Euuﬁ—” We use a Cauchy distribution
to ensure that the norm of z spans the non-negative real numbers space while having a heavy
tail: with a pure Gaussian, the norm of z would be very concentrated around a single value.

We also scale by v/d to ensure that each component of z has an order of magnitude of 1.

=
Vi+l=l5/4d

set in R?, and this takes advantage of optimal policies being equal for a reward R and for
AR with A > 0.

Before being fed to F', z is preprocessed by z < ; this way, z ranges over a bounded

To update network parameters, we compute an empirical loss by sampling 3 mini-batches,
each of size b = 128, of transitions {(s;,a;, sit+1)}icr C D, of target state-action pairs
{(s5,a5)}ier € D and of {z;}ier ~ v:

1
Z0,w) = 252 <F9(3iaaiyzi)TBw(3;‘7a;‘) - Z 7 (a ] Sip1) - Fy-(si+1,0,2) | Bu-(s],
1,j€I12 a€A
1
3 ZFO(SiaaiaZi)TBw(Shai) (125)
iel
where we use the Boltzmann policy 7., (- | s;41) = softmax(Fy- (si11,-,2) " 2/7) with

fixed temperature 7 = 200 to avoid the instability and discontinuity caused by the argmax
operator.
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Since there is unidentifiability between F' and B (Appendix, Remark , we include a gradient
to make B closer to orthonormal, E(, )., B(s,a)B(s, a)' ~ Id:

1
20 |y Bu(s,0)Bu(s, @) —1d]|” =

E(s,a)mpi(s',a')mp O Bus (8, a)’ (Bw(s,a)TBw(S’,a’) -By(s',d") — B(s,a)) (126)
To compute an unbiased estimate of the latter gradient, we use the following auxiliary

empirical loss:

1
Lreg(w) = 0 Z B, (s4,a;) "stop-gradient(B, (s

i,jEI?

VR

!

)) - stop-gradient (B, (s;, a;) | Bu(s},a}))

1
-3 Z B, (si,a;) " stop-gradient (B, (s;, a;))

el

(127)

Finally, we use the Adam optimizer and we update 6 and w by taking a gradient step on
Z(0,w) and Z(0,w) + X - Lreg(w) respectively, where X is a regularization coefficient that

we set to 1 for all experiments.

We summarize the hyperparameters used for FB algorithm and goal-oriented DQN in table

and [2) respectively.
Hyperparameters ‘ Discrete Maze Continuous Maze FetchReach Ms. Pacman
number of cycles per epoch 25 25 25 25
number of episodes per cycles 4 4 2 2
number of timesteps per episode | 50 30 50 50
number of updates per cycle 40 40 40 40
exploration & 1 1 0.2 0.2
evaluation ¢ Boltzman with =1 0.02 0.02 0.02
temperature 7 200 200 200 200
learning rate 0.001 0.0005 0.0005 0.0001 if d = 100, else 0.0005
mini-batch size 128 128 128 128
regularization coefficient \ 1 1 1 1
Polyak coefficient « 0.95 0.95 0.95 0.95
discount factor 0.99 0.99 0.9 0.9
replay buffer size 108 108 10° 108

Table 1: Hyperparameters of the FB algorithm

Hyperparameters | Discrete Maze Continuous Maze FetchReach Ms. Pacman
number of cycles per epoch 25 25 25 25
number of episodes per cycles 4 4 2 2
number of timesteps per episode | 50 30 50 50
number of updates per cycle 40 40 40 40
exploration € 0.2 0.2 0.2 0.2
evaluation ¢ Boltzman with =1 0.02 0.02 0.02
learning rate 0.001 0.0005 0.0005 0.0005
mini-batch size 128 128 128 128
Polyak coefficient « 0.95 0.95 0.95 0.95
discount factor y 0.99 0.99 0.9 0.9
replay buffer size 108 106 108 108
ratio of hindsight replay - - - 0.8

Table 2: Hyperparameters of the goal-oriented DQN algorithm

G.4 EXPERIMENTAL RESULTS

In this section, we provide additional experimental results.
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G.4.1 GOAL-ORIENTED SETUP: QUANTITATIVE COMPARISONS
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Figure 7: Discrete maze: Comparative performance of FB for different dimensions and
DQN. Left: the policy quality averaged over 20 randomly selected goals as function of the
training epochs. Right: the policy quality averaged over the goal space after 800 training
epochs.

‘I[‘v“'fl' [T

i
|
il

i

4o

Success Rate
Success Rate

Method

— FB25

—— FB50 02
—— FB-100

— FB-200

— DON

0 100 200 300 400 500 600 700 800
Epoch

Figure 8: Continuous maze: Comparative performance of FB for different dimensions and
DQN. Left: the success rate averaged over 20 randomly selected goals as function of the
training epochs. Right: the success rate averaged over 1000 randomly sampled goals after
800 training epochs.
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Figure 9: FetchReach: Comparative performance of FB for different dimensions and DQN.
Left: the success rate averaged over 20 randomly selected goals as function of the training
epochs. Right: the success rate averaged over 1000 randomly sampled goals after 800
training epochs.

G.4.2 MORE COMPLEX REWARDS: QUALITATIVE RESULTS

G.4.3 EMBEDDING VISUALIZATION
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Figure 10: Ms. Pacman: Comparative performance of FB for different dimensions and
DQN. Left: the success rate averaged over 20 randomly selected goals as function of the
training epochs. Right: the success rate averaged over the 184 handcrafted goals after
training epochs. Note that FB-50 and F-100 have been trained only for 200 epochs.
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Figure 11: Distance to goal of FB for different dimensions and DQN as function of training
epochs. Left: Continuous maze. Right: FetchReach.
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Figure 12: Discrete Maze: Heatmap plots of max,c4 F(s,a, 2r) " zr (left) and trajectories

of the Boltzmann policy with respect to F(s,a,zr) " zg with temperature 7 = 1 (right). Top
row: for the task of reaching a target while avoiding a forbidden region, Middle row: for
the task of reaching the closest goal among two equally rewarding positions, Bottom row:

choosing between a small, close reward and a large, distant one.
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Figure 13: Continuous Maze: Contour plots plot of maxa,ca F(s,a,2r) "2z (left) and
trajectories of the ¢ greedy policy with respect to F(s,a,zr) ' zg with ¢ = 0.1 (right). Left:
for the task of reaching a target while avoiding a forbidden region, Middle: for the task of
reaching the closest goal among two equally rewarding positions, Right: choosing between a
small, close reward and a large, distant one..
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Figure 14: Ms. Pacman: Trajectories of the ¢ greedy policy with respect to F(s, a, zr) " zr
with € = 0.1 (right). Top row: for the task of reaching a target while avoiding a forbidden
region, Middle row: for the task of reaching the closest goal among two equally rewarding
positions, Bottom row: choosing between a small, close reward and a large, distant one..
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S

Figure 15: Full series of frames in Ms. Pacman along the trajectory generated by the F'B
policy for the task of reaching a target position (star shape ¥¢) while avoiding forbidden
positions (red shape @).
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Figure 16: Discrete maze: Visualization of FB embedding vectors after projecting them
in two-dimensional space with t-SNE. Left: the F' embedding for z = 0. Right: the B
embedding. Note how both embeddings recover the foor-room and door structure of the
original environment. The spread of B embedding is due to the regularization that makes B

closer to orthonormal.
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Figure 17: Continuous maze: Visualization of FB embedding vectors after projecting
them in two-dimensional space with t-SNE. Left: the states to be mapped. Middle: the F'

embedding. Right: the B embedding.
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Figure 18: Ms. Pacman: Visualization of FB embedding vectors after projecting them in
two-dimensional space with t-SNE. Left: the agent’s position corresponding to the state
to be mapped. Middle: the F' embedding for z = 0. Right: the B embedding. Note how
both embeddings recover the cycle structure of the environment. F acts on visual inputs and

B acts on the agent’s position.
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Figure 19: Continuous maze: visualization of F' embedding vectors for different z vectors,
after projecting them in two-dimensional space with t-SNE.
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