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Abstract

Dyna-style reinforcement learning (RL) agents improve sample efficiency over model-free
RL agents by updating the value function with simulated experience generated by an
environment model. However, it is often difficult to learn accurate models of environment
dynamics, and even small errors may result in failure of Dyna agents. In this paper, we
highlight that one potential cause of that failure is bootstrapping off of the values of
simulated states, and introduce a new Dyna algorithm to avoid this failure. We discuss a
design space of Dyna algorithms, based on using successor or predecessor models—simulating
forwards or backwards—and using one-step or multi-step updates. Three of the variants
have been explored, but surprisingly the fourth variant has not: using predecessor models
with multi-step updates. We present the Hallucinated Value Hypothesis (HVH): updating
the values of real states towards values of simulated states can result in misleading action
values which adversely affect the control policy. We discuss and evaluate all four variants
of Dyna amongst which three update real states toward simulated states — so potentially
toward hallucinated values — and our proposed approach, which does not. The experimental
results provide evidence for the HVH, and suggest that using predecessor models with
multi-step updates is a promising direction toward developing Dyna algorithms that are
more robust to model error.

1. Introduction

Sample efficient algorithms for reinforcement learning (RL) are critical for the use of RL
in most realistic settings. RL agents have been developed that can achieve impressive
performance in simulated problems, including agents that can play arcade games (Bellemare,
Naddaf, Veness, & Bowling, 2013) at human level performance (Mnih, Kavukcuoglu, Silver,
Rusu, Veness, Bellemare, Graves, Riedmiller, Fidjeland, Ostrovski, et al., 2015) and robotic
hands with human-like dexterity (Andrychowicz, Baker, Chociej, Jozefowicz, McGrew,
Pachocki, Petron, Plappert, Powell, Ray, Schneider, Sidor, Tobin, Welinder, Weng, &
Zaremba, 2018). These successes have come at a cost: large data requirements. For
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example, DQN requires 200 million samples to learn control policies for games. Such sample
requirements make RL an unviable solution for many realistic settings, and a key challenge
is developing sample efficient RL methods.

One promising path to address this challenge is Dyna (Sutton, 1990): an architecture
where real experience is supplemented with simulated experience. In Dyna, agents use a
model of their environment to simulate experience. By updating their value functions with
this data, in a process known as planning, agents may learn improved control policies using
less real data than model-free RL agents.

Early work on Dyna considered environments with deterministic dynamics and finite
state spaces (Sutton, 1990, 1991). In such settings, learning perfectly accurate environment
models is possible: store a table of states and actions and record the next observed states for
a given state and action. Generally, however, learning perfect environment models is difficult,
if not impossible. Moreover, emerging evidence suggests that even small model errors can
result in large errors in the value function (van Hasselt, Hessel, & Aslanides, 2019).

Most work investigating how to minimise model error has primarily considered errors
due to model rollouts. In rollouts, a model’s predictions are iteratively fed back to itself to
generate a simulated trajectory. Even small inaccuracies in predictions can compound and
render a trajectory useless for planning as the final predictions bear little resemblance to
any plausible future as shown by Talvitie (2014), Talvitie (2017). To address this, Talvitie
proposed Hallucinated Replay: training a model on its own imperfect predictions to minimise
compounding error. Related approaches have been considered in time series modeling
(Venkatraman, Hebert, & Bagnell, 2015). Other work reduced error due to iteration by
learning a model from a new representation of states in a latent space rather than learning a
model from original observations coming from the environment (Ke, Singh, Touati, Goyal,
Bengio, Parikh, & Batra, 2019; Hafner, Pasukonis, Ba, & Lillicrap, 2023; Hafner, Lillicrap,
Norouzi, & Ba, 2022; Serban, Sankar, Pieper, Pineau, & Bengio, 2020), with some further
restricting the use of the model only for policy optimization (Amos, Stanton, Yarats, &
Wilson, 2021; Tomar, Zhang, Calandra, Taylor, & Pineau, 2021).

Improving model accuracy, however, is unlikely to resolve failure in Dyna. For example,
Holland, Talvitie, and Bowling (2018) showed that even with a learning curriculum to
minimise compounding error, imperfections in model predictions eventually overwhelm any
signal in simulated trajectories and value function updates with this data is detrimental to
learning. van Hasselt et al. (2019) showed that updating action-values with an inaccurate
model could result in poor performance; to avoid these failures, they suggested that simulating
transitions forward should only be used for decision-time planning, rather than updating
the action-value. A direction being actively pursued is to learn models based on value
error, rather than prediction error on the next state (Farahmand, Barreto, & Nikovski, 2017;
Farahmand, 2018; Ayoub, Jia, Szepesvari, Wang, & Yang, 2020; Grimm, Barreto, Singh, &
Silver, 2020), or other objectives better aligned with the goals of planning (Lambert, Amos,
Yadan, & Calandra, 2020; Abachi, Ghavamzadeh, & Farahmand, 2020).

Another strategy to deal with model error has been to downweight or filter potentially
erroneous simulated data. One direction has been to limit the use of the model and only use
it when in areas of high uncertainty (Kalweit & Boedecker, 2017), such as in early learning.
Another idea is to correct the effect of small model errors by using samples from the true
model (Rakhsha, Wang, Ghavamzadeh, & Farahmand, 2022). Other work tried to limit errors
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introduced into the bootstrap targets for learning the value function, by both (a) strictly
limiting the iteration horizon for the model and (b) using an ensemble of bootstrapped
targets by averaging all n-step bootstrapped targets up to the iteration horizon (Feinberg,
Wan, Stoica, Jordan, Gonzalez, & Levine, 2018). Follow-up work improved the algorithm
by using residual gradient algorithms, which are more stable under distribution mismatch
(Zhang, Boehmer, & Whiteson, 2019). The ensemble approach, however, did not directly
account for model error. Later work used model-error to further avoid high-error bootstrap
targets, either by dynamically truncating rollouts (Buckman, Hafner, Tucker, Brevdo, & Lee,
2018) or down-weighting uncertain updates (Abbas, Sokota, Talvitie, & White, 2020). In
general, knowing how sensitive Model-Based Reinforcement Learning (MBRL) is to model
error (van Hasselt et al., 2019), much more work needs to be done to understand the sources
of these catastrophic failures and to develop methods that are able to prevent them.

This paper identifies and examines a source of MBRL failure that has not been previously
articulated—Hallucinated Values—and proposes a novel Dyna-style algorithm to mitigate
this error, called Multi-step Predecessor Dyna. The issue we highlight is that simulated
states can be unreachable, or rarely visited, resulting in arbitrary or undertrained values in
those states. The agent is misled when it bootstraps off of these hallucinated values. The
proposed algorithm is simple: using multi-step bootstrapped returns and a predecessor model
to simulate transitions backwards from observed states. This approach ensures that the
agent always bootstraps off of values in real states, that were updated when observed. This
contrasts existing Dyna variants, that either use one-step updates or use multi-step updates
but with successor models—those that simulate forward.

We introduce an environment to test the hypothesis and show that previous variants of
Dyna fail when the model is imperfect whereas our algorithm does not. We further test the
algorithms on three classic benchmark environments and find even in these environments the
same behavior persists. This success in environments not explicitly designed to suffer from
hallucinated values suggests both that these phenomena may be prevalent—even if hard to
directly measure—and that Multi-step Predecessor Dyna may provide additional benefits by
improving credit assignment with multi-step updates.

This paper is organised as follows. In Section 2 we formalize the learning problem and
overview model-free and model-based RL methods. Section 3 provides a general framework
for Dyna-style algorithms in which four variants of planning approaches are discussed.
We propose a new method called Multi-step Predecessor Dyna. Section 4 introduces the
Hallucinated Value Hypothesis (HVH), and discusses how variants of Dyna can suffer from
it. In Section 5, we demonstrate the robustness of our approach with respect to HVH by
evaluating it on a specifically designed environment, called BorderWorld, and three other
benchmarks. These benchmarks are selected both (a) to understand the prevalence of the
HVH, in standard environments where it is not obvious it will be a problem and (b) to more
generally investigate the utility of our multi-step predecessor approach in classic benchmark
problems. Section 6 analyzes the robustness to model iteration, in all of the Dyna variants.
Finally, Section 7 wraps up the paper by providing a conclusion and a discussion on the
limitations and future directions.
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2. Problem Formulation

We formalized the control problem using a Markov Decision Process (MDP). MDPs are
defined by the tuple (S, A, 7, p,v). S is a set of states, A is a set of actions, r : SXx AxS — R
is a reward function defining the reward received upon taking a given action in a given
state, p: S x A x S +— [0,1] is a function defining the transition dynamics of the MDP, and
v € [0,1) is a discount parameter influencing how far-sighted or myopic the agent is. At time
t, the agent is in a state s; € S, takes action a; € A, transitions to a new state s;11 € S with
probability p(s;, as, si4+1) and receives reward riy1 = r(sg, a, Sp+1)-

The agent selects actions according to a policy m : S x A +— [0,1], where 7(-|s) is a
distribution over actions in state s. The agent’s goal is to learn a policy which maximizes its
expected return, represented by the action-value function

Q" (s,a) :=E ZWth+k+1|St =s, A =a| =E[Ry1 + vV (St4+1)|St = s, A = a
k=0

where uppercase letters, such as R;;1, indicate random variables and probabilities are
according to p and w. The action-value Q™ (s, a) is the expected return from state s, after
taking action a and following policy 7 thereafter.

Q-learning (Watkins & Dayan, 1992) is an approach to learn the optimal policy, by
iteratively updating towards Q* the action-values for the optimal policy. The agent estimates
the action-values as a parameterized function, ), with parameters w, using Q-learning update

0 = re1 +ymax Q(se1,a) — Q51 ar)

w 4+ w+ adVQ(s¢, ar)

To keep notation simple thorough-out, we do not explicitly show @ as a function of w, and
assume that the gradient V is always with respect to w. Q-learning is a model-free algorithm,
i.e., it updates @ using only from data gathered by interacting with the environment.

The Dyna framework (Sutton, 1990) is a model-based approach, that updates the action-
values with both real experience and transitions sampled from a learned model. In Dyna-Q,
summarized in Algorithm 1, an agent first does a Q-learning update on real experience and
updates its model with this new data. Then it performs planning updates in which it 1)
draws a state s; from its previous experience; 2) selects action a; to perform in s; using its
current policy; 3) uses its model to generate next state §;11 and reward 7; (hat indicates it
is a simulated variable); and 4) performs the Q-learning update on (s;, a;, 7, $;+1). These
extra updates should help improve sample efficiency. The idea behind Dyna is simple and
elegant: simulated data can be treated like real experience, allow learning and planning to be
interleaved. Since the introduction of the original Dyna-Q algorithm (Sutton, 1990), many
variants of Dyna have been proposed. In Section 3, we discuss a general design space of
Dyna-Q algorithms that incorporates many of these variants.

3. A Design Space of Dyna Algorithms

Dyna is a flexible framework which admits a variety of implementations. In this work
we focus on two design choices that provide four Dyna variants: 1) simulating forward or
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Algorithm 1 Original Dyna-Q
1: Input Subroutines update_model,
2: Initialise action-value function @, and environment model M
3: Set learning rate «
4: while Agent Interacting with Environment do

5: Observe state s, select action a using policy 7
6: Observe reward r and next state s’

7 § < r+ymaxy Q(s',ad) — Q(s,a)

8: Q(s,a) + Q(s,a) + ad

9: update_model(M, (s,a,r,s’))

10: for planning step =1 to N do

11: s < random previously observed state
12: a < random action previously taken in s
13: (s',r) < M(s,a)

14: d +r+ymaxy Q(s',ad") — Q(s,a)

15: Q(s,a) + Q(s,a) + ad

backward in time and 2) using one-step or multi-step return targets in the action-value
update during planning. We explain these choices below but otherwise make standard choices
for Dyna: updating with real experience, using prioritization, and simulating all actions
during planning.

The four algorithms are variations of Algorithm 2. Real environment data is used to
update the action-value functions and the environment model (lines 7-9). The real experience
is added to a search-control queue P, with priority |§| (line 10) if the priority is not smaller
than a threshold p. The transitions in this queue are used to perform N planning steps (lines
11 - 15). In each planning step the highest priority transition is popped off the queue (line
12), the model M is used to generate simulated transitions (line 13), and these transitions
are used to update action-values (line 14). Finally, these simulated transitions are added to
the queue with a priority equal to their TD error multiplied by 8™ (line 15) for 8 € [0, 1]
and n is the number of times the model has been iterated to obtain that trajectory. This
insertion happens unless the computed priority is smaller than p

We introduce the decay rate 8 to reduce priority for trajectories that have been iterated
for many steps. This prevents highly iterated trajectories from being added to P thereby
mitigating compounding model error. This gradual decay avoids the need to specify a strict
horizon for iteration, and uses the existing mechanism of priorities to implicitly control the
horizon of model iteration. In Subsection 3.3 we discuss the implications of 5 on the Dyna
variants that we study.

This Dyna algorithm is standard except for 8 and the fact that entire tuples are stored
on the queue with an explicit parameter n. This storing of tuples is a necessary modification
to consider multi-step updates with Dyna, as described in Section 3.2. The different Dyna
variants execute the planning update differently, given in Algorithm 3; we explain these
different updates in the next sections.
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Algorithm 2 Prioritised-Dyna with Multi-step Updates
1: Input Subroutines update_model, planning_update > Differ for variants
2: Initialise action-value function @), prioritised planning queue P, environment model M,
planning mode

3: Set learning rate «, priority threshold p, decay 8 € [0,1] (default: p = 0.01, = 0.5)
4: while Agent Interacting with Environment do

5: Observe state s, select action a using policy 7

6: Observe reward r and next state s’

7: § r+ymaxy Q(s',a") — Q(s,a)

8: Q(s,a) + Q(s,a) + ad

9: update_model(M, (s, a,r,s’))

10: if |0| > p then

11: Insert ((s,a,r,s"),n =0) to P with priority |d]

12: for planning step =1 to IV do

13: T’,0,+ = planning_update(P) > See Algorithm 3
14: if |6T' ‘ﬁn > p then

15: Insert 7" to P with priority |d,|5™

3.1 Successor vs Predecessor Models

The first design choice we explore is whether the model simulates environment dynamics
forward in time or backward in time. A model that simulates environment dynamics forward
in time is a successor model. From state s; given action a¢, the successor model generates a
successor state §.41 and reward 7y41. Conversely, a predecessor model simulates dynamics
backward in time. From state s;, given action a;_1, a predecessor state §;_1 and reward 7
are generated.

We can feed back a model’s predictions to itself in order to generate subsequent predictions.
This leads to an iteration process in which we generate trajectories that radiate forward
or backward from a state. Suppose we use a successor model in Algorithm 2, and during
planning a tuple (s¢, ag, 441, S¢+1,n = 0) is popped from P (n = 0 indicates this trajectory
has not been iterated). The model could be queried to yield the first iterated transition
(St Gty T41y St41, Q15 Tt+2, St+2,n = 1) which could be added to P. This tuple may be
popped in the next planning step and the model queried to yield a second iterated transition
(Sty Gty Tt41y St41, Ot 1, Tt42, St42, At42, 143, St43,n = 2). This process may be continued to
generate tuples for all possible actions yielding trajectories that radiate from s;.

We can also examine tuples generated when iterating a predecessor model. Again, suppose
the first tuple is popped from the queue is (s, at, 7441, St+1, n = 0). The predecessor model pro-
duces an iterated transition, (§;—1, a¢—1, 7, St, @, Tt+1, St+1,n = 1). This tuple could be added
to the queue, popped and iterated to yield (S¢—2, Gt—2, Tt—1, St—1, Qt—1, Tt, St, Qt, Tt41, St41, 1 =
2) and so on.

Iterating model predictions in this manner is typical of many Dyna algorithms. Some
algorithms use successor models with iteration (Gu, Lillicrap, Sutskever, & Levine, 2016)
while others such as Prioritized Sweeping (Moore & Atkeson, 1993; Peng & Williams, 1993)
use a predecessor model to iterate predictions backwards in time. Since early work on

446



MITIGATING VALUE HALLUCINATION IN DYNA PLANNING VIA MULTISTEP PREDECESSOR MODELS

Algorithm 3 Planning Update

1: Input Priority queue P to pop a trajectory T}, = (S¢, Gty Tt41y -y St4n, 1)
2: if Successor then

3 if One-Step then

4 Pop tuple T,, = (8¢, at, ..., St+n,n) from P

5: for a; in A do

6 Simulate dynamics forward $;ypnt1, Tt4n = M(St4n, a;)

7 Tot1 = (St Aty Tt415 oy Sttns Qs Tt Stpnt1, 1 + 1)

8 0 = Trin +ymaxy Q(8t4n+1,a") — Q(Stn, i)

9 Q(8t4n,a;) + Q(S¢4n,a;) + A6V Q(5¢40,a;)

10: if Multi-Step then

11: T, , expanding < Screening(P)

12: for a; in A do

13: Simulate dynamics forward Syynt1, Tean = M(St4n, a;)
14: Tn+1 = (St, Aty Tt415 v Sttn, Qi 72t+n7 §t+n+17 n + 1)

15: 5 YoV ek + 9" T maxg Q(Sttnt1, a) — Qs ar)
16: Q(st,at) < Q(st,ar) + adVQ(st, ar)

17: if NOT expanding then

18: 0«0

19: if Predecessor then
20: if One-Step then

21: Pop tuple T' = (s¢, ay, ..., St4n,n) from P

22: for a; in A do

23: Simulate dynamics backward §;_1,7—1 = M(s¢, a;)
24: Tn+1 = (.§t,1,ai,ft,1,st,...SHn,n—l— 1)

25: d + P—1 +ymaxg Q(s¢, ar) — Q(8¢—-1,a;)

26: Q(gtfl, ai) — Q(§t,1, ai) + Oé(SVQ(ét,h ai)

27: if Multi-Step then

28: T,, expanding < Screening(P)

29: for a; in A do

30: Simulate dynamics backward 81,71 = M(s¢, a;)
31: Tn—‘,—l = (§t_1,ai,f’t_1,st,...st+n,n+ 1)

32: 8 Sop_ Y + " maxg Q(St4n—1, A1) — Q(81—1,a;)
33: Q(§t_1, a,-) — Q(§t_1, CLZ‘) + Oz(;VQ(&_l, a,-)

34: if NOT expanding then

5: 6«0
return 7,.1,0

prioritized sweeping, several papers have explored learning and using predecessor models
(Sutton, Szepesvari, Geramifard, & Bowling, 2008; Edwards, Downs, & Davidson, 2018; Pan,
Zaheer, White, Patterson, & White, 2018; van Hasselt et al., 2019). Two recent papers
explicitly highlight that the one of the primary benefits of using a model-based approach,
over simply using experience replay, is to facilitate iterating backward in time from high
priority states (Pan et al., 2018; van Hasselt et al., 2019).
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It is important to note that an open question remains about how to precisely define
predecessor models. Given a transition (s, a,r,s’), it is straightforward to either use this data
to update a successor model with input (s,a) and output (r,s’) or to update a predecessor
model with input (s, a) and output (s, 7). Even with a changing policy, the target distribution
for the successor model is stationary: it is p(s’,7|s, a) for a distribution model or E[(S’, R)|S =
s, A = a] for an expectation model. For the predecessor model, it is not clear what the target
distribution is for a changing policy because the distribution over the predecessor states s
changes with the policy. Imagine a situation where both s; and sy lead to s’ when taking
action a. If a policy visits state s; more frequently than so, then the predecessor model
will predict p(si|s’,a) higher than p(ss2|s’,a). If we simply update on the data without any
reweighting, this distribution is inherently tied to the policy. This distribution is inherently
tied to the policy; if we simply update on the data without any reweighting.

In this work, we partially sidestep this issue by gathering data for the model under a
fixed policy. This strategy at least makes the target predecessor model stationary. It does
not address the impact of the state visitation distribution of the policy on the utility of the
predecessor model, nor if a different policy could have produced a more useful predecessor
model. Such an investigation into learning predecessor models should be explored in a
dedicated work on this open question and is outside the scope of this work.

3.2 One-Step vs Multi-Step Updates

The second choice we examine is if the algorithm performs one-step updates or multi-step
updates. A one-step update bootstraps immediately on the next state, whereas a multi-step
update sums up multiple rewards until finally bootstrapping on a state multiple steps into
the future.

To see how this choice manifests in Dyna, consider a successor model starting with
(s¢,at, me41, St+1,n = 0). From sy11 the successor model extends the trajectory to get
(Sty Aty Te41y St1, Git1, T2, St+2,n = 1). The one-step update would use $;49 to update sy41:

0 < Ty + 7y max Q(5¢12,a) — Q(St41,Ge41)
Q(5t41, a141) < Q(St41,Gr11) + OVQ(Sp41, A41)

The multi-step update, however, would update s; to §.+2, with the discounted sum of rewards
in-between

8 4 Ti1 + Ve + 7 max Q(3¢42,a) — Q(s¢,ay)
Q(st,a1) < Q(st,ar) + adVQ(s¢, ar)

Imagine this tuple is iterated again. The one-step update would update the value of §;42
towards the value of §;;3 whereas the multi-step update would update the value of s; towards
the value of §;43. Both update approaches use the same generated trajectory, but use it
differently. One-step TD performs all the one-step updates along the trajectory, updating
the values for all the states in the trajectory. Multi-step TD performs a one-step update,
then a two-step update, then a three-step update and so on, all updating only state s;.
This update, however, does not correct for the fact that the sequence of actions in the
trajectory may not correspond to actions taken by the greedy policy under the current
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™ /\$ "/\‘.. AN.
O—O—i—i: O~O—i i
(a) One-Step Successor Dyna (b) Multi-Step Successor Dyna
-(\‘H/—\/—\
L —0—0
(¢c) One-Step Predecessor Dyna (d) Multi-Step Predecessor Dyna

Figure 1: A visual comparison of the planning updates in four Dyna algorithms. Circles and
black arrows show a trajectory; solid circles are real states and dashed circles are simulated
states. A red arrow means that the value of the originating state is updated towards the
destination state. All algorithms except Multi-Step Predecessor Dyna allow updates towards
simulated states, which we show in Section 4 that these approaches can suffer from updating
towards hallucinated values.

action-values. This biased update is actually a standard strategy to use Q-learning with
multi-step updates. An alternative is to truncate the multi-step update early, using only the
part of the trajectory that is on-policy. The idea is to compare each action of a trajectory in
the buffer with the greedy actions according to the current action-value function. We get
a sub-chunk of a trajectory that has a chain of on-policy actions according to the current
action-values. This is like incorporating importance sampling, where we re-weight the updates
using a ratio between the target and behavior policies, because for the greedy actions under
Q-learning, the importance ratios are 1 or 0. In the Dyna variants listed below, we highlight
where this trajectory screening choice is made, and leave it as a generic option. The detailed
algorithms for different variants of screening approaches can be found in A. In our own
experiments, we tested both, and generally found the truncated multi-step approach to be
more effective, and that using the biased, uncorrected trajectories sometimes caused poor
performance.

3.3 The Four Dyna Variants

The four variants are identical except in parts of the planning loop (Lines 11 - 15 of Algorithm
2), so we focus our discussion below on the differences in planning. When describing each
variant we also discuss the related work that used such an update. We summarize the
literature in Table 1. Moreover, Figure 1 visually compares the four algorithms.

One-Step Successor uses a successor model with one-step updates. Suppose a tuple
Tn = (St,a¢, 741, St+1,n = 0) is popped from P. We use the model M to extend the
trajectory forward in time, yielding T,41 = (8¢, a¢, 441, St41, Ge1, Tt41, St4+2,7 = 1). Then,
we do a one-step update from s¢y1 to Si10. Ty is added back to P and, if the TD-error is
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sufficiently high, it will be popped off in the future to further extend the trajectory from
St42. In general, given a trajectory of n steps we update at pair ($44p, G44rn) With

0 = Pent1 + Y max Q(Sr4nt1,a) = Q(8t4n, r4n) (1)

where the model is used to generate 744y, and S¢4pn41.

This is one of the simplest strategies, and so variants of it are common (Gu et al., 2016;
Holland et al., 2018; Kalweit & Boedecker, 2017). The original Dyna-Q algorithm (Sutton,
1990) similarly uses a successor model and one-step updates, though it does not iterate the
model (i.e., § = 0, which results in the priority of trajectories with n > 1 being 0).

Multi-Step Successor Dyna uses a successor model with multi-step updates. A tuple
(St, Qty Pta1y St41, At42, Tt42, 642, - - -, St4n) 18 sampled from the queue P. Successor state
St+n+1 of Stypn and reward 7y, for some action a;1, are generated. The agent updates at
pair (s, a;) with

n—1

0=2 ¥'Feyit1 +7" max Q(8¢n+1,a) = Q(st, ar) (2)
i=0

This multi-step strategy is less common than using one-step updates, but variants of
the idea have been explored. Yao, Bhatnagar, Diao, Sutton, and Szepesvari (2009) perform
Dyna with a linear model and linear value function. They learn a multi-step model that
directly predicts the expected reward and state multiple steps in the future, averaged over
many timescales. Buckman et al. (2018) also average over many multi-step updates, in this
case weighted by a measure of uncertainty on the temporal difference error at each horizon.
Outside of Dyna, multi-step updates are a common choice for Q-learning because value
information can be quickly propagated.

One-Step Predecessor Dyna uses a predecessor model with one-step updates. The
algorithm is similar to One-step Successor Dyna, but with updates using the reverse-dynamics
trajectory. After n iterations backwards with the model from an observed state s;, we have
a trajectory S¢—n, Gt—n, Tt—nt1s St—n+1s- - -, Tty St, Qt, Tt41, St+1. Lhen the predecessor model
is queried, using $;_, and a;_,_1, to get predecessor state §;_,_1 and reward 74_,, with
complete transition ($¢—p—1, @t—n—1,Tt—n—1, St—n). The agent updates at pair ($;—p—1,t—n—1)
with

§="Ti—n+ "y max Q(5t—n,a) — Q(St—n—1,0t—n—1) (3)

The canonical example of Dyna-style planning with predecessor state models is Prioritized
Sweeping (Peng & Williams, 1993; Moore & Atkeson, 1993). The core idea of Prioritized
Sweeping is, when a state is pulled off of the queue and its value is updated, its predecessors
are added to the priority queue. Sutton et al. (2008) used a small modification of this
idea for linear models and value functions, by generating predecessor features for each state
feature instead of predecessor states. Recent work extends this approach to the function
approximation setting (Pan et al., 2018), and one other recently illustrated the benefits of
one-step predecessor models in the tabular setting (van Hasselt et al., 2019). One other
work considered multi-step predecessor models, but instead used imitation rather than Dyna
updates (Goyal, Brakel, Fedus, Singhal, Lillicrap, Levine, Larochelle, & Bengio, 2019).
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Multi-Step Predecessor Dyna uses a predecessor model with multi-step updates. A
tuple is sampled from the queue P, consisting of a reverse trajectory just like One-Step
Predecessor Dyna. Then, a state §;_,_1 and reward 74_,_1 for action a;_,_1 are generated.
The agent updates at pair ($;—p—1, Gt—n—1) With

n
6= V'fenti+ 7" maxQ(se, a) = Q(8r-n-1,8t-n-1) (4)
i=0
Somewhat surprisingly, this fourth variant has not been previously considered. In this
work, we explore this understudied region of the Dyna design space. The key feature of
Multi-step Predecessor Dyna is that the agent only updates towards the values of real states,
maxg, Q(s¢, a). Thus, we hypothesize that Multi-step Predecessor state Dyna will be more
robust to model error than the other three variants discussed above, because it uses real
state values in the target rather than the values of simulated states.

It is worth pointing out that there is also one other important benefit of Multi-Step
Predecessor models when using target networks. A target network is a fixed estimate of the
action-values, for use in the bootstrap target, that is periodically updated to the current
action-values. Since target networks are updated with lower frequency compared to the
action-values, they do not immediately reflect the action-value modifications. Therefore, they
might slow down how reward information is propagated backwards under one-step updates,
whereas multi-step updates avoid this issue.

To better understand why, consider the case where One-step Predecessor Dyna updates
backwards from a goal state, with observed reward ryy; from state s; after taking action
a;. The action-value Q(s¢,a;) is updated using § = r441 + 0 — Q(s¢,a;). However note
that the target network Q is not updated. Now when we iterate one step backwards,
we generate predecessors §;_1,as—1 with predicted reward 7; and update with § = 7,1 +
ymaxg Q(s,a') — Q(3;—1,ar—1). The information from the goal state is not propagated to
Q(8¢—1,a;—1) because we bootstrap off the target network rather than the updated values.
However, for Multi-step Predecessor Dyna, we directly update with the generated rewards
and bootstrap off only the terminal state, namely we use 6 = [f4_p+1 + VF—nt2 + ... +
Y2 4+ " g 4+ 0] — Q(St—n, at—n).

4. The Hallucinated Value Hypothesis

The planning procedure in Dyna-style algorithms can be error-prone due to bootstrapping
from wrong value estimates. Even in model-free RL, bootstrapping can incur error due to
having an inaccurate value function. This issue is exacerbated in planning, when the model
might produce erroneous next states or rewards. In this section, we discuss why this is the
case, by introducing the hallucinated value hypothesis, and why Multi-step Predecessor Dyna
helps mitigate the issue.

Consider the case where an imperfect model produces a next state that is unreachable,
or non-existent. This model error can harm performance during planning, because the agent
bootstraps off the value in this unreachable state. The value of this states is never updated
directly from real experience because that state is not reachable by the agent. Rather, the
values of such states are essentially arbitrary, depending on value function initialisation and
how the function approximator generalises. As a result, when updates are performed using
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Table 1: Previous work corresponding to the four Dyna variants. Multi-step Predecessor
Dyna has not been previously proposed.

‘ One-Step Updates Multi-Step Updates

Successor | One-Step Successor (Sutton, 1990), Multi-Step  Successor (Peng &

(Holland et al., 2018), (Gu et al., 2016), Williams, 1993), (Moore & Atkeson,

(Kalweit & Boedecker, 2017) 1993), (Sutton et al., 2008), (Goyal et al.,
2019), (Pan et al., 2018)

Predecessor| One-Step Predecessor (Yao et al., Multi-Step Predecessor Introduced in
2009), (Buckman et al., 2018) this work.

simulated experience, the value of real states may be contaminated by these arbitrary values.
In turn, this may mislead the control policy.

This issue can arise even if states are reachable, but are rarely visited. The values for
such states can be similarly arbitrary, because they have not been updated sufficiently, and
so we call them hallucinated. If the model produces a transition to such a rare state, and the
agent bootstraps off of these hallucinated values, then again it can skew the action-values.
Models that are iterated multiple steps are more likely to move further away from states
that are frequently visited, or produce non-existent states.

We propose the following hypothesis.

Hallucinated Value Hypothesis: Planning updates that result in the values of
real states being updated towards the values of simulated states impedes learning
of the control policy.

4.1 BorderWorld: A Motivating Example for the HVH

In this section we present an example explaining and motivating the HVH. Figure 2 (a)
shows Borderworld, a 2D navigation environment. The state is represented by the tuple
(z,y) indicating the agent’s position, and the actions North, East, South, West result in the
agent moving in the respective cardinal direction. The reward is 1 on transitioning into the
goal state and 0 elsewhere. The key feature of Borderworld is a border of unreachable states.
These states form a set Sy, while the reachable states form a set Sg. In the underlying MDP
there are no transitions from Sy to Sg.

However, imperfect models may predict such transitions, particularly due to the gen-
eralization that naturally occurs in (x,y) space. Suppose a neural network is trained to
predict transition dynamics on Borderworld. In most states taking an action results in a
deterministic change to the agent’s position. For example, taking the action West from (3, 1)
results in the agent’s position changing to (2,1). The dynamics of West are similar across
most of the environment, and so a neural network will likely generalise this behaviour even
to states beside the border: it may generate simulated state (Z,4) where & is in the border,
as we visualize in Figure 2 (b).
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Figure 2: (a) The Borderworld environment. (b) An example of an erroneous simulated
transition in BorderWorld.

Now the question is if such a small error really impacts the performance of a Dyna-Q
agent. Consider the transition in Figure 2 (b). The value of Q(s;, West) is updated towards
the target 7y + v max, Q(S¢4+1,a). However, this target can be misleading because the value
Q(8+1,a) is not updated with real experience and is essentially arbitrary. Suppose the
action-value function is optimistically initialised so that unvisited states have high value.
The value of max, Q(8¢+1,a) will be large, which will in turn raise the value of Q(s¢, West).
This may cause the agent to prefer moving to the wall, rather than moving toward the goal.
Furthermore, the erroneous high value of the simulated state cannot be corrected through
real experience as the agent cannot reach S;41 to change its value.

This example highlights that Dyna algorithms which update real state values towards
simulated state values may be brittle in the face of model error. In a simple example such
as Borderworld, the agent may eventually correct its model error; it is, after all, driven to
experience states where its model is incorrect. However, in more complex environments it
is unreasonable to expect the model to correct all of its errors. In Section 5.2 we observe
negative effects from hallucinated values in several standard benchmark domains. We also
see that these errors are persistent and do not resolve on their own.

4.2 HVH in the Four Variants of Dyna

Now that we have developed a design space of Dyna algorithms in Section 3, let’s discuss
their implications with respect to the HVH.

One-Step Successor Dyna and the HVH: We can reason about how this approach
performs in Borderworld. The problematic transition discussed in Section 4.1 will be generated
— the value of moving toward the border will be erroneously increased as a result of the
high value of an unreachable border state. When iterating the model, however, this error
may be corrected over time. The model may simulate transitions from border states back
to reachable states. Since the model is used to simulate multiple steps, it may not only
simulate transitions from reachable states to border states, but also from border states back
to reachable states. As such, the values of these unreachable states are updated during
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planning. Thus, in Borderworld, it may be possible that hallucinated values eventually cease
to be an issue, but this may take a great deal of time, likely harming rather than helping
sample complexity.

Multi-Step Successor Dyna and the HVH: Hallucinated values might be even more
of a problem in Borderworld under multi-step updates with successor models. The agent
can still generate trajectories into the border and update values for real states towards the
hallucinated values of the border states. Unlike one-step updates, however, the values of these
border states will not be corrected as the multi-step update only updates real state values.
This occurs because the multi-step update progressively increases the horizon, n = {1,2, 3, ...}.
For the first planning step s; gets updated towards s;41, for the second planning step s; gets
updated towards §;42, and so on. At no point is the value for a simulated state §;+,, updated.
Note that if we used a fixed n for the n-step target, rather than a growing n, then we would
use a sliding window on the generated trajectory and so simulated states would be updated.

One-Step Predecessor Dyna and the HVH: In this algorithm the value of 3 plays
a key role with respect to whether it suffers from the problem posed in the HVH. If g > 0,
then this approach can still suffer from hallucinated values, as it updates values of real states
using simulated states. For example, if the agent is in state s; = s beside the border, it can
generate §;_1 outside the border and then §;_s = s back inside the border. Consequently,
when it updates §;_o using §;_1, it will update the value of a real state using a simulated
state. However, if we prevent it from extending the backwards trajectory further from §;_1,
after the first iteration, there is no chance of updating the value of a real state towards the
value of a simulated state. This precisely occurs when 8 = 0 (and the priority threshold
p > 0), as the priority for the iterated transition will be zero and it will not be added to
the queue and so will not be iterated further. All planning updates under such a setting,
therefore, only update values of simulated states to values of real states. We call this version
of the algorithm, where 8 = 0, Uniterated One-step Predecessor Dyna and hypothesize that
it should be less prone to the hallucinated values.!

Multi-Step Predecessor Dyna and the HVH: We claim that this algorithm is more
robust to model error since it only updates state values toward a real state. Similar to the
reasoning mentioned for One-step Predecessor Dyna, consider a state beside the wall in
the BorderWorld. The agent starts in state s; = s beside the border and then generates
$¢—1 outside the border. It updates §;_1 according to the value of a real state s; = s. This
simulated transition would be added to the trajectories to be iterated further. By rolling out
such a trajectory from $;_1, we go to $;_o, which also could either be inside the borders or
outside. The key point is that in either situation, Multi-step Predecessor Dyna updates the
value of §;_o from a real state s; = s.

Note that this property is a consequence of using multi-step updates that grow as the
trajectory is iterated. The agent updates first with a one-step update, then extends the
trajectory, so that next time it updates with a two-step update. This process continues,
updating with a three-step update the next time, and so on. This contrasts using a fixed
n-step update. If the trajectory reached a length of n + 1, then the agent would only use a
subset of the trajectory for the update. In particular, it would no longer use the real state
at the end of the trajectory, and would possibly instead bootstrap off of a simulated state,

1. van Hasselt et al. (2019, Section 2.3) also hypothesized that updating simulated states might be less
error-prone than updating real states with the values of simulated states.
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namely use Q(é,j in the bootstrap target from simulated state §. This is one of the reasons
we chose for a variable length multi-step update, in addition to simplicity.

4.3 The Impact of Generalization when Using Simulated States

In this section, we reason further about the impact on value estimates when updating with
simulated states. We discuss why updating simulated states towards the values of real states
should be less problematic, even though generalization could still impact real states.

Let us consider a setting where we learn a function f(s), using sampled inputs (states) s
and targets y. For us, this will correspond to the states from which we update in Dyna, where
y is the TD target in the planning step that is different for each Dyna variant. When learning
f, we can imagine obtaining inputs § outside the range of the set of states we have seen so
far—representing only simulated states—Ilabeled Situation 1 in Figure 3. The other setting,
which we label Situation 2 in Figure 3, is when the training input § is within the range of
observed states, sometimes called in-distribution. Situation 2 could arise with either real
states or simulated states. For this situation, there are two cases: either the corresponding
target is consistent with the current function f and only minorly changes the function (Case
1) or the target is very different and causes a large change in the function (Case 2).

Situation 1 corresponds to the case where we update a simulated state. The only Dyna
variant that does not update simulated states is Multi-step Successor Dyna, which always
updates real states towards multi-step bootstrap targets computed from simulated experience.
Situation 1 can affect the function f as well, but with sufficient capacity, it can simply locally
fit the observed (8, §) without impacting the function for real states that have been observed.

The most problematic setting is Situation 2, Case 2. This occurs when we update states
within the range of states we have seen, but have generated a target that heavily skews
our existing function. This could occur when the target uses hallucinated values and we
are updating a real state. The agent could even have relatively accurate action-values from
real experience, that could then be skewed when updating with this simulated transition.
Situation 2, Case 1 is a setting where the model produces relatively consistent transitions
with the real-world, and so does not cause issues.

Multi-step Predecessor Dyna is more likely to be in Situation 2, Case 1. The agent
always bootstraps off the values of real states, and so we expect that the target i should be
relatively consistent with the function. Multi-step Successor Dyna, on the other hand, is
likely to suffer from Situation 2, Case 2, when iterating the model forward and bootstrapping
off of simulated states. One-Step Predecessor Dyna and One-step Successor Dyna should
be slightly less prone to this bad outcome. Though they can bootstrap off of the value of
simulated states, they can at least make the function more consistent by updating the values
for those simulated states. However, they do still bootstrap off of the values for simulated
states, which can cause bootstrap targets that are inconsistent with bootstrap targets on
real-experience.

One other benefit of applying multi-step updates rather than one-step updates is that
they can balance between reward and action-value function approximation errors. One-step
methods rely heavily on the action-value estimates, since they bootstrap immediately. As we
increase the number of steps, we rely more on the learned reward function that generates
the sequence of rewards. Generally speaking, neither the smallest nor the largest number
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Figure 3: Situation 1 corresponds to updating on a simulated state that is far from the
experienced states in the environment. In this situation, a simulated state § is less likely to
skew f(s) when it is updated with (8, §). Situation 2 corresponds to updating a (simulated)
state within the experienced states S. In this situation, the given target might skew f(s)

(Case 2) or not (Case 1).

of update steps (represented by § in our case) yield the best learning performance (Sutton
& Barto, 2018, Chapter 7). Section 6 explains the role of § in the number of update
iterations in detail. Further, Multi-step Predecessor Dyna may enjoy another benefit, when
bootstrapping off of values near the goal in episodic tasks. The action-values near the goal
are potentially more accurate, as the horizon is shorter and so estimation is simpler. The
multi-step approach with predecessor models more often bootstraps off of these states, than
the other three variants.

5. Experiments

In this section, we report several experiments to investigate the HVH, for the four Dyna
variants. We first conducted controlled experiments on Borderworld, which show clear
evidence supporting the HVH: the Dyna algorithms that update values of real states to
values of simulated states all fail while the algorithms that do not perform such planning
updates succeed. We then conducted similar experiments on three RL benchmarks including
Catcher, PuddleWorld, and CartPole, where their results also support the HVH. We finally
concluded by demonstrating that the HVH persists even when allowing the model to update
online.
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Throughout these experiments, we use the multi-step update that uses on-policy sub-
trajectories. We discuss this choice and compare it to the more biased approach of using the
immediate off-policy update, without further trajectory expansion, in Appendix A.

5.1 A Controlled Experiment on Borderworld

Planning updates are problematic if the environment model produces unreachable states
as updating toward these states propagates arbitrary value. To mimic these conditions in
Borderworld we made two design choices: first, we introduce a flaw in an otherwise perfect
environment model of Borderworld. Specifically, the model generates transitions from real
states to (unreachable) border states, as in Figure 2b (and from border states to border
states). Second, we optimistically initialised the value function to 1 so that border states
would have misleading values; planning updates for actions leading into these states would
increase.

We used the algorithms as specified in Section 3 with a tabular value function. We
compared the four Dyna variants, as well as the Uniterated One-step Predecessor. We include
the Uniterated variant, which corresponds to using 8 = 0 and so does not iterate backwards.
It serves as a baseline to remove confounding factors related to whether differences were due
to hallucinated values or using multi-step updates. One-step Successor, Multi-step Successor,
and One-step Predecessor update toward simulated states and could suffer under the HVH.
Multi-step Predecessor and Uniterated One-step Predecessor both only update towards real
states.

The agents are run for 250000 steps in Borderworld of size 42 x 42, with learning
curves showing accumulated reward. All curves are averages over 30 runs and for the best
hyperparameters for each algorithm. The value of « has been selected by sweeping over a set
of {0.1, 0.25, 0.5, 0.75, 0.05, 0.125} and 8 by sweeping over {0.0, 0.15, 0.33, 0.50, 0.66, 0.75,
0.90, 1.0}. All agents use N = 1 planning updates per step, where each planning update
iterates over all actions. Note that all the one-step methods get the exact same number of
updates: N|A| + 1 updates per-step, one for the online update and N|.A| planning updates.
The multi-step algorithms get almost the same number of updates, but because the screening
approaches periodically drop off-policy trajectories, at times they do not update because
the queue is empty. We recorded the number of updates and found them to be sufficiently
similar (only differences of up to a few hundred updates).

Figure 4 shows that the methods that update towards simulated states perform notably
worse than those that do not. The learning curves for One-step Successor, Multi-step
Successor and Iterated One-step Predecessor increase slightly early on but then flatten out.
Heatmaps of max, Q(s,a) Vs € S after 100,000 steps for the three failing algorithms are
shown in Figure 5. The plots for these three approaches (top row) all show high values for
reachable states near the border. In Borderworld, the only transitions with real rewards are
those that lead to the goal state in the centre. Therefore, the high values near the border
must be the result of planning updates propagating values from border states to real states
near the border. When the agent reaches one of these states close to the border instead of
taking actions that move it closer to the goal, it takes actions toward the border, chasing
hallucinated value. In contrast, Uniterated One-step Predecessor and Multi-step Predecessor
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Figure 4: Learning curves on Borderworld over all of the algorithms with the same com-
putational complexity and approximately the same number of updates. Multi-step Dyna
variants allow biased one-step updates similar to One-step variants, but would not put that
unbiased transition back into the queue for further rollouts. The screening approach in
Multi-step variants is also only possible on the on-policy sub-chunks of a trajectory to avoid
biased TD errors as much as possible. Error bars are not visible as they are smaller than
line thicknesses.

do not get stuck in this suboptimal behavior, and accumulate significantly more reward.
Indeed, in Figure 5, we do not see contamination of values of real states.

One interesting phenomenon shown in Figure 5 is that for One-step Successor and One-
step Predecessor, the values of border states are lower than their initialisation values. For
these algorithms, after sufficient planning, hallucinated values may be updated to be more
similar to those of real states—eventually, they might no longer mislead the agent. However,
this may take a long time and the agent will be catastrophically misled in the meantime.

In the case of Multi-step Predecessor and Multi-step Successor, we expect to see the
same effect on the border’s action values since the planning procedure should let the border
states get occasional updates towards the real states’ action values; however, we barely see
any changes. This is due to the screening method applied during planning, where almost all
trajectories that would update in the border are thrown away.

To describe the screening procedure for Multi-step Predecessor methods, imagine we start
with the last transition (s;—1,a;—1,s¢), with both s; and s;_; real states right beside the
border. Rolling out further backwards, we get (s;—2, at—2, s¢—1,ai—1, $¢) with s;_o potentially
being outside the border with a high hallucinated initial value. Likely, action a;_2 is non-
greedy because it goes from the high-valued border state s;_s into the lower-valued real state
S¢—1, while the other three possible actions go to other high-valued surrounding border states.
This means that Q(s;—2,,a;—2,) gets updated but is not put back in the priority queue for
further roll-out. Therefore, border states do get updated, but much less frequently to the
point that is not visible to us in Figure 5.

Similarly, for Multi-step Successor methods, imagine we start with the last transition
(8¢, at, St+1), with a real state s; beside the border and a border state s;y1. The screening
method checks whether the action a; is greedy or not. Likely, a; is greedy due to the highly-
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Figure 5: Plot of max, Q(s,a) Vs € S after 100,000 steps. The red rectangles show where
values of real states have been contaminated by values of simulated states.

valued border states. The value of near-border states s; gets contaminated from highly-valued
border state s;+1 and the trajectory is put back in the priority queue. Rolling out further
forwards, we might get a looped-back trajectory from border to the near-border states such as
(StyQpa1, Sty s Str—15 Gttr—1, St+r) With s¢-—1 a highly-valued hallucinated state in the
border and sy4, with a near-border real state. Likely, action a;yr—1 is non-greedy because it
goes from the high-valued border state s;+,—1 into the lower-valued real state sy, while the
other three possible actions go to other high-valued surrounding border states. This means
that Q(S¢+r—1,ar+-—1) gets updated but is not put back in the priority queue for further
roll-out. Therefore, border states barely get updated due to the screening method and the
fact that the looped-back trajectories are rare.

5.2 Experiments on Reinforcement Learning Benchmarks

In this section, we investigate whether hallucinated values play a role in a typical benchmark
setting, where we have not artificially introduced conditions that should cause it to occur.
First, we did not artificially introduce errors to the environment model. Rather, we learned
an environment model from data, which naturally has some error. Second, we did not place
any limitations on the initialisation of the agent’s weights.

Our experiments were conducted on three benchmarks: Cartpole (Brockman, Cheung,
Pettersson, Schneider, Schulman, Tang, & Zaremba, 2016), Puddleworld (Degris, White,
& Sutton, 2012), and Catcher (Tasfi, 2016). For each algorithm, we swept over « to pick
10 randomly selected from a proper range in [0, 0.5] and the performance of each hyper-
parameter setting was averaged over 30 random seeds. The selected learning rate set for
Cartpole and Puddleworld is {0.045, 0.065, 0.085, 0.095, 0.12, 0.15, 0.07, 0.205, 0.075, 0.08}.
For Catcher, we also swept over 10 smaller numbers in the range of [0, 0.05], which are
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{0.0045, 0.0065, 0.0085, 0.0095, 0.0012, 0.0015, 0.007, 0.0005, 0.0025, 0.008}. We reported
performance for the best hyperparameter choice for each algorithm.

Learning Environment Models. We ran two sets of experiments: one with an offline
learned model and another where the model is allowed to adjust online. For the online
setting, we loaded the pre-trained environment model and continued training the models on
data gathered online while the agent was acting. To learn the offline model, following the
method of (Oh, Guo, Lee, Lewis, & Singh, 2015), we collected 100,000 training samples by
executing a pre-trained agent on the environment with € = 0.5. The offline model itself is a
neural network (NN), with input state s; as well as a 1-hot encoding of action a. The network
outputs a vector § consisting of the next or previous state $;41 and reward 7,41 (£ indicates
we may be modelling forward or backward dynamics). The network was trained to minimise
mean-squared error (MSE) between the prediction § and ground truth y, %Zf:o(?]i — ;)%

Learning Value Functions. We used a linear function approximator to learn the
action-values. To generate state features, we used the activation of the final hidden layer of
a pre-trained DQN (Mnih et al., 2015) agent. We trained a network with 200 hidden units
to convergence using the DQN algorithm and froze its weights. In each step we input state
s¢ to the network and extracted the hidden layer activation to form a vector of state features
¢(s¢). The value function was linear in ¢(s;). We initialised weights of the linear learner
using samples from N(0,1). This ensures that states have a variety of initial values, which
may be optimistic or pessimistic.

5.3 Results when Learning Environment Models Offline

Figure 6 shows learning curves on the three environments, for a model learned offline.
Multi-step Predecessor performs significantly better than the rest of the variants. One-step
Successor, Multi-step Successor, and One-step Predecessor struggle to learn in Catcher
and Puddleworld, all performing worse than Q-learning. Each of these algorithms uses a
Q-learning update, supplemented with planning updates; the fact that they perform worse
than Q-learning indicates that these planning updates are actually harming performance.

In Cartpole, all the methods except for Multi-step Successor outperform Q-learning. One
possible explanation for this difference from the other environments is the structure of the
Cartpole environment. The agent starts with the pole balanced, and then is prone to drop it
until it learns a near-optimal policy. Multi-step Predecessor might skew the values of these
important initial states, by bootstrapping off a value iterated several steps into the future.
One-step Predecessor, on the other hand, will reinforce the positive values for these initial
states, because it only uses one-step updates, and so updates based on a state near the initial
state that still has the pole balanced. On the iterated trajectory, for the states further from
this good initial state, it simply decreases already low-valued states, but does not skew the
values of the good initial states. Later, we examine the impact of 8 on performance, and find
that small g are effective in Cartpole, suggesting that one-step updates near real experience
are already providing sufficient benefit in this environment.

Now let us consider the algorithms that do not update real states to simulated states:
Multi-step Predecessor Dyna and Uniterated One-step Predecessor Dyna. They both perform
better than the other methods on Cartpole and Catcher, but Uniterated One-step Predecessor
Dyna performs poorly on Puddleworld, worse than Q-learning. Puddleworld is a gridworld,
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Figure 6: Learning curves for the Dyna variants with a fixed environment model learned
offline. All curves are averaged over 30 runs, with shaded regions corresponding to standard
errors. The blue lines are predecessor models and the red lines are successor models. We can
see generally that Dyna with predecessor models is more effective, and that the variants that
Multi-step Predecessor performs significantly better in all environments.

which is a classic setting where propagating values back quickly is important for sample
efficient learning. Removing iteration likely slowed learning enough, that the uniterated
variant was unable to learn as quickly as Q-learning.

5.4 Results when Learning Environment Models Online

Now we consider if this phenomenon persists if we allow the model to update online. We
might expect online updating to resolve the issue because if a high hallucinated value caused
an agent to spend a great deal of time in one part of the environment, the model trained
online on data from these states would eventually become accurate enough to stop predicting
these invalid states that have high hallucinated value. This is a possibility.

However, there are reasons to believe that even if HVH is reduced, it will still have an
effect. Correcting the model may take a long time and the agent will make poor choices
during this period. Moreover, suppose the model does indeed become more accurate for
some regions of states. It is likely that it will become less accurate in other parts of the state
space and generate problematic states there. On the other hand, note that online learning
only helps if the agent is chasing high hallucinated values. Hallucinated low values can be
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Figure 7: Learning curves for the Dyna variants while updating the environment model
online. All curves are averaged over 30 runs, with shaded regions corresponding to standard
errors. Multi-step Predecessor performs better in both Catcher and Puddleworld. If an
environment model is less prone to HVH, the performance of all variants gets closer to each
other, e.g. Cartpole. In online learning, since the model is updated by seeing more samples,
the performance of One-step methods might end up being higher up since they perform more
planning updates in the background.

propagated by planning to make you avoid certain state actions. Not taking those state
actions means the model does not see those examples and so cannot fix its hallucinations.

We show learning curves of three benchmarks in Figure 7, where we updated the environ-
ment model every 32 steps during training. Some outcomes are similar to the offline setting.
Of the four Dyna variants, the three that update towards simulated states perform notably
worse than Multi-step Predecessor Dyna on all benchmarks. In Puddleworld, the results are
generally very similar, except that updating the models helped the Predecessor algorithms
slightly. Otherwise, online model updating generally helped Successor variants more than the
Predecessor, and actually causes some of the Predecessor approaches to perform much worse.

Overall, though some specific outcomes changed, the overall trend still indicates that we
see similar failures as in the case with offline models. The methods that updated towards
simulated states generally performed worse, not providing any benefits over Q-learning. An
important next step is to design better model updating approaches, for both forward and
backward models, to more fully understand the role of HVH in the online setting.
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Figure 8: Plot of max, Q(s,a) Vs € S for § =0 (left) and 5 > 0 (right) after 2,000 steps.

6. The Impact of Model Iteration

Multi-step Predecessor and Uniterated One-step Predecessor are robust to hallucinated
values. Which algorithm is preferred? Here, we focus on [, a parameter controlling the
length of planning rollouts. As described in Section 3, 8 decays the priority of trajectories
commensurate to how many times the model has been iterated to produce a given trajectory.
Low values of 8 aggressively decay priority and thus likely result in short rollouts while high
values result in priority being primarily a function of TD error. High values of 5 are beneficial
as they allow for longer rollouts thereby improving sample complexity due to diversity in
simulated experience (Holland et al., 2018). On the other hand, since our imperfect models
are susceptible to compounding error, with sufficient iteration the model’s predictions may
become poor and harmful to learning (Talvitie, 2014, 2017). Ideally, we would like to do
some iteration so as to obtain the benefits of diverse planning experience without completely
compromising the signal in the model’s prediction. This can be achieved by setting 3 to
some intermediate value greater than 0 (no iteration) but less than 1 (full iteration).

Based on this reasoning, we should expect Multi-step Predecessor Dyna (particularly
with a well-tuned 5 > 0) to outperform Uniterated One-step Predecessor, which uses a
B =0. We exactly saw this outcome in Figure 4, but here we dive a bit deeper. Intuition for
why this might be is seen in Figure 8, which shows heatmaps of max, Q(s,a) Vs € S on a
non-optimistically initialised agent on Borderworld. Multi-step Predecessor is much more
efficient at propagating value information. Unlike Uniterated One-step Predecessor, which
generates a single predecessor, updates it and then discards the trajectory, with Multi-step
Predecessor, we can generate trajectories radiating backwards from a particular state.

We can also look at the performance versus g on the three benchmark domains, both
with offline models and models updated online. Figure 9 plots the AUC versus 3, where the
AUC means the area under the learning curve. Uniterated One-step Predecessor corresponds
to Multi-step Predecessor at 8 = 0. The best performance with offline models for all three
environments is attained by Multi-step Predecessor with some intermediate value of .

In the online setting, we can actually see that what seemed to be the best algorithms
in Section 5.4 actually only achieved this performance for one specific  and otherwise
performed poorly. One-step Successor in Cartpole performed well for 5 = 0, and very
poorly otherwise. This result is somewhat surprising, given Multi-step Successor performed
poorly for all 3, including § = 0. The only difference between the two for 8 = 0 (no
iteration) is that for a tuple of real experience (s,a,s’,r), after generating (a’,s”,7") as,
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the One-step updates (s',a’) towards r” + v max,» Q(s”,a”) and Multi-step updates (s, a)
towards 7/ + 47" 4+ v2 max,s Q(s”,a"). It is possible that here, in our limited sweep over
hyperparameters, the set of stepsizes was more suitable for One-step Successor for this one
specific 8 value.

7. Conclusion and Discussion

We introduced Multi-step Predecessor Dyna: a Dyna-style algorithm that uses a backward
model and multi-step updates to avoid compounding errors in planning. We motivate our
proposed approach by investigating one potentially problematic type of model error for Dyna:
hallucinated values. We present the Hallucinated Value Hypothesis (HVH): updates to values
of real states towards values of simulated states result in misleading action values which
adversely affect the control policy.

More specifically, we discussed four Dyna variants based on using forward or backward
environment dynamics models, and one-step versus multi-step temporal difference (TD)
updates. We show three of these—which correspond to widely used Dyna algorithms—are
prone to failure due to the HVH. This is because some simulated states could correspond
to hallucinated states—unreachable or non-existent states—with arbitrary values that are
not updated with real experience. Updates that bootstrap off of such states may propagate
this arbitrary value. However, the fourth variant—our new algorithm Multi-step Predecessor
Dyna—cannot suffer from the HVH by design: it only updates towards values of real states.
We provide evidence for the HVH by demonstrating that the three former variants fail
whereas the latter does not in a toy domain and three standard benchmark environments.
We also highlighted that iteration is worthwhile, by comparing to an uniterated variant that
also should not suffer from the HVH. Multi-step Predecessor Dyna allows one to gain the
benefits of diverse experience offered by iterating a model without succumbing to model
error. This work provides some practical tools to more carefully incorporate model iteration
into Dyna.

One limitation in using backwards models is that we might end up having a non-
deterministic model instead of a deterministic one in a backwards setting. Any pair of
(previous action-state), (a;—1, s¢), might have more than only one predecessor state. In a
backwards model, we may not know exactly which one of the predecessor states we came
from. There is some other research in this regard (Edwards et al., 2018) where they keep a
parallel forward model to keep track of the deterministic trajectories. (Chelu, Precup, &
van Hasselt, 2020) provide several new objectives to improve learning backwards models.
Advances in estimating backwards models will make Multi-step Predecessor Dyna an even
more practical avenue to pursue.
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Appendix A. A Discussion on Trajectory Screening Approaches

Let us return to the question about correcting off-policy trajectories. We considered the
following screening strategies for trajectories from the priority queue.

1. [No Screening] The most naive strategy is to update action-values for all trajectories
and actions, which is the most biased approach because the trajectories are likely to be
off-policy. We discard off-policy trajectories after updating to prevent further biased
planning and updates on them.

2. [Conservative Screening| We only update the action values if the whole trajectory
is on-policy, otherwise, we just drop the trajectory. This conservative approach might
lead to an empty priority queue and no planning updates. Consequently, the multi-step
approaches would get fewer planning updates, since it is less likely to have a fully
on-policy multi-step trajectory.

3. [On-policy Subchunks| To pick a middle ground—between dropping the whole
trajectory or complete ignoring the bias—we can use an on-policy sub-chunk. In
other words, for the backwards model, we start from the current state s; and go
backwards in time s;—;,7 = 1,2, 3... along the trajectory until we find the first off-policy
action. We drop the rest of the trajectory (keeping the off-policy action) and update
with this on-policy sub-chunk. Similarly, in forward models, we go forward in time
St+iyt = 1,2,3,--- and only keep the on-policy portion.

As a small nuance on the last point, because we are learning action-values, the first action for
a return need not be on-policy, because we consider the return given a state and action. For
the backwards model, this means we keep that first off-policy action, since we will update
from Q(s¢—;, a;—;) towards an on-policy return. For the forwards model, the very first action
can be off-policy, but the remaining must be on-policy. Algorithms 4 and 5 show the details
of the screening approaches.

We start by showing results with the conservative approach in Figure 10-(a), where the
Q-learning with a conservative screening approach mimics the result of Expected-Sarsa. The
screening method ignores all off-policy trajectories without any updates during planning in
multi-step variants. All one-step methods, however, perform a planning update regardless of
the last transition of popped out trajectory being off-policy or on-policy. One-step methods
end up with way more updates to their Q-values (5x) rather as compared to the Multi-step
methods. The results show that Multi-step Predecessor variant still outperforms the rest of
the algorithms. However, Uniterated One-step Predecessor performs better than Multi-step
Predecessor Dyna, as it avoids hallucinated values but gets to perform many more updates.
In other words, the trade-off here is about whether to perform a biased update using an
off-policy trajectory that might distort Q-value or no update at all. Here, we chose no
updates to keep the amount of computation approximately the same otherwise, we could
just keep popping until we find a valid trajectory during the planning step. No updates are
more similar to what we would do if we did Expected-Sarsa, where we would update with
Important Sampling (IS) ratios. Then we would do every update during planning, but many
of them would be negligible. This is one of the reasons we chose to stick with Q-learning and
screening rather than explicitly implement Expected-Sarsa.
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Algorithm 4 Pop Tuple and Screen

1: Input Priority queue P

2: expanding < True

3: if No_Screening then

4: Pop tuple T' = (s, ay, ..., St4n, n) from P
5 if NOT IsOnPolicy(T,) then

6 expanding < False

7 T;L T,

8: else if Conservative_Screening then
9 while P not empty do

10: Pop tuple T,, = (s¢, at, ..., St4n,n) from P
11: if IsOnPolicy(T,) then

12: T « T,

13: Break

14: else if On_policy_subchunks then
15: Pop tuple T' = (s, ay, ..., St4n, n) from P

16: if Forward then

17: St, Gty Tty St <— get first tuple(T,)

18: for i =1 ton do

19: if ar; # argmax, Q(s¢14,a’) then

20: T 4= (Sty Oty Tg1y ooy Sttiy 1) > Last action could be off-policy.
21: if NOT IsOnPolicy(T,) then

22: expanding < False

23: if Backward then

24: St4n—1, Gttn—1,Tt+n, St4n < get_last_tuple(T),)

25: fori=n—1to0do

26: if ar; # argmax, Q(s¢14,a’) then

27: T 4= (Sttiy Qtpivees Tefmy Stm, M — 1) > First action could be off-policy.
28: if NOT IsOnPolicy(T,) then

29: expanding < False

30: T + T,
return 7], expanding

Algorithm 5 IsOnPolicy

1: Input Trajectory Ty, = (St, Gty Trg1y vy Stpns 1)
2: for i =0 ton do

3 St4is Qttiy Tetis Serivl < get _tuple(Th, )

4: if ar; # ArgmaryQ(si1;,a’) then

5 return False

6: return True

The next empirical choice of screening is to only allow unbiased updates with on-policy
trajectories regardless of differences in the computational complexity of algorithms. Therefore,
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Figure 10: Comparing different multi-step screening approaches. Error bars are not visible
as they are smaller than line thicknesses.

in each planning step, we keep popping out trajectories until either the queue is empty
or we find an on-policy trajectory. The drawback of this choice is that some algorithms
might see more true sampled data from the environment than the others. Q-learning in
these experiments would perform as many updates based on real experience as all other four
variants would do either through planning or interaction with the environment. Moreover,
Multi-step variants would probably see more real samples rather than One-steps since their
queues become empty more frequently before they could find any on-policy trajectories.
Figure 10-(b) shows the learning curve based on the accumulated reward as a function
of updates for different Dyna variants as well as Q-learning. As we expected, Q-learning
performs best since its updates are all based on true samples from agent’s real experiences
rather than hallucinated ones from planning in the background. Comparing approaches
based on the updating steps results in Q-learning having the best performance and least
sample efficiency. Even in this extreme choice of evaluation, we can still see that Multi-step
Predecessor and Uniterated One-step Predecessor still outperform the rest of Dyna variants
due to preventing hallucinated values. Multi-step Predecessor is shown to be as a shifted
version of Q-learning with a better sample efficiency since it only applies unbiased TD updates
in planning steps and prevents the negative effects of model errors in Q-value updates. These
results clearly show the reliability of Multi-step Predecessor Dyna compared to the rest of
the common Dyna variants. Note that we are not competing against Q-learning in terms of
the number of updates. The whole purpose of Model-Based Reinforcement Learning (MBRL)
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is to allow more updates in the background. The only reason to control planning steps for
MBRL agents is to avoid that being a confounding factor.

If we simply perform no screening, but also drop the off-policy trajectories after planning
updates instead of expanding them and putting them back into the queue, we would get the
results depicted in Figure 10-(c).

Figure 10-(d) demonstrates similar learning curves for on-policy subchunk screening
approach. The reason is that rolling out the on-policy subchunks only happens for a few
trajectories, i.e. the length of the most of the trajectories is less equal then 2. This means that
in both no-screening and on-policy subchunk screening methods, we still update agents after
seeing the first off/on-policy state-action pair, e.g. (s, a;), and then in no-screening we drop
the next state-action pair (e.g. (S¢+1), ar+1 in forward and (sy—1,as, ) in backwards), while in
on-policy subchunk approach we take (s¢41),a¢11 in forward and (s;—1,as, ) in backwards
to plan further by rolling out on them. However, in agent’s perspective, none of these two
screening approaches are much of a difference since agent would probably still see other
trajectories starting from (Sy41), ar+1 or (s¢—1, at, ) with no-screening based on its interactions
with the environment any ways.
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Figure 11: Learning curves for the Dyna variants with a fixed environment model learned
offline with a conservative screening approach. All curves are averaged over 30 runs, with
shaded regions corresponding to standard errors. The blue lines are predecessor models and
the red lines are successor models. We can see generally that Dyna with predecessor models
is more effective, and that the variants that Multi-step Predecessor performs significantly
better in all environments.
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Figure 12: Learning curves for the Dyna variants while updating the environment model
online with a conservative screening approach. All curves are averaged over 30 runs, with
shaded regions corresponding to standard errors. Multi-step Predecessor performs better
in both Catcher and Puddleworld. If an environment model is less prone to HVH, the
performance of all variants gets closer to each other, e.g. Cartpole. In online learning, since
the model is updated by seeing more samples, the performance of One-step methods might
end up being higher up since they perform more planning updates in the background.

Appendix B. Learning Curves on Benchmarks for Conservative
Screening Approach

Figures 11 and 12 show the learning curves of offline and online learning when we apply
conservative screening on three benchmarks. The results demonstrates the superiority of
multi-step backwards in all settings except Catcher, where Uinterated predecessor surpasses
the multi-step backwards at the later learning steps since they get to perform more updates
while also benefit from the HVH avoidance property of uniterated backwards.
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