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Abstract

World models are a fundamental component in model-based reinforcement learning
(MBRL). To perform temporally extended and consistent simulations of the future
in partially observable environments, world models need to possess long-term
memory. However, state-of-the-art MBRL agents, such as Dreamer, predominantly
employ recurrent neural networks (RNNs) as their world model backbone, which
have limited memory capacity. In this paper, we seek to explore alternative world
model backbones for improving long-term memory. In particular, we investigate
the effectiveness of Transformers and Structured State Space Sequence (S4) mod-
els, motivated by their remarkable ability to capture long-range dependencies
in low-dimensional sequences and their complementary strengths. We propose
S4WM, the first world model compatible with parallelizable SSMs including S4
and its variants. By incorporating latent variable modeling, S4WM can efficiently
generate high-dimensional image sequences through latent imagination. Further-
more, we extensively compare RNN-, Transformer-, and S4-based world models
across four sets of environments, which we have tailored to assess crucial memory
capabilities of world models, including long-term imagination, context-dependent
recall, reward prediction, and memory-based reasoning. Our findings demonstrate
that S4WM outperforms Transformer-based world models in terms of long-term
memory, while exhibiting greater efficiency during training and imagination. These
results pave the way for the development of stronger MBRL agents.

1 Introduction

The human brain is frequently compared to a machine whose primary function is to construct models
of the world, enabling us to predict, plan, and react to our environment effectively [51, 39]. These
mental representations, referred to as world models, are integral to essential cognitive functions like
decision-making and problem-solving. Similarly, one of the pivotal tasks in artificial intelligence (AI)
systems that aim for human-like cognition is the development of analogous world models.

Model-Based Reinforcement Learning (MBRL) [42] has emerged as a promising approach that builds
world models through interaction with the environment. As a fundamental component of MBRL,
these world models empower artificial agents to anticipate the consequences of their actions and
plan accordingly, leading to various advantages. Notably, MBRL offers superior sample efficiency,
mitigating the high data requirements commonly associated with model-free methods. Moreover,
MBRL exhibits enhanced exploration, transferability, safety, and explainability [42], making it
well-suited for complex and dynamic environments where model-free methods tend to struggle.
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The effectiveness and characteristics of world models crucially depend on their backbone neural
network architecture. In particular, the backbone architecture dictates the model’s capabilities of
capturing long-term dependencies and handling stochasticity in the environment. Additionally, it
affects the compactness of memory footprint and the speed of future prediction rollouts. Furthermore,
in visual MBRL that finds extensive practical applications, the backbone architecture holds even
greater significance than it does in state-based MBRL. This is due to the need to deal with high-
dimensional, unstructured, and temporal observations.

Nevertheless, choosing the appropriate backbone architecture for visual MBRL has become a consid-
erable challenge due to the rapidly evolving landscape of deep architectures for temporal sequence
modeling. This includes the recent advancements in major backbone architecture classes, notably
Transformers [61, 5] and the Structured State Space Sequence models such as S4 [21] and S5 [57].

Traditionally, Recurrent Neural Networks (RNNs) [7, 33] have been the go-to backbone architecture,
thanks to their efficient use of computational resources in processing sequential data. However, RNNs
tend to suffer from vanishing gradient issues [49], limiting their long-term memory capacity. Recently,
Transformers [61] have demonstrated superior sequence modeling capabilities in multiple domains,
including natural language processing and computer vision [12]. Their self-attention mechanism
grants direct access to all previous time steps, thereby enhancing long-term memory. Moreover,
Transformers offer parallel trainability and exhibit faster training speeds than RNNs. However,
their quadratic complexity and slow generation speed pose challenges when dealing with very long
sequences. To address these limitations, the S4 model has been proposed, offering both parallel
training and recurrent generation with sub-quadratic complexity. In the Long Range Arena [59]
benchmark consisting of low-dimensional sequence modeling tasks, the S4 model outperforms many
Transformer variants in both task performance and computational efficiency.

In this paper, we present two primary contributions. Firstly, we introduce S4WM, the first and general
world model framework that is compatible with any Parallelizable SSMs (PSSMs) including S4, S5,
and other S4 variants. This is a significant development since it was unclear whether the S4 model
would be effective as a high-dimensional visual world model, and if so, how this could be achieved.
To this end, we instantiate the S4WM with the S4 architecture to manage high-dimensional image
sequences, and propose its probabilistic latent variable modeling framework based on variational
inference. Secondly, we conduct the first empirical comparative study on the three major backbone
architectures for visual world modeling—RNNs, Transformers, and S4. Our results show that S4WM
outperforms RNNs and Transformers across multiple memory-demanding tasks, including long-term
imagination, context-dependent recall, reward prediction, and memory-based reasoning. In terms
of speed, S4WM trains the fastest, while RNNs exhibit significantly higher imagination throughput.
We believe that by shedding light on the strengths and weaknesses of these backbones, our study
contributes to a deeper understanding that can guide researchers and practitioners in selecting suitable
architectures, and potentially inspire the development of novel approaches in this field.

2 Related Work

Structured State Space Sequence (S4) Model. Originally introduced in [21], S4 is a sequence
modeling framework that solves all tasks in the Long Range Arena [59] for the first time. At its core
is a structured parameterization of State Space Models (SSMs) that allows efficient computation
and exhibits superior performance in capturing long-range dependencies both theoretically and
empirically. However, the mathematical background of S4 is quite involved. To address this, a
few recent works seek to simplify, understand, and improve S4 [23, 20, 40, 22, 57, 24, 47]. It has
been discovered that S4 and Transformers have complementary strengths [70, 40, 15, 34, 24]. For
example, Transformers can be better at capturing local (short-range) information and performing
context-dependent operations. Therefore, hybrid architectures have been proposed to achieve the best
of both worlds. Furthermore, S4 and its variants have found applications in various domains, such as
image and video classification [43, 36, 34, 62], audio generation [17], time-series generation [69],
language modeling [70, 15, 40], and model-free reinforcement learning [10, 38]. Our study introduces
the first world model compatible with S4 and its variants (more generally, parallelizable SSMs) for
improving long-term memory in MBRL. We also investigate the strengths and weaknesses of S4 and
Transformers in the context of world model learning.
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World Models. World models [25] are typically implemented as dynamics models of the environment
that enable the agent to plan into the future and learn policies from imagined trajectories. RNNs have
been the predominant backbone architecture of world models. A notable example is RSSM [28],
which has been widely used in both reconstruction-based [29–31, 65, 56, 16, 35, 63, 64, 68] and
reconstruction-free [44–46, 11, 26] MBRL agents. With the advent of Transformers [61], recent
works have also explored using Transformers as the world model backbone [5, 41, 54]. While
Transformers are less prone to vanishing gradients [49] than RNNs, their quadratic complexity limits
their applicability to long sequences. For example, recent works [41, 54] use a short imagination
horizon of ∼20 steps. In contrast, S4WM can successfully imagine hundreds of steps into the future
with sub-quadratic complexity. We also develop an improved Transformer-based world model that
can deal with long sequences by employing Transformer-XL [9].

Agent Memory Benchmarks. While many RL benchmarks feature partially observable environ-
ments, they tend to evaluate multiple agent capabilities simultaneously [2, 8, 27] (e.g., exploration and
modular skill learning), and may be solvable with a moderate memory capacity [14, 48]. Addition-
ally, some benchmarks are designed for model-free agents [66, 37, 52], and may contain stochastic
dynamics that are not controlled by the agents, making it hard to separately assess the memory
capacity of world models. The recently proposed Memory Maze [50] focuses on measuring long-term
memory and provides benchmark results for model-based agents. We build upon Memory Maze and
introduce additional environments and tasks to probe a wider range of memory capabilities. Another
recent work, TECO [67], also introduces datasets and a Transformer-based model for evaluating
and improving long-term video prediction. Our work has a different focus than TECO in that we
stress test models on extremely long sequences (up to 2000 steps), while TECO considers more
visually complex environments, with sequence lengths capped at 300. Our experiment setup allows
using relatively lightweight models to tackle significant challenges involving long-term memory. We
include a comparison with TECO in Appendix F.

3 Background

S4 [21] and its variants [20, 40, 57, 15] are specialized parameterizations of linear state space models.
We first present relevant background on linear state space models, and then introduce the S4 model.

Linear State Space Models (SSMs) are a widely used sequence model that defines a mapping from a
1-D input signal u(t) to a 1-D output signal y(t). They can be discretized into a sequence-to-sequence
mapping by a step size ∆. The continuous-time and discrete-time SSMs can be described as:

(continuous-time)
s′(t) = As(t) +Bu(t)

y(t) = Cs(t) +Du(t)
, (discrete-time)

sk = Ask−1 +Buk

yk = Csk +Duk

. (1)

Here, the vectors s(t) and sk are the internal hidden state of the SSM, and the discrete-time matrices
A,B,C,D can be computed from their continuous-time counterparts A,B,C,D and the step
size ∆. We will primarily deal with the discrete-time SSMs, which allow efficient autoregressive
generation like RNNs due to the recurrence in sk.

Unlike RNNs, however, linear SSMs can offer parallelizable computation like Transformers. That
is, given the input sequence u1:T , the output sequence y1:T can be computed in parallel across time
steps by a discrete convolution [21] or a parallel associative scan [57, 4]. In this work, we define the
class of Parallelizable SSMs (PSSMs) to be the SSMs that provide the following interface for both
parallel and single-step computation:

(parallel) y1:T , sT = PSSM(u1:T , s0) , (single step) yk, sk = PSSM(uk, sk−1) , (2)

where the inputs uk and outputs yk can be vectors.

The S4 model aims to use SSMs for deep sequence modeling, where the matrices A,B,C,D and
the step size ∆ are learnable parameters to be optimized by gradient descent. Because SSMs involve
computing powers of A, which is in general expensive and can lead to the exploding/vanishing
gradients problem [49], SSMs with a randomly initialized A perform very poorly in practice [19].

To address these problems, S4 parameterizes A as a Diagonal Plus Low-Rank (DPLR) matrix [21, 17]:
A = Λ−PP ∗, where Λ is a diagonal matrix, P is typically a column vector (with rank 1), and P ∗

is the conjugate transpose of P . This parameterization allows efficient computation of powers of A,
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<latexit sha1_base64="KEQttHw0hI5XjTM/s4kLR+427A0=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgqiTia1lw02UF+4AmlMl00g6dTMLMRKghO7/Bra7diVt/xKV/4qTNwrYeuHA4517u4fgxZ0rb9rdVWlvf2Nwqb1d2dvf2D6qHRx0VJZLQNol4JHs+VpQzQduaaU57saQ49Dnt+pO73O8+UqlYJB70NKZeiEeCBYxgbSTXDbEe+0H6lA3sQbVm1+0Z0CpxClKDAq1B9ccdRiQJqdCEY6X6jh1rL8VSM8JpVnETRWNMJnhE+4YKHFLlpbPMGTozyhAFkTQjNJqpfy9SHCo1DX2zmWdUy14u/uf1Ex3ceikTcaKpIPNHQcKRjlBeABoySYnmU0MwkcxkRWSMJSba1LTwxQ8z04mz3MAq6VzUnev61f1lrdEs2inDCZzCOThwAw1oQgvaQCCGF3iFN+vZerc+rM/5askqbo5hAdbXLxfGmGc=</latexit>z0

<latexit sha1_base64="6SpVb0RqH/oZ9TyG+lM1FASZVkY=">AAAB/nicbVA9SwNBEJ2LXzF+RS1tFoNgFe7EqGXAJmUE8wHJEfY2e8mS3b1jd08Ix4G/wVZrO7H1r1j6T9wkV5jEBwOP92aYmRfEnGnjut9OYWNza3unuFva2z84PCofn7R1lChCWyTikeoGWFPOJG0ZZjjtxopiEXDaCSb3M7/zRJVmkXw005j6Ao8kCxnBxkrdfiBSnA28QbniVt050DrxclKBHM1B+ac/jEgiqDSEY617nhsbP8XKMMJpVuonmsaYTPCI9iyVWFDtp/N7M3RhlSEKI2VLGjRX/06kWGg9FYHtFNiM9ao3E//zeokJ7/yUyTgxVJLFojDhyERo9jwaMkWJ4VNLMFHM3orIGCtMjI1oaUsgMpuJt5rAOmlfVb2bau3hulJv5OkU4QzO4RI8uIU6NKAJLSDA4QVe4c15dt6dD+dz0Vpw8plTWILz9Qu6XpaE</latexit>a1

<latexit sha1_base64="f3gkhJW1rvK2gWgm7cv3Dj6kcGA=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgqiTia1lw02UF+4AmlMl00g6dTMLMRCwhO7/Bra7diVt/xKV/4qTNwrYeuHA4517u4fgxZ0rb9rdVWlvf2Nwqb1d2dvf2D6qHRx0VJZLQNol4JHs+VpQzQduaaU57saQ49Dnt+pO73O8+UqlYJB70NKZeiEeCBYxgbSTXDbEe+0H6lA2cQbVm1+0Z0CpxClKDAq1B9ccdRiQJqdCEY6X6jh1rL8VSM8JpVnETRWNMJnhE+4YKHFLlpbPMGTozyhAFkTQjNJqpfy9SHCo1DX2zmWdUy14u/uf1Ex3ceikTcaKpIPNHQcKRjlBeABoySYnmU0MwkcxkRWSMJSba1LTwxQ8z04mz3MAq6VzUnev61f1lrdEs2inDCZzCOThwAw1oQgvaQCCGF3iFN+vZerc+rM/5askqbo5hAdbXLxYtmGY=</latexit>x1

Enc

<latexit sha1_base64="w+YgWRERCXezq9db0kH/V61fM/Q=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgqiTia1lw02UF+4AmlMl00g6dTMLMRKghO7/Bra7diVt/xKV/4qTNwrYeuHA4517u4fgxZ0rb9rdVWlvf2Nwqb1d2dvf2D6qHRx0VJZLQNol4JHs+VpQzQduaaU57saQ49Dnt+pO73O8+UqlYJB70NKZeiEeCBYxgbSTXDbEe+0H6lA2cQbVm1+0Z0CpxClKDAq1B9ccdRiQJqdCEY6X6jh1rL8VSM8JpVnETRWNMJnhE+4YKHFLlpbPMGTozyhAFkTQjNJqpfy9SHCo1DX2zmWdUy14u/uf1Ex3ceikTcaKpIPNHQcKRjlBeABoySYnmU0MwkcxkRWSMJSba1LTwxQ8z04mz3MAq6VzUnev61f1lrdEs2inDCZzCOThwAw1oQgvaQCCGF3iFN+vZerc+rM/5askqbo5hAdbXLxlZmGg=</latexit>z1

<latexit sha1_base64="b0agkeqGooSbYAg7Kh/C+zuQ5/k=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAlxwjmAckS5idzCZDZmaXmVkhLAt+g1c9exOv/opH/8RJsgeTWNBQVHXT3RXEnGnjut9OYWNza3unuFva2z84PCofn7R1lChCWyTikeoGWFPOJG0ZZjjtxopiEXDaCSb3M7/zRJVmkXw005j6Ao8kCxnBxkrdfiBSnA1qg3LFrbpzoHXi5aQCOZqD8k9/GJFEUGkIx1r3PDc2foqVYYTTrNRPNI0xmeAR7VkqsaDaT+f3ZujCKkMURsqWNGiu/p1IsdB6KgLbKbAZ61VvJv7n9RIT3vkpk3FiqCSLRWHCkYnQ7Hk0ZIoSw6eWYKKYvRWRMVaYGBvR0pZAZDYTbzWBddKuVb2b6vXDVaXeyNMpwhmcwyV4cAt1aEATWkCAwwu8wpvz7Lw7H87norXg5DOnsATn6xe78ZaF</latexit>a2

<latexit sha1_base64="KapMaI96kRGFGT+SfbxHhGKJ1aw=">AAACCnicbVDLSsNAFJ34rPUV69LNYBFclaT4WhbcdFnBPqAJZTKdtENnJmFmIi0hf+A3uNW1O3HrT7j0T5y0WdjWAxcO59zLPZwgZlRpx/m2Nja3tnd2S3vl/YPDo2P7pNJRUSIxaeOIRbIXIEUYFaStqWakF0uCeMBIN5jc5373iUhFI/GoZzHxORoJGlKMtJEGdsUbI516HOlxEKbTLBvUB3bVqTlzwHXiFqQKCrQG9o83jHDCidCYIaX6rhNrP0VSU8xIVvYSRWKEJ2hE+oYKxIny03n2DF4YZQjDSJoRGs7Vvxcp4krNeGA285Bq1cvF/7x+osM7P6UiTjQRePEoTBjUEcyLgEMqCdZsZgjCkpqsEI+RRFibupa+BDwznbirDayTTr3m3tSuH66qjWbRTgmcgXNwCVxwCxqgCVqgDTCYghfwCt6sZ+vd+rA+F6sbVnFzCpZgff0Cnp+bZQ==</latexit>

x̂2

<latexit sha1_base64="TbG72gf4VxuSjhZcARww/DUdv5g=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAlxwjmAckS5idzCZDZmaXmVkhLAt+g1c9exOv/opH/8RJsgeTWNBQVHXT3RXEnGnjut9OYWNza3unuFva2z84PCofn7R1lChCWyTikeoGWFPOJG0ZZjjtxopiEXDaCSb3M7/zRJVmkXw005j6Ao8kCxnBxkrdfiDScTaoDcoVt+rOgdaJl5MK5GgOyj/9YUQSQaUhHGvd89zY+ClWhhFOs1I/0TTGZIJHtGepxIJqP53fm6ELqwxRGClb0qC5+ncixULrqQhsp8BmrFe9mfif10tMeOenTMaJoZIsFoUJRyZCs+fRkClKDJ9agoli9lZExlhhYmxES1sCkdlMvNUE1km7VvVuqtcPV5V6I0+nCGdwDpfgwS3UoQFNaAEBDi/wCm/Os/PufDifi9aCk8+cwhKcr1/HC5aM</latexit>

h2

S4 Blocks
(single step)

<latexit sha1_base64="A8CtgrlMRAP/yrC/syhV+lWzoBY=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKez6Pga85BjBPCBZwuxkNhkyM7vMzAphWfAbvOrZm3j1Vzz6J06SPZjEgoaiqpvuriDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6f+u0nqjSL5KOZxNQXeChZyAg2Vur0ApHirH/ZL1fcqjsDWiVeTiqQo9Ev//QGEUkElYZwrHXXc2Pjp1gZRjjNSr1E0xiTMR7SrqUSC6r9dHZvhs6sMkBhpGxJg2bq34kUC60nIrCdApuRXvam4n9eNzHhnZ8yGSeGSjJfFCYcmQhNn0cDpigxfGIJJorZWxEZYYWJsREtbAlEZjPxlhNYJa2LqndTvX64qtTqeTpFOIFTOAcPbqEGdWhAEwhweIFXeHOenXfnw/mctxacfOYYFuB8/QK9hJaG</latexit>a3

<latexit sha1_base64="Cg/wlMY/lGvfOE7IwyS/Og6AGgw=">AAACCnicbVDLSsNAFJ34rPUV69LNYBFclcT3suCmywr2AU0ok+mkHTozCTMTaQn5A7/Bra7diVt/wqV/4qTNwrYeuHA4517u4QQxo0o7zre1tr6xubVd2inv7u0fHNpHlbaKEolJC0cskt0AKcKoIC1NNSPdWBLEA0Y6wfg+9ztPRCoaiUc9jYnP0VDQkGKkjdS3K94I6dTjSI+CMJ1kWf+yb1edmjMDXCVuQaqgQLNv/3iDCCecCI0ZUqrnOrH2UyQ1xYxkZS9RJEZ4jIakZ6hAnCg/nWXP4JlRBjCMpBmh4Uz9e5EirtSUB2YzD6mWvVz8z+slOrzzUyriRBOB54/ChEEdwbwIOKCSYM2mhiAsqckK8QhJhLWpa+FLwDPTibvcwCppX9Tcm9r1w1W13ijaKYETcArOgQtuQR00QBO0AAYT8AJewZv1bL1bH9bnfHXNKm6OwQKsr1+gMptm</latexit>

x̂3

<latexit sha1_base64="PfoXXizuw22XOw4Nt2Kg+j4ltjE=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKez6Pga85BjBPCBZwuxkNhkyM7vMzAphWfAbvOrZm3j1Vzz6J06SPZjEgoaiqpvuriDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6f+u0nqjSL5KOZxNQXeChZyAg2Vur0ApGOsv5lv1xxq+4MaJV4OalAjka//NMbRCQRVBrCsdZdz42Nn2JlGOE0K/USTWNMxnhIu5ZKLKj209m9GTqzygCFkbIlDZqpfydSLLSeiMB2CmxGetmbiv953cSEd37KZJwYKsl8UZhwZCI0fR4NmKLE8IklmChmb0VkhBUmxka0sCUQmc3EW05glbQuqt5N9frhqlKr5+kU4QRO4Rw8uIUa1KEBTSDA4QVe4c15dt6dD+dz3lpw8pljWIDz9QvInpaN</latexit>

h3

S4 Blocks
(single step)

<latexit sha1_base64="rqUKgmMVy/vgnTc2+k3ZeJQy2r4=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKexKfBwDXnKMYB6QLGF2MpsMmZldZmaFsCz4DV717E28+ise/RMnyR5MYkFDUdVNd1cQc6aN6347hY3Nre2d4m5pb//g8Kh8fNLWUaIIbZGIR6obYE05k7RlmOG0GyuKRcBpJ5jcz/zOE1WaRfLRTGPqCzySLGQEGyt1+4FIcTaoDcoVt+rOgdaJl5MK5GgOyj/9YUQSQaUhHGvd89zY+ClWhhFOs1I/0TTGZIJHtGepxIJqP53fm6ELqwxRGClb0qC5+ncixULrqQhsp8BmrFe9mfif10tMeOenTMaJoZIsFoUJRyZCs+fRkClKDJ9agoli9lZExlhhYmxES1sCkdlMvNUE1kn7qurdVK8fapV6I0+nCGdwDpfgwS3UoQFNaAEBDi/wCm/Os/PufDifi9aCk8+cwhKcr1+/F5aH</latexit>a4

<latexit sha1_base64="b/DuQ4thT4ruDrH9IvnFwEFvW1E=">AAACCnicbVDLSsNAFJ3UV62vWJduBovgqiTia1lw02UF+4AmlMl00g6dmYSZibSE/IHf4FbX7sStP+HSP3HSZmFbD1w4nHMv93CCmFGlHefbKm1sbm3vlHcre/sHh0f2cbWjokRi0sYRi2QvQIowKkhbU81IL5YE8YCRbjC5z/3uE5GKRuJRz2LiczQSNKQYaSMN7Ko3Rjr1ONLjIEynWTa4Gtg1p+7MAdeJW5AaKNAa2D/eMMIJJ0JjhpTqu06s/RRJTTEjWcVLFIkRnqAR6RsqECfKT+fZM3hulCEMI2lGaDhX/16kiCs144HZzEOqVS8X//P6iQ7v/JSKONFE4MWjMGFQRzAvAg6pJFizmSEIS2qyQjxGEmFt6lr6EvDMdOKuNrBOOpd196Z+/XBVazSLdsrgFJyBC+CCW9AATdACbYDBFLyAV/BmPVvv1of1uVgtWcXNCViC9fULocWbZw==</latexit>

x̂4

<latexit sha1_base64="Ih6meH1UmfyjRKWC/1TmM+mNHNU=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKexKfBwDXnKMYB6QLGF2MpsMmZldZmaFsCz4DV717E28+ise/RMnyR5MYkFDUdVNd1cQc6aN6347hY3Nre2d4m5pb//g8Kh8fNLWUaIIbZGIR6obYE05k7RlmOG0GyuKRcBpJ5jcz/zOE1WaRfLRTGPqCzySLGQEGyt1+4FIx9mgNihX3Ko7B1onXk4qkKM5KP/0hxFJBJWGcKx1z3Nj46dYGUY4zUr9RNMYkwke0Z6lEguq/XR+b4YurDJEYaRsSYPm6t+JFAutpyKwnQKbsV71ZuJ/Xi8x4Z2fMhknhkqyWBQmHJkIzZ5HQ6YoMXxqCSaK2VsRGWOFibERLW0JRGYz8VYTWCftq6p3U71+qFXqjTydIpzBOVyCB7dQhwY0oQUEOLzAK7w5z8678+F8LloLTj5zCktwvn4ByjGWjg==</latexit>

h4

Generation

<latexit sha1_base64="kbBzaZshdt4fIGhMttycKefrXQk=">AAAB/HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAS44RzAOSJczOziZjZmaXmVkhLPEbvOrZm3j1Xzz6J06SPZjEgoaiqpvuriDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVBHaJDGPVSfAmnImadMww2knURSLgNN2MLqb+u0nqjSL5YMZJ9QXeCBZxAg2Vmr1SBgb3S9X3Ko7A1olXk4qkKPRL//0wpikgkpDONa667mJ8TOsDCOcTkq9VNMEkxEe0K6lEguq/Wx27QSdWSVEUaxsSYNm6t+JDAutxyKwnQKboV72puJ/Xjc10a2fMZmkhkoyXxSlHJkYTV9HIVOUGD62BBPF7K2IDLHCxNiAFrYEYmIz8ZYTWCWti6p3Xb26v6zU6nk6RTiBUzgHD26gBnVoQBMIPMILvMKb8+y8Ox/O57y14OQzx7AA5+sXds+V1Q==</latexit>· · ·

Next Step Prediction

Dec Dec Dec Dec Dec

<latexit sha1_base64="w+YgWRERCXezq9db0kH/V61fM/Q=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgqiTia1lw02UF+4AmlMl00g6dTMLMRKghO7/Bra7diVt/xKV/4qTNwrYeuHA4517u4fgxZ0rb9rdVWlvf2Nwqb1d2dvf2D6qHRx0VJZLQNol4JHs+VpQzQduaaU57saQ49Dnt+pO73O8+UqlYJB70NKZeiEeCBYxgbSTXDbEe+0H6lA2cQbVm1+0Z0CpxClKDAq1B9ccdRiQJqdCEY6X6jh1rL8VSM8JpVnETRWNMJnhE+4YKHFLlpbPMGTozyhAFkTQjNJqpfy9SHCo1DX2zmWdUy14u/uf1Ex3ceikTcaKpIPNHQcKRjlBeABoySYnmU0MwkcxkRWSMJSba1LTwxQ8z04mz3MAq6VzUnev61f1lrdEs2inDCZzCOThwAw1oQgvaQCCGF3iFN+vZerc+rM/5askqbo5hAdbXLxlZmGg=</latexit>z1
<latexit sha1_base64="H1JiGi+Ap3NaNqqypeP8uQCoUxw=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlJ8LQtuuqxgH9CEMplO2qEzkzAzEWrIzm9wq2t34tYfcemfOGmzsK0HLhzOuZd7OEHMqNKO822trW9sbm2Xdsq7e/sHh5Wj446KEolJG0cskr0AKcKoIG1NNSO9WBLEA0a6weQu97uPRCoaiQc9jYnP0UjQkGKkjeR5HOlxEKZP2aA+qFSdmjODvUrcglShQGtQ+fGGEU44ERozpFTfdWLtp0hqihnJyl6iSIzwBI1I31CBOFF+Osuc2edGGdphJM0Ibc/Uvxcp4kpNeWA284xq2cvF/7x+osNbP6UiTjQReP4oTJitIzsvwB5SSbBmU0MQltRktfEYSYS1qWnhS8Az04m73MAq6dRr7nXt6v6y2mgW7ZTgFM7gAly4gQY0oQVtwBDDC7zCm/VsvVsf1ud8dc0qbk5gAdbXLxrsmGk=</latexit>z2

<latexit sha1_base64="H1JiGi+Ap3NaNqqypeP8uQCoUxw=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlJ8LQtuuqxgH9CEMplO2qEzkzAzEWrIzm9wq2t34tYfcemfOGmzsK0HLhzOuZd7OEHMqNKO822trW9sbm2Xdsq7e/sHh5Wj446KEolJG0cskr0AKcKoIG1NNSO9WBLEA0a6weQu97uPRCoaiQc9jYnP0UjQkGKkjeR5HOlxEKZP2aA+qFSdmjODvUrcglShQGtQ+fGGEU44ERozpFTfdWLtp0hqihnJyl6iSIzwBI1I31CBOFF+Osuc2edGGdphJM0Ibc/Uvxcp4kpNeWA284xq2cvF/7x+osNbP6UiTjQReP4oTJitIzsvwB5SSbBmU0MQltRktfEYSYS1qWnhS8Az04m73MAq6dRr7nXt6v6y2mgW7ZTgFM7gAly4gQY0oQVtwBDDC7zCm/VsvVsf1ud8dc0qbk5gAdbXLxrsmGk=</latexit>z2

<latexit sha1_base64="H1JiGi+Ap3NaNqqypeP8uQCoUxw=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlJ8LQtuuqxgH9CEMplO2qEzkzAzEWrIzm9wq2t34tYfcemfOGmzsK0HLhzOuZd7OEHMqNKO822trW9sbm2Xdsq7e/sHh5Wj446KEolJG0cskr0AKcKoIG1NNSO9WBLEA0a6weQu97uPRCoaiQc9jYnP0UjQkGKkjeR5HOlxEKZP2aA+qFSdmjODvUrcglShQGtQ+fGGEU44ERozpFTfdWLtp0hqihnJyl6iSIzwBI1I31CBOFF+Osuc2edGGdphJM0Ibc/Uvxcp4kpNeWA284xq2cvF/7x+osNbP6UiTjQReP4oTJitIzsvwB5SSbBmU0MQltRktfEYSYS1qWnhS8Az04m73MAq6dRr7nXt6v6y2mgW7ZTgFM7gAly4gQY0oQVtwBDDC7zCm/VsvVsf1ud8dc0qbk5gAdbXLxrsmGk=</latexit>z2
<latexit sha1_base64="z87FV2dUctgxtBR0q0ieYzXB6og=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclRnfy4KbLivYB3SGkkkzbWgmE5KMUIf+hhsXirj1Z9z5N2baWWjrgcDhnHu5JyeUnGnjut/Oyura+sZmaau8vbO7t185OGzrJFWEtkjCE9UNsaacCdoyzHDalYriOOS0E47vcr/zSJVmiXgwE0mDGA8FixjBxkq+H2MzCqPsadq/6Feqbs2dAS0TryBVKNDsV778QULSmApDONa657nSBBlWhhFOp2U/1VRiMsZD2rNU4JjqIJtlnqJTqwxQlCj7hEEz9fdGhmOtJ3FoJ/OMetHLxf+8Xmqi2yBjQqaGCjI/FKUcmQTlBaABU5QYPrEEE8VsVkRGWGFibE1lW4K3+OVl0j6vede1q/vLar1R1FGCYziBM/DgBurQgCa0gICEZ3iFNyd1Xpx352M+uuIUO0fwB87nDzWEkdQ=</latexit>z3

<latexit sha1_base64="z87FV2dUctgxtBR0q0ieYzXB6og=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclRnfy4KbLivYB3SGkkkzbWgmE5KMUIf+hhsXirj1Z9z5N2baWWjrgcDhnHu5JyeUnGnjut/Oyura+sZmaau8vbO7t185OGzrJFWEtkjCE9UNsaacCdoyzHDalYriOOS0E47vcr/zSJVmiXgwE0mDGA8FixjBxkq+H2MzCqPsadq/6Feqbs2dAS0TryBVKNDsV778QULSmApDONa657nSBBlWhhFOp2U/1VRiMsZD2rNU4JjqIJtlnqJTqwxQlCj7hEEz9fdGhmOtJ3FoJ/OMetHLxf+8Xmqi2yBjQqaGCjI/FKUcmQTlBaABU5QYPrEEE8VsVkRGWGFibE1lW4K3+OVl0j6vede1q/vLar1R1FGCYziBM/DgBurQgCa0gICEZ3iFNyd1Xpx352M+uuIUO0fwB87nDzWEkdQ=</latexit>z3

<latexit sha1_base64="ntY/21+5lIpR+aPtQmQ8KySfe3s=">AAAB83icbVDLSgMxFL2pr1pfVZdugkVwVWbE17LgpssK9gGdoWTSTBuayQxJRqhDf8ONC0Xc+jPu/Bsz7Sy09UDgcM693JMTJIJr4zjfqLS2vrG5Vd6u7Ozu7R9UD486Ok4VZW0ai1j1AqKZ4JK1DTeC9RLFSBQI1g0md7nffWRK81g+mGnC/IiMJA85JcZKnhcRMw7C7Gk2uBxUa07dmQOvErcgNSjQGlS/vGFM04hJQwXRuu86ifEzogyngs0qXqpZQuiEjFjfUkkipv1snnmGz6wyxGGs7JMGz9XfGxmJtJ5GgZ3MM+plLxf/8/qpCW/9jMskNUzSxaEwFdjEOC8AD7li1IipJYQqbrNiOiaKUGNrqtgS3OUvr5LORd29rl/dX9YazaKOMpzAKZyDCzfQgCa0oA0UEniGV3hDKXpB7+hjMVpCxc4x/AH6/AE3CJHV</latexit>z4
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Figure 1: We propose S4WM, the first S4-based world model for improving long-term memory. S4WM
efficiently models the long-range dependencies of environment dynamics in a compact latent space, using a
stack of S4 blocks. This crucially allows fully parallelized training and fast recurrent latent imagination. S4WM
is a general framework that is compatible with any parallelizable SSM including S5 and other S4 variants.

Algorithm 1 S4WM Training

Input: (x0,a1,x1, . . . ,aT ,xT )
▷ Obtain posterior latents

1: for time step t = 0, . . . , T parallel do
2: zt ∼ q(zt |xt) = Encoder(xt)
3: end for

▷ Prepare inputs to S4 blocks
4: for time step t = 1, . . . , T parallel do
5: gt = MLP(concat[zt−1,at])
6: end for

▷ Encode history by S4 blocks
7: h1:T , sT = S4Blocks(g1:T , s0)

▷ Compute prior and
decode posterior latents

8: for time step t = 1, . . . , T parallel do
9: p(zt |z<t,a≤t) = MLP(ht)

10: x̂t = Decoder(concat[ht, zt])
11: end for
12: Compute objective by Equation (9)

Algorithm 2 S4WM Imagination

Input: context (x0:C ,a1:C), query aC+1:T

▷ Encode context
1: for context step t = 0, . . . , C parallel do
2: zt ∼ q(zt |xt) = Encoder(xt)
3: gt+1 = MLP(concat[zt,at+1])
4: end for
5: h1:C+1, sC+1 = S4Blocks(g1:C+1, s0)

▷ Imagine in latent space
6: zC+1 ∼ p(zC+1 |z0:C ,a1:C+1) = MLP(hC+1)
7: for query step t = C + 2, . . . , T do
8: gt = MLP(concat[zt−1,at])
9: ht, st = S4Blocks(gt, st−1)

10: zt ∼ p(zt |z<t,a≤t) = MLP(ht)
11: end for

▷ Decode imagined latents
12: for query step t = C + 1, . . . , T parallel do
13: x̂t = Decoder(concat[ht, zt])
14: end for

while also including the HiPPO matrices [18], which are theoretically derived based on continuous-
time memorization and empirically shown to better capture long-range dependencies. In practice, S4
initializes A to the HiPPO matrix. To cope with vector-valued inputs and outputs (i.e., uk,yk ∈ RH ),
S4 makes H copies of the SSM, each operating on one dimension, and mixes the outputs by a
position-wise linear layer. Follow-up works further simplify the parameterization of A to a diagonal
matrix [20], and use a multi-input, multi-output SSM for vector-valued sequences [57].

4 S4WM: A General World Model for Parallelizable SSMs

We consider an agent interacting with a partially observable environment. At each time step t, the
agent receives an image observation xt. It then chooses an action at+1 based on its policy, and
receives the next observation xt+1. For simplicity, we omit the reward here.

We aim to model p(x1:T | x0,a1:T ), the distribution of future observations given the action sequence.
We note that it is not required to model p(x0), as world model imagination is typically conditioned
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on at least one observation. While S4 and its variants have shown remarkable abilities to model
long-range dependencies, they operate directly in the observation space. For example, S4 models
images as sequences of pixels, and directly learns the dependencies among individual pixels. This is
hard to scale to high-dimensional sequences, such as the sequences of images that we aim to model.

Inspired by RSSM [28], we propose S4WM, the first PSSM-based world model that learns the
environment dynamics in a compact latent space. This not only allows fast parallelizable training, but
also enables efficient modeling of long-range dependencies in the latent space. Importantly, S4WM
is a general framework that can incorporate not only the specific S4 model [21] but also any PSSM
defined by Equation (2), including S5 [57] and other variants [20, 40, 15]. It models the observations
and state transitions through a probabilistic generative process:

p(x1:T | x0,a1:T ) =

∫
p(z0 | x0)

T∏
t=1

p(xt | z≤t,a≤t) p(zt | z<t,a≤t) dz0:T , (3)

where z0:T are the stochastic latent states. We note that computing the likelihood p(xt | z≤t,a≤t)
and the prior p(zt | z<t,a≤t) requires extracting relevant information from the history (z<t,a≤t).
Therefore, it is crucial to maintain a long-term memory of the history. To this end, we use a stack of
PSSM blocks to encode the history (z<t,a≤t) into an embedding vector ht for each t. This can be
done in parallel during training and sequentially during imagination:

(parallel) h1:T , sT = PSSM_Blocks(g1:T , s0) , (4)
(single step) ht, st = PSSM_Blocks(gt, st−1) . (5)

Here, gt = MLP(concat[zt−1,at]) is the input to the PSSM blocks, st is the collection of all
internal hidden states, and ht is the final output. In our experiments, we use S4 blocks (shown in
Figure 1 Right), a particular instantiation of the PSSM blocks using the S4 model. We find that
adding the final MLP in each S4 block can improve generation quality (see Appendix B.1 for an
ablation and Figure 21 for a detailed illustration of S4 block architecture).

After obtaining ht, we use it to compute the sufficient statistics of the prior and likelihood:

p(zt | z<t,a≤t) = MLP(ht) , (6)
p(xt | z≤t,a≤t) = N (x̂t,1) , x̂t = Decoder(concat[ht, zt]) . (7)

For training, we use variational inference. The approximate posterior is defined as:

q(z0:T | x0:T ,a1:T ) =

T∏
t=0

q(zt | xt) , where q(z0 | x0) = p(z0 | x0) . (8)

We use a CNN encoder to compute the sufficient statistics of the posterior from image observations.
This allows all posterior samples z0:T to be obtained in parallel, thereby fully leveraging the parallel
computation ability offered by PSSMs during training. We also provide an alternative design of the
posterior in Appendix B.1. It is conditioned on the full history, and can obtain better generation
quality at the cost of more computation.

The training objective is to maximize the evidence lower bound (ELBO):

log p(x1:T |x0,a1:T ) ≥ Eq

[
T∑

t=1

log p(xt |z≤t,a≤t)− LKL

(
q(zt |xt), p(zt |z<t,a≤t)

)]
. (9)

In our experiments, we instantiate S4WM using the S4 model [21]. Figure 1 provides an illustration
of training and imagination procedures, and Algorithms 1 and 2 provide detailed descriptions.
Hyperparameters and further implementation details can be found in Appendix J.

5 Experiments

5.1 Environments

Unlike previous works [14, 48, 37, 52] that primarily evaluate the final performance of model-free
agents on memory-demanding tasks, we seek to understand the memory capabilities of world models

5
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Figure 2: Partially observable 3D (Top) and 2D (Bottom) environments for evaluating memory capabilities of
world models, including long-term imagination, context-dependent recall, reward prediction, and memory-based
reasoning.
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Figure 3: Comparison of speed and memory usage during training and imagination. S4WM is the fastest to
train, while RSSM-TBTT is the most memory-efficient during training and has the highest throughput during
imagination.

in model-based agents in terms of long-term imagination, context-dependent recall, reward prediction,
and memory-based reasoning. We believe that our investigation provides more insights than the final
performance alone, and paves the way for model-based agents with improved memory.

To this end, we develop a diverse set of environments shown in Figure 2, each targeting a specific
memory capability. The environments are based on the 3D Memory Maze [50] and the 2D Mini-
Grid [6], both with partial observations. The world models are learned from an offline dataset
collected by a scripted policy for each environment. This allows the world models to be evaluated
independently of the policy learning algorithms.

Specifically, for each episode, the environment is regenerated. To simplify the evaluation of world
model imagination, we design the data collecting policy to consist of a context phase and a query
phase. In the context phase, the policy fully traverses the environment, while in the query phase, the
policy revisits some parts of the environment. For evaluation, we use unseen episodes collected by
the same policy as training. The world model observes the context phase, and is then evaluated on its
imagination given the action sequence in the query phase. Because the environments are deterministic
and have moderate visual complexity, and the context phase fully reveals the information of the
environment, it suffices to use the mean squared error (MSE) as our main evaluation metric.

In the following, we first motivate our choice of the baselines through a comparison of speed and
memory consumption, and then introduce and present the results for each environment in detail.

5.2 Baselines

RSSM-TBTT. RSSM [28] is an RNN-based world model backbone used in state-of-the-art MBRL
agents [29–31]. Recently, [50] show that training RSSM with truncated backpropagation through
time (TBTT) can lead to better long-term memory ability. We follow their implementation and denote
the model as RSSM-TBTT.
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Table 1: Evaluation of long-term imagination. Each environment is labeled with (context steps | query steps).
All models obtain good reconstruction, while S4WM is much better at long-term generation up to 500 steps. All
models struggle in the Ten Rooms environment.

Two Rooms (301 | 200) Four Rooms (501 | 500) Ten Rooms (1101 | 900)

Recon.
MSE (↓)

Gen.
MSE (↓)

Recon.
MSE (↓)

Gen.
MSE (↓)

Recon.
MSE (↓)

Gen.
MSE (↓)

RSSM-TBTT 1.7 62.2 1.5 219.4 1.5 323.1
TSSM-XL 2.5 62.9 2.4 224.4 2.6 360.4
S4WM 1.8 27.3 1.7 44.0 1.8 224.4

Figure 4: Long-term imagination in the Four Rooms environment. While RSSM-TBTT and TSSM-XL make
many mistakes in wall colors, object colors, and object positions, S4WM is able to generate much more
accurately, with only minor errors in object positions.

TSSM-XL. TSSM [5] is the first Transformer-based world model for improving long-term memory.
It was originally evaluated on sequences of length ∼100. In this paper, we seek to evaluate on much
longer sequences (up to 2000 steps), and it is impractical to feed the entire sequence to the vanilla
Transformer [61]. Therefore, we use Transformer-XL [9] as the backbone and denote the model
as TSSM-XL. It divides the full sequence into chunks, and maintains a cache of the intermediate
hidden states from processed chunks. This cache serves as an extended context that allows modeling
longer-term dependencies.

Speed and Memory Usage. We note that the cache length m is a crucial hyperparameter of TSSM-
XL. A larger m can potentially improve the memory capacity, at the cost of slower training and higher
memory consumption. To ensure a fair comparison in our experiments in the next few sections, we
first investigate the speed and memory usage of S4WM, RSSM-TBTT, and TSSM-XL with several m
values. Details can be found in Appendix I. As shown in Figure 3, S4WM and TSSM-XL trains much
faster than RSSM-TBTT due to their parallel computation during training, while RSSM-TBTT is
much more memory-efficient. For imagination, RSSM-TBTT achieves ∼10× throughput compared
to S4WM and TSSM-XL. While S4WM also uses recurrence during imagination, its multi-layered
recurrence structure with MLPs in between slows down its performance. As for memory usage,
the decoder takes up most of the memory decoding all steps in parallel, leading to similar memory
consumption of all models.

Based on our investigation, TSSM-XL with a cache length m = 128 is the closest to S4WM in
terms of speed and memory usage. Therefore, we use TSSM-XL with m = 128 for all subsequent
experiments. We provide a more thorough investigation with larger cache lengths in Appendix B.2.

5.3 Long-Term Imagination

The ability of world models to perform long-term imagination is crucial to long-horizon planning.
While many RL benchmarks can be tackled with short-term imagination of ∼15 steps [31], here we
seek to understand the long-term imagination capability of world models and explore their limits by
letting the world models imagine hundreds of steps into the future.
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Figure 5: Generation MSE per imagination step. Each environment is labeled with (context steps | query steps).
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make large generation errors even within 50 steps.
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Figure 6: Evaluation of context-dependent recall in teleport environments. Each environment is labeled with
(context steps | query steps). We provide up to 20 observations after the teleport as additional contexts. TSSM-
XL performs the best in the Two Rooms environment where the context phase is short, and is able to recall
successfully without additional observations. When the context phase is longer, S4WM performs the best.

To this end, we develop three environments with increasing difficulty, namely Two Rooms, Four
Rooms, and Ten Rooms, based on the 3D Memory Maze [50]. The top-down views are shown in
Figure 2. In the context phase, the data collecting policy starts from a random room, sequentially
traverses all rooms, and returns to the starting room. In the query phase, the policy revisits each room
in the same order as the context phase.

As shown in Table 1, all models obtain good reconstruction, while S4WM is much better in the Two
Rooms and Four Rooms environment for long-term generation up to 500 steps. We demonstrate the
superior generation quality of S4WM in Figure 4. All models are able to capture the high-level maze
layout. However, RSSM-TBTT and TSSM-XL make many mistakes in details such as wall colors,
object colors, and object positions, while S4WM is able to generate much more accurately, with only
minor errors in object positions. We further show the per step generation MSE in Figure 5. S4WM
is able to maintain a relatively good generation quality for up to 500 steps, while RSSM-TBTT
and TSSM-XL make large generation errors even within 50 steps. We notice a periodic drop in the
generation MSE. This is when the agent moves from one room to another through a narrow corridor
where the action sequence is less diverse.

We also find that all models struggle in the Ten Rooms environment where the context length is 1101
and the query length is 900. This likely reaches the sequence modeling limits of the S4 model, and
we leave the investigation of more sophisticated model architectures to future work.

5.4 Context-Dependent Recall

Humans are able to recall past events in great detail. This has been compared to “mental time
travel” [60, 58, 37]. Motivated by this, we develop a “teleport” version of the Two Rooms, Four
Rooms, and Ten Rooms environments. After the initial context phase, the agent is teleported to a
random point in history, and is asked to recall what happened from that point onwards, given the
exact same action sequence that the agent took.

To succeed in this task, the agent needs to figure out where it is teleported by comparing the new
observations received after the teleport to its own memory of the past. In other words, the content
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Table 2: Reward prediction accuracy in the Distracting Memory environments. Each environment is labeled
with (context steps | query steps). S4WM succeeds in all environments. TSSM-XL has limited success when
observing the full sequence, but fails to predict rewards within imagination. RSSM-TBTT completely fails.

Width = 100 (199 | 51) Width = 200 (399 | 101) Width = 400 (799 | 201)

Inference
Accuracy (↑)

Imagination
Accuracy (↑)

Inference
Accuracy (↑)

Imagination
Accuracy (↑)

Inference
Accuracy (↑)

Imagination
Accuracy (↑)

RSSM-TBTT 47.9% 49.6% 48.7% 48.4% 50.4% 52.2%
TSSM-XL 100.0% 51.2% 99.9% 51.3% 50.4% 51.0%
S4WM 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%

Figure 7: Imagination in the Distracting Memory environment of width 100. RSSM-TBTT and TSSM-XL fail
to keep track of the agent’s position, leading to inaccurate reward prediction within imagination.

to recall depends on the new observations. Transformers have been shown to be better than S4 at
performing such context-dependent operations in low-dimensional sequence manipulation tasks [24]
and synthetic language modeling tasks [15]. We investigate this in the context of world model
learning, with high-dimensional image inputs.

To help the model retrieve the correct events in history, we provide up to 20 observations after the
teleport as additional contexts. The generation MSE of the recall is reported in Figure 6. TSSM-XL
performs the best in the Two Rooms environment where the context phase is short, and is able to
recall successfully without additional observations. When the context phase is longer as in Four
Rooms and Ten Rooms, S4WM performs the best. We visually show the recall quality with 20
observations after the teleport in Figure 18. In the Two Rooms environment, both TSSM-XL and
S4WM are able to recall accurately. However, only S4WM is able to maintain such recall quality in
the more challenging Four Rooms environment.

5.5 Reward Prediction

To facilitate policy learning within imagination, world models need to accurately predict the rewards.
In this section, we evaluate the reward prediction accuracy over long time horizons. To decouple the
challenges posed by 3D environments from long-term reward prediction, we use the visually simpler
2D MiniGrid [6] environment.

Specifically, we develop the Distracting Memory environment, which is more challenging than the
original MiniGird Memory environment, due to distractors of random colors being placed in the
hallway. A top-down view is shown in Figure 2. Each episode terminates when the agent reaches
one of the squares on the right. A reward of 1 is given if the square reached is of the same color
as the square in the room on the left. Otherwise, no reward is given. In the context phase, the data
collecting policy starts in the middle of the hallway, then traverses the hallway and returns to the
starting position. In the query phase, the policy goes to one of the two squares on the right uniformly
at random. To accurately predict the reward, the world model must learn to ignore the distractors
while keeping track of the agent’s position.

We report two types of reward prediction accuracy in Table 2. The inference accuracy is measured
when the model takes the full sequence of observations as input (including both the context and the
query phases). This evaluates the model’s ability to capture long-range dependencies independently
of the imagination quality. In contrast, the imagination accuracy is evaluated within the model’s
imagination, conditioned on the observations in the context phase and additionally the action sequence
in the query phase.
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Table 3: Memory-based reasoning in the Multi Doors Keys environments. Each environment is labeled with
(context steps | query steps). S4WM performs well on all environments, while others struggle.

Three Keys (76 | 174) Five Keys (170 | 380) Seven Keys (296 | 654)

Recon.
MSE (↓)

Gen.
MSE (↓)

Recon.
MSE (↓)

Gen.
MSE (↓)

Recon.
MSE (↓)

Gen.
MSE (↓)

RSSM-TBTT 0.05 5.16 0.04 6.36 0.03 6.28
TSSM-XL 0.05 1.27 0.03 6.05 0.02 9.24
S4WM 0.01 0.04 0.02 0.27 0.02 0.10

Our results show that only S4WM is able to accurately predict rewards within imagination. TSSM-
XL has limited success when observing the full sequence, but fails to imagine future rewards
accurately. RSSM-TBTT completely fails, and its reward prediction is close to random guessing. Our
visualization of model imagination in Figure 7 reveals that the failure of TSSM-XL and RSSM-TBTT
is mainly due to their inability to keep track of the agent’s position.

5.6 Memory-Based Reasoning

In the previous experiments, the model’s memory of the environment can largely be kept fixed after
the context phase. In this section, we explore the setting where the memory needs to be frequently
updated in order to reason about the future.

We develop the Multi Doors Keys environment, where the agent collects keys to unlock doors. A
top-down view is shown in Figure 2. Each time a door is unlocked, the corresponding key will be
consumed, so it cannot be used to unlock other doors of the same color. The agent is allowed to
possess multiple keys. In the context phase, the agent visits all keys and doors without picking up any
keys. In the query phase, the agent attempts to unlock two random doors after picking up each key.
After all keys are picked up, the agent will try to unlock each door once again. To successfully predict
the outcome when the agent attempts to unlock a door, the world model must constantly update its
memory when a key is picked up or consumed.

Since the environment is visually simple, we find the generation MSE to be a good indicator of how
well the model predicts the future door states. As reported in Table 3 and visually shown in Figure 19,
S4WM performs well on all environments, demonstrating its ability to keep updating the memory,
while both RSSM-TBTT and TSSM-XL struggle.

6 Conclusion

In this paper, we introduced S4WM, the first PSSM-based visual world model that effectively expands
the long-range sequence modeling ability of S4 and its variants from low-dimensional inputs to
high-dimensional images. Furthermore, we presented the first comparative investigation of major
world model backbones in a diverse set of environments specifically designed to evaluate critical
memory capabilities. Our findings demonstrate the superior performance of S4WM over RNNs
and Transformers across multiple tasks, including long-term imagination, context-dependent recall,
reward prediction, and memory-based reasoning.

Limitations and Future Work. We primarily focused on visually simple and deterministic environ-
ments to limit the computation cost and simplify the evaluation process. Future work could explore
more sophisticated model architectures and proper evaluation metrics for complex and stochastic
environments. In addition, we mainly evaluated imagination quality and did not test world models
in conjunction with policy learning. Future work could develop and thoroughly test MBRL agents
based on S4WM. To demonstrate the potential of S4WM for policy learning, we provide offline
probing results in Appendix D and conduct a skill-level MPC experiment in Appendix E. We find that
S4WM outperforms RSSM in offline probing when it is instantiated with S5, and leads to higher task
success rates when used for planning. In Appendix G, we additionally demonstrate that the long-term
imagination quality can be further improved by instantiating S4WM with S5, showing the potential
of our general S4WM framework for incorporating more advanced parallelizable SSMs.
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A Environment and Dataset Details

For each 3D environment (i.e., Two Rooms, Four Rooms, and Ten Rooms), we generate 30K
trajectories using a scripted policy, of which 28K are used for training, 1K for validation, and 1K for
testing. For each 2D environment (i.e., Distracting Memory and Multi Doors Keys), we generate 10K
trajectories using a scripted policy, of which 8K are used for training, 1K for validation, and 1K for
testing. All reported results are obtained from the test trajectories, using the model checkpoints that
achieve the best validation loss. The image observations are of size 64×64×3 for 3D environments,
and 40×40×3 for 2D environments.

B Ablation Study

In this section, we investigate alternative architectural choices for S4WM and different cache lengths
m for TSSM-XL. We conduct these ablation studies on the Four Rooms and Ten Rooms environments.

B.1 Alternative Architectures of S4WM

S4WM-Full-Posterior. In our main experiments, we have chosen to use the factorized posterior

q(z0:T | x0:T ,a1:T ) =

T∏
t=0

q(zt | xt) (10)

for simplicity and parallel training ability. However, we note that it is possible to condition on the full
history while maintaining the parallel training ability:

q(z0:T | x0:T ,a1:T ) =

T∏
t=0

q(zt | x≤t,a≤t) . (11)

We illustrate this architecture in Figure 8. Here, we first use a CNN encoder to obtain a deterministic
embedding et for each image observation xt, and then use a stack of S4 blocks to encode the history
and compute the sufficient statistics of the posterior for all t in parallel:

q(zt |x≤t,a≤t) = MLP(ht) , h0:T , sT = S4Blocks(g0:T , s−1) , gt = MLP(concat[et,at]) .
(12)

We have defined the dummy action a0 = ∅∅∅ and the initial S4 hidden state s−1, which are both
implemented as vectors of all zeros. We note that the S4 blocks in the posterior are not shared with
those in the prior.

S4WM-No-MLP. In our implementation, each S4 block consists of two S4 layers and one MLP. We
note that the MLP is not used in the original S4 [21] for the Long Range Arena tasks [59], but is
commonly used in language modeling and audio generation [17]. Hence, we consider a model variant
without the MLP in the S4 blocks to investigate the importance of this MLP in world model learning.

Results. We report results on the non-teleport Four Rooms and Ten Rooms environments in Table 4
and Figures 9 and 10. Results on teleport environments are reported in Figures 11 and 12. We also
show a comparison of speed and memory usage in Figure 13. Our results suggest that S4WM-Full-
Posterior performs similarly as S4WM on the Four Rooms environment, and becomes better in the
more challenging Ten Rooms environment where the episode length is longer. However, it is more
computationally demanding than S4WM during training. In contrast, while S4WM-No-MLP is the
most computationally efficient, its performance is much worse than S4WM, indicating the importance
of the MLP in S4 blocks to both long-term imagination and context-dependent recall.
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Prior

Posterior

Next Step Prediction

Dec Dec

<latexit sha1_base64="w+YgWRERCXezq9db0kH/V61fM/Q=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgqiTia1lw02UF+4AmlMl00g6dTMLMRKghO7/Bra7diVt/xKV/4qTNwrYeuHA4517u4fgxZ0rb9rdVWlvf2Nwqb1d2dvf2D6qHRx0VJZLQNol4JHs+VpQzQduaaU57saQ49Dnt+pO73O8+UqlYJB70NKZeiEeCBYxgbSTXDbEe+0H6lA2cQbVm1+0Z0CpxClKDAq1B9ccdRiQJqdCEY6X6jh1rL8VSM8JpVnETRWNMJnhE+4YKHFLlpbPMGTozyhAFkTQjNJqpfy9SHCo1DX2zmWdUy14u/uf1Ex3ceikTcaKpIPNHQcKRjlBeABoySYnmU0MwkcxkRWSMJSba1LTwxQ8z04mz3MAq6VzUnev61f1lrdEs2inDCZzCOThwAw1oQgvaQCCGF3iFN+vZerc+rM/5askqbo5hAdbXLxlZmGg=</latexit>z1
<latexit sha1_base64="H1JiGi+Ap3NaNqqypeP8uQCoUxw=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlJ8LQtuuqxgH9CEMplO2qEzkzAzEWrIzm9wq2t34tYfcemfOGmzsK0HLhzOuZd7OEHMqNKO822trW9sbm2Xdsq7e/sHh5Wj446KEolJG0cskr0AKcKoIG1NNSO9WBLEA0a6weQu97uPRCoaiQc9jYnP0UjQkGKkjeR5HOlxEKZP2aA+qFSdmjODvUrcglShQGtQ+fGGEU44ERozpFTfdWLtp0hqihnJyl6iSIzwBI1I31CBOFF+Osuc2edGGdphJM0Ibc/Uvxcp4kpNeWA284xq2cvF/7x+osNbP6UiTjQReP4oTJitIzsvwB5SSbBmU0MQltRktfEYSYS1qWnhS8Az04m73MAq6dRr7nXt6v6y2mgW7ZTgFM7gAly4gQY0oQVtwBDDC7zCm/VsvVsf1ud8dc0qbk5gAdbXLxrsmGk=</latexit>z2

<latexit sha1_base64="Qxd/u7QWPL3U+yc4ah9TtIXExCw=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgqiTia1lw02UF+4AmlMl00g6dTMLMRCwhO7/Bra7diVt/xKV/4qTNwrYeuHA4517u4fgxZ0rb9rdVWlvf2Nwqb1d2dvf2D6qHRx0VJZLQNol4JHs+VpQzQduaaU57saQ49Dnt+pO73O8+UqlYJB70NKZeiEeCBYxgbSTXDbEe+0H6lA3sQbVm1+0Z0CpxClKDAq1B9ccdRiQJqdCEY6X6jh1rL8VSM8JpVnETRWNMJnhE+4YKHFLlpbPMGTozyhAFkTQjNJqpfy9SHCo1DX2zmWdUy14u/uf1Ex3ceikTcaKpIPNHQcKRjlBeABoySYnmU0MwkcxkRWSMJSba1LTwxQ8z04mz3MAq6VzUnev61f1lrdEs2inDCZzCOThwAw1oQgvaQCCGF3iFN+vZerc+rM/5askqbo5hAdbXLxSamGU=</latexit>x0

Enc

<latexit sha1_base64="f3gkhJW1rvK2gWgm7cv3Dj6kcGA=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgqiTia1lw02UF+4AmlMl00g6dTMLMRCwhO7/Bra7diVt/xKV/4qTNwrYeuHA4517u4fgxZ0rb9rdVWlvf2Nwqb1d2dvf2D6qHRx0VJZLQNol4JHs+VpQzQduaaU57saQ49Dnt+pO73O8+UqlYJB70NKZeiEeCBYxgbSTXDbEe+0H6lA2cQbVm1+0Z0CpxClKDAq1B9ccdRiQJqdCEY6X6jh1rL8VSM8JpVnETRWNMJnhE+4YKHFLlpbPMGTozyhAFkTQjNJqpfy9SHCo1DX2zmWdUy14u/uf1Ex3ceikTcaKpIPNHQcKRjlBeABoySYnmU0MwkcxkRWSMJSba1LTwxQ8z04mz3MAq6VzUnev61f1lrdEs2inDCZzCOThwAw1oQgvaQCCGF3iFN+vZerc+rM/5askqbo5hAdbXLxYtmGY=</latexit>x1

Enc

<latexit sha1_base64="zdkSR67g77XfJlzeyMlXaqNGoLM=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlJ8LQtuuqxgH9CEMplO2qEzkzAzEUvIzm9wq2t34tYfcemfOGmzsK0HLhzOuZd7OEHMqNKO822trW9sbm2Xdsq7e/sHh5Wj446KEolJG0cskr0AKcKoIG1NNSO9WBLEA0a6weQu97uPRCoaiQc9jYnP0UjQkGKkjeR5HOlxEKZP2aA+qFSdmjODvUrcglShQGtQ+fGGEU44ERozpFTfdWLtp0hqihnJyl6iSIzwBI1I31CBOFF+Osuc2edGGdphJM0Ibc/Uvxcp4kpNeWA284xq2cvF/7x+osNbP6UiTjQReP4oTJitIzsvwB5SSbBmU0MQltRktfEYSYS1qWnhS8Az04m73MAq6dRr7nXt6v6y2mgW7ZTgFM7gAly4gQY0oQVtwBDDC7zCm/VsvVsf1ud8dc0qbk5gAdbXLxfAmGc=</latexit>x2

Enc

S4 Blocks
(parallel)

<latexit sha1_base64="I4I3Ylpgbwb9jqz+uh1CKJ8LyuE=">AAAB/nicbVA9SwNBEJ2LXzF+RS1tDoNgFe7ErzJgoWUEEwPJEfY2c8mS3b1jd08IR8DfYKu1ndj6Vyz9J26SK0zig4HHezPMzAsTzrTxvG+nsLK6tr5R3Cxtbe/s7pX3D5o6ThXFBo15rFoh0ciZxIZhhmMrUUhEyPExHN5M/McnVJrF8sGMEgwE6UsWMUqMlVqdUGQ47nrdcsWrelO4y8TPSQVy1Lvln04vpqlAaSgnWrd9LzFBRpRhlOO41Ek1JoQOSR/blkoiUAfZ9N6xe2KVnhvFypY07lT9O5ERofVIhLZTEDPQi95E/M9rpya6DjImk9SgpLNFUcpdE7uT590eU0gNH1lCqGL2VpcOiCLU2IjmtoRibDPxFxNYJs2zqn9Zvbg/r9Ru83SKcATHcAo+XEEN7qAODaDA4QVe4c15dt6dD+dz1lpw8plDmIPz9Qu+1paG</latexit>e0
<latexit sha1_base64="zwPhfqPKp1+M+5fpIeVnu+tRVTg=">AAAB/nicbVA9SwNBEJ2LXzF+RS1tDoNgFe7ErzJgoWUEEwPJEfY2c8mS3b1jd08IR8DfYKu1ndj6Vyz9J26SK0zig4HHezPMzAsTzrTxvG+nsLK6tr5R3Cxtbe/s7pX3D5o6ThXFBo15rFoh0ciZxIZhhmMrUUhEyPExHN5M/McnVJrF8sGMEgwE6UsWMUqMlVqdUGQ47vrdcsWrelO4y8TPSQVy1Lvln04vpqlAaSgnWrd9LzFBRpRhlOO41Ek1JoQOSR/blkoiUAfZ9N6xe2KVnhvFypY07lT9O5ERofVIhLZTEDPQi95E/M9rpya6DjImk9SgpLNFUcpdE7uT590eU0gNH1lCqGL2VpcOiCLU2IjmtoRibDPxFxNYJs2zqn9Zvbg/r9Ru83SKcATHcAo+XEEN7qAODaDA4QVe4c15dt6dD+dz1lpw8plDmIPz9QvAaZaH</latexit>e1

<latexit sha1_base64="LQ1LJj85SedDMn/1SYc/MvrTDWg=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eABz1GMA9IljA7mU2GzMwuM7NCWBb8Bq969iZe/RWP/omTZA8msaChqOqmuyuIOdPGdb+dwtr6xuZWcbu0s7u3f1A+PGrpKFGENknEI9UJsKacSdo0zHDaiRXFIuC0HYxvp377iSrNIvloJjH1BR5KFjKCjZU6vUCkNOvX+uWKW3VnQKvEy0kFcjT65Z/eICKJoNIQjrXuem5s/BQrwwinWamXaBpjMsZD2rVUYkG1n87uzdCZVQYojJQtadBM/TuRYqH1RAS2U2Az0sveVPzP6yYmvPFTJuPEUEnmi8KEIxOh6fNowBQlhk8swUQxeysiI6wwMTaihS2ByGwm3nICq6RVq3pX1cuHi0r9Lk+nCCdwCufgwTXU4R4a0AQCHF7gFd6cZ+fd+XA+560FJ585hgU4X7/B/JaI</latexit>e2

<latexit sha1_base64="wSoXJOkvEtCu2OAW5jkCUtIQtKs=">AAACCHicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtSy40GUF+4AmlMl00g6dR5iZFEroD/gNbnXtTtz6Fy79EydtFrb1wIXDOfdyLidKGNXG876d0tr6xuZWebuys7u3f+AeHrW0TBUmTSyZVJ0IacKoIE1DDSOdRBHEI0ba0egu99tjojSV4slMEhJyNBA0phgZK/VcN4h4FoyREtIMqRhMe27Vq3kzwFXiF6QKCjR67k/QlzjlRBjMkNZd30tMmCFlKGZkWglSTRKER2hAupYKxIkOs9nnU3hmlT6MpbIjDJypfy8yxLWe8MhucmSGetnLxf+8bmri2zCjIkkNEXgeFKcMGgnzGmCfKoINm1iCsKL2V4iHSCFsbFkLKRHPO/GXG1glrYuaf127erys1u+LdsrgBJyCc+CDG1AHD6ABmgCDMXgBr+DNeXbenQ/nc75acoqbY7AA5+sXSNqarw==</latexit>??? <latexit sha1_base64="6SpVb0RqH/oZ9TyG+lM1FASZVkY=">AAAB/nicbVA9SwNBEJ2LXzF+RS1tFoNgFe7EqGXAJmUE8wHJEfY2e8mS3b1jd08Ix4G/wVZrO7H1r1j6T9wkV5jEBwOP92aYmRfEnGnjut9OYWNza3unuFva2z84PCofn7R1lChCWyTikeoGWFPOJG0ZZjjtxopiEXDaCSb3M7/zRJVmkXw005j6Ao8kCxnBxkrdfiBSnA28QbniVt050DrxclKBHM1B+ac/jEgiqDSEY617nhsbP8XKMMJpVuonmsaYTPCI9iyVWFDtp/N7M3RhlSEKI2VLGjRX/06kWGg9FYHtFNiM9ao3E//zeokJ7/yUyTgxVJLFojDhyERo9jwaMkWJ4VNLMFHM3orIGCtMjI1oaUsgMpuJt5rAOmlfVb2bau3hulJv5OkU4QzO4RI8uIU6NKAJLSDA4QVe4c15dt6dD+dz0Vpw8plTWILz9Qu6XpaE</latexit>a1
<latexit sha1_base64="b0agkeqGooSbYAg7Kh/C+zuQ5/k=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAlxwjmAckS5idzCZDZmaXmVkhLAt+g1c9exOv/opH/8RJsgeTWNBQVHXT3RXEnGnjut9OYWNza3unuFva2z84PCofn7R1lChCWyTikeoGWFPOJG0ZZjjtxopiEXDaCSb3M7/zRJVmkXw005j6Ao8kCxnBxkrdfiBSnA1qg3LFrbpzoHXi5aQCOZqD8k9/GJFEUGkIx1r3PDc2foqVYYTTrNRPNI0xmeAR7VkqsaDaT+f3ZujCKkMURsqWNGiu/p1IsdB6KgLbKbAZ61VvJv7n9RIT3vkpk3FiqCSLRWHCkYnQ7Hk0ZIoSw6eWYKKYvRWRMVaYGBvR0pZAZDYTbzWBddKuVb2b6vXDVaXeyNMpwhmcwyV4cAt1aEATWkCAwwu8wpvz7Lw7H87norXg5DOnsATn6xe78ZaF</latexit>a2

Imagination

S4 Blocks
(parallel)

<latexit sha1_base64="KEQttHw0hI5XjTM/s4kLR+427A0=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgqiTia1lw02UF+4AmlMl00g6dTMLMRKghO7/Bra7diVt/xKV/4qTNwrYeuHA4517u4fgxZ0rb9rdVWlvf2Nwqb1d2dvf2D6qHRx0VJZLQNol4JHs+VpQzQduaaU57saQ49Dnt+pO73O8+UqlYJB70NKZeiEeCBYxgbSTXDbEe+0H6lA3sQbVm1+0Z0CpxClKDAq1B9ccdRiQJqdCEY6X6jh1rL8VSM8JpVnETRWNMJnhE+4YKHFLlpbPMGTozyhAFkTQjNJqpfy9SHCo1DX2zmWdUy14u/uf1Ex3ceikTcaKpIPNHQcKRjlBeABoySYnmU0MwkcxkRWSMJSba1LTwxQ8z04mz3MAq6VzUnev61f1lrdEs2inDCZzCOThwAw1oQgvaQCCGF3iFN+vZerc+rM/5askqbo5hAdbXLxfGmGc=</latexit>z0

<latexit sha1_base64="6SpVb0RqH/oZ9TyG+lM1FASZVkY=">AAAB/nicbVA9SwNBEJ2LXzF+RS1tFoNgFe7EqGXAJmUE8wHJEfY2e8mS3b1jd08Ix4G/wVZrO7H1r1j6T9wkV5jEBwOP92aYmRfEnGnjut9OYWNza3unuFva2z84PCofn7R1lChCWyTikeoGWFPOJG0ZZjjtxopiEXDaCSb3M7/zRJVmkXw005j6Ao8kCxnBxkrdfiBSnA28QbniVt050DrxclKBHM1B+ac/jEgiqDSEY617nhsbP8XKMMJpVuonmsaYTPCI9iyVWFDtp/N7M3RhlSEKI2VLGjRX/06kWGg9FYHtFNiM9ao3E//zeokJ7/yUyTgxVJLFojDhyERo9jwaMkWJ4VNLMFHM3orIGCtMjI1oaUsgMpuJt5rAOmlfVb2bau3hulJv5OkU4QzO4RI8uIU6NKAJLSDA4QVe4c15dt6dD+dz0Vpw8plTWILz9Qu6XpaE</latexit>a1

<latexit sha1_base64="w+YgWRERCXezq9db0kH/V61fM/Q=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgqiTia1lw02UF+4AmlMl00g6dTMLMRKghO7/Bra7diVt/xKV/4qTNwrYeuHA4517u4fgxZ0rb9rdVWlvf2Nwqb1d2dvf2D6qHRx0VJZLQNol4JHs+VpQzQduaaU57saQ49Dnt+pO73O8+UqlYJB70NKZeiEeCBYxgbSTXDbEe+0H6lA2cQbVm1+0Z0CpxClKDAq1B9ccdRiQJqdCEY6X6jh1rL8VSM8JpVnETRWNMJnhE+4YKHFLlpbPMGTozyhAFkTQjNJqpfy9SHCo1DX2zmWdUy14u/uf1Ex3ceikTcaKpIPNHQcKRjlBeABoySYnmU0MwkcxkRWSMJSba1LTwxQ8z04mz3MAq6VzUnev61f1lrdEs2inDCZzCOThwAw1oQgvaQCCGF3iFN+vZerc+rM/5askqbo5hAdbXLxlZmGg=</latexit>z1

<latexit sha1_base64="b0agkeqGooSbYAg7Kh/C+zuQ5/k=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAlxwjmAckS5idzCZDZmaXmVkhLAt+g1c9exOv/opH/8RJsgeTWNBQVHXT3RXEnGnjut9OYWNza3unuFva2z84PCofn7R1lChCWyTikeoGWFPOJG0ZZjjtxopiEXDaCSb3M7/zRJVmkXw005j6Ao8kCxnBxkrdfiBSnA1qg3LFrbpzoHXi5aQCOZqD8k9/GJFEUGkIx1r3PDc2foqVYYTTrNRPNI0xmeAR7VkqsaDaT+f3ZujCKkMURsqWNGiu/p1IsdB6KgLbKbAZ61VvJv7n9RIT3vkpk3FiqCSLRWHCkYnQ7Hk0ZIoSw6eWYKKYvRWRMVaYGBvR0pZAZDYTbzWBddKuVb2b6vXDVaXeyNMpwhmcwyV4cAt1aEATWkCAwwu8wpvz7Lw7H87norXg5DOnsATn6xe78ZaF</latexit>a2

<latexit sha1_base64="KapMaI96kRGFGT+SfbxHhGKJ1aw=">AAACCnicbVDLSsNAFJ34rPUV69LNYBFclaT4WhbcdFnBPqAJZTKdtENnJmFmIi0hf+A3uNW1O3HrT7j0T5y0WdjWAxcO59zLPZwgZlRpx/m2Nja3tnd2S3vl/YPDo2P7pNJRUSIxaeOIRbIXIEUYFaStqWakF0uCeMBIN5jc5373iUhFI/GoZzHxORoJGlKMtJEGdsUbI516HOlxEKbTLBvUB3bVqTlzwHXiFqQKCrQG9o83jHDCidCYIaX6rhNrP0VSU8xIVvYSRWKEJ2hE+oYKxIny03n2DF4YZQjDSJoRGs7Vvxcp4krNeGA285Bq1cvF/7x+osM7P6UiTjQRePEoTBjUEcyLgEMqCdZsZgjCkpqsEI+RRFibupa+BDwznbirDayTTr3m3tSuH66qjWbRTgmcgXNwCVxwCxqgCVqgDTCYghfwCt6sZ+vd+rA+F6sbVnFzCpZgff0Cnp+bZQ==</latexit>

x̂2

<latexit sha1_base64="TbG72gf4VxuSjhZcARww/DUdv5g=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAlxwjmAckS5idzCZDZmaXmVkhLAt+g1c9exOv/opH/8RJsgeTWNBQVHXT3RXEnGnjut9OYWNza3unuFva2z84PCofn7R1lChCWyTikeoGWFPOJG0ZZjjtxopiEXDaCSb3M7/zRJVmkXw005j6Ao8kCxnBxkrdfiDScTaoDcoVt+rOgdaJl5MK5GgOyj/9YUQSQaUhHGvd89zY+ClWhhFOs1I/0TTGZIJHtGepxIJqP53fm6ELqwxRGClb0qC5+ncixULrqQhsp8BmrFe9mfif10tMeOenTMaJoZIsFoUJRyZCs+fRkClKDJ9agoli9lZExlhhYmxES1sCkdlMvNUE1km7VvVuqtcPV5V6I0+nCGdwDpfgwS3UoQFNaAEBDi/wCm/Os/PufDifi9aCk8+cwhKcr1/HC5aM</latexit>

h2

S4 Blocks
(single step)

<latexit sha1_base64="A8CtgrlMRAP/yrC/syhV+lWzoBY=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKez6Pga85BjBPCBZwuxkNhkyM7vMzAphWfAbvOrZm3j1Vzz6J06SPZjEgoaiqpvuriDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6f+u0nqjSL5KOZxNQXeChZyAg2Vur0ApHirH/ZL1fcqjsDWiVeTiqQo9Ev//QGEUkElYZwrHXXc2Pjp1gZRjjNSr1E0xiTMR7SrqUSC6r9dHZvhs6sMkBhpGxJg2bq34kUC60nIrCdApuRXvam4n9eNzHhnZ8yGSeGSjJfFCYcmQhNn0cDpigxfGIJJorZWxEZYYWJsREtbAlEZjPxlhNYJa2LqndTvX64qtTqeTpFOIFTOAcPbqEGdWhAEwhweIFXeHOenXfnw/mctxacfOYYFuB8/QK9hJaG</latexit>a3

<latexit sha1_base64="Cg/wlMY/lGvfOE7IwyS/Og6AGgw=">AAACCnicbVDLSsNAFJ34rPUV69LNYBFclcT3suCmywr2AU0ok+mkHTozCTMTaQn5A7/Bra7diVt/wqV/4qTNwrYeuHA4517u4QQxo0o7zre1tr6xubVd2inv7u0fHNpHlbaKEolJC0cskt0AKcKoIC1NNSPdWBLEA0Y6wfg+9ztPRCoaiUc9jYnP0VDQkGKkjdS3K94I6dTjSI+CMJ1kWf+yb1edmjMDXCVuQaqgQLNv/3iDCCecCI0ZUqrnOrH2UyQ1xYxkZS9RJEZ4jIakZ6hAnCg/nWXP4JlRBjCMpBmh4Uz9e5EirtSUB2YzD6mWvVz8z+slOrzzUyriRBOB54/ChEEdwbwIOKCSYM2mhiAsqckK8QhJhLWpa+FLwDPTibvcwCppX9Tcm9r1w1W13ijaKYETcArOgQtuQR00QBO0AAYT8AJewZv1bL1bH9bnfHXNKm6OwQKsr1+gMptm</latexit>

x̂3

<latexit sha1_base64="PfoXXizuw22XOw4Nt2Kg+j4ltjE=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKez6Pga85BjBPCBZwuxkNhkyM7vMzAphWfAbvOrZm3j1Vzz6J06SPZjEgoaiqpvuriDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6f+u0nqjSL5KOZxNQXeChZyAg2Vur0ApGOsv5lv1xxq+4MaJV4OalAjka//NMbRCQRVBrCsdZdz42Nn2JlGOE0K/USTWNMxnhIu5ZKLKj209m9GTqzygCFkbIlDZqpfydSLLSeiMB2CmxGetmbiv953cSEd37KZJwYKsl8UZhwZCI0fR4NmKLE8IklmChmb0VkhBUmxka0sCUQmc3EW05glbQuqt5N9frhqlKr5+kU4QRO4Rw8uIUa1KEBTSDA4QVe4c15dt6dD+dz3lpw8pljWIDz9QvInpaN</latexit>

h3

S4 Blocks
(single step)

<latexit sha1_base64="rqUKgmMVy/vgnTc2+k3ZeJQy2r4=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKexKfBwDXnKMYB6QLGF2MpsMmZldZmaFsCz4DV717E28+ise/RMnyR5MYkFDUdVNd1cQc6aN6347hY3Nre2d4m5pb//g8Kh8fNLWUaIIbZGIR6obYE05k7RlmOG0GyuKRcBpJ5jcz/zOE1WaRfLRTGPqCzySLGQEGyt1+4FIcTaoDcoVt+rOgdaJl5MK5GgOyj/9YUQSQaUhHGvd89zY+ClWhhFOs1I/0TTGZIJHtGepxIJqP53fm6ELqwxRGClb0qC5+ncixULrqQhsp8BmrFe9mfif10tMeOenTMaJoZIsFoUJRyZCs+fRkClKDJ9agoli9lZExlhhYmxES1sCkdlMvNUE1kn7qurdVK8fapV6I0+nCGdwDpfgwS3UoQFNaAEBDi/wCm/Os/PufDifi9aCk8+cwhKcr1+/F5aH</latexit>a4
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Figure 8: Architecture of S4WM-Full-Posterior. It maintains the parallel training ability while computing the
posterior from the full history. ∅∅∅ denotes dummy actions.

Table 4: Comparison of alternative S4WM architectures on long-term imagination. Each environment is
labeled with (context steps | query steps). S4WM-Full-Posterior is comparable to S4WM on the Four Rooms
environment, but is better on the more challenging Ten Rooms environment. In contrast, S4WM-No-MLP
performs much worse, suggesting the importance of the MLP in the S4 blocks to long-term imagination.

Four Rooms (501 | 500) Ten Rooms (1101 | 900)

Recon.
MSE (↓)

Gen.
MSE (↓)

Recon.
MSE (↓)

Gen.
MSE (↓)

S4WM 1.7 44.0 1.8 224.4
S4WM-Full-Posterior 1.7 38.0 2.0 171.1
S4WM-No-MLP 2.3 68.6 2.5 277.0
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Figure 9: Generation MSE per imagination step of alternative S4WM architectures. Each environment is labeled
with (context steps | query steps). S4WM-Full-Posterior performs the best as imagination horizon increases.

Figure 10: Long-term imagination from alternative S4WM architectures in the Four Rooms environment.
S4WM and S4WM-Full-Posterior have similar imagination quality in this environment, while S4WM-No-MLP
makes more mistakes in wall colors and object positions.
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Figure 11: Comparison of alternative S4WM architectures on context-dependent recall in teleport environments.
Each environment is labeled with (context steps | query steps). We provide up to 20 observations after the
teleport as additional contexts. S4WM-Full-Posterior performs similarly as S4WM when the context phase is
short, and becomes better when the context phase is longer. S4WM-No-MLP performs the worst, suggesting the
importance of the MLP in the S4 blocks to context-dependent recall.

Figure 12: Context-dependent recall from alternative S4WM architectures in the Four Rooms teleport environ-
ment. 20 observations after the teleport are provided as additional contexts. S4WM and S4WM-Full-Posterior
perform similarly in this environment, while S4WM-No-MLP makes more mistakes in wall colors and object
positions.
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Figure 13: Comparison of speed and memory usage for alternative S4WM architectures. S4WM-Full-Posterior
is more computationally demanding than S4WM during training, while S4WM-No-MLP is the most efficient.
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Table 5: Comparison of TSSM-XL with different cache lengths m on long-term imagination. Each environment
is labeled with (context steps | query steps). Larger cache lengths show better generation quality, at the cost of
more computation.

Four Rooms (501 | 500) Ten Rooms (1101 | 900)

Recon.
MSE (↓)

Gen.
MSE (↓)

Recon.
MSE (↓)

Gen.
MSE (↓)

TSSM-XL (m = 128) 2.4 224.4 2.6 360.4
TSSM-XL (m = 256) 2.4 124.4 2.5 295.1
TSSM-XL (m = 512) 2.4 38.4 2.5 277.6
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Figure 14: Generation MSE per imagination step of TSSM-XL with different cache lengths m. Each envi-
ronment is labeled with (context steps | query steps). Increasing the cache length helps improving long-term
imagination.

Figure 15: Long-term imagination from TSSM-XL with different cache lengths m in the Four Rooms environ-
ment. TSSM-XL (m = 512) works well in this environment and is comparable to S4WM, while TSSM-XL
(m = 128) and TSSM-XL (m = 256) make many mistakes.
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Figure 16: Comparison of TSSM-XL with different cache lengths m on context-dependent recall in teleport
environments. Each environment is labeled with (context steps | query steps). We provide up to 20 observations
after the teleport as additional contexts. Increasing the cache length improves context-dependent recall. With a
sufficiently large cache length, TSSM-XL without observing additional contexts can outperform S4WM.

Figure 17: Context-dependent recall from TSSM-XL with different cache lengths m in the Four Rooms teleport
environment. 20 observations after the teleport are provided as additional contexts. TSSM-XL (m = 256) and
TSSM-XL (m = 512) perform similarly in this environment, and are both better than TSSM-XL (m = 128).

B.2 Cache Length of TSSM-XL

In our main experiments, we have used the cache length m = 128 for TSSM-XL, because it is close
to S4WM in terms of computational cost. Here we provide a more thorough investigation with larger
cache lengths.

We report results on the non-teleport Four Rooms and Ten Rooms environments in Table 5 and Fig-
ures 14 and 15. Results on teleport environments are reported in Figures 16 and 17. We find that
increasing the cache length generally improves generation quality, at the cost of slower training and
imagination speed. Notably, TSSM-XL with m = 512 shows better context-dependent recall than
S4WM on the Ten Rooms teleport environment, consistent with the findings in previous work [24, 15]
that Transformers are better than S4 at performing context-dependent operations.
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C Additional Experiment Figures

Figure 18: Context-dependent recall in the teleport environments. 20 observations after the teleport are provided
as additional contexts. TSSM-XL and S4WM perform similarly in the Two Rooms environment, while only
S4WM is able to maintain good recall quality in the Four Rooms environment.

Figure 19: Imagination in the Multi Doors Keys environment with seven keys.

D Offline Probing on Memory Maze

Pašukonis et al. [50] recently proposed the Memory Maze offline probing benchmark for evaluating
the representation learning ability of world models. For completeness, we report the benchmark
results in Table 6. Our implementation is based on the newer DreamerV3 [31], and the results of
RSSM-TBTT are slightly better than reported in the original Memory Maze paper.

For RSSM-TBTT, TSSM-XL, and S4WM, we use concat[ht, zt] as the input to the probing network,
where ht is the output of the final Transformer/S4 block for TSSM-XL and S4WM. The probing
network is an MLP with 4 hidden layers, each consisting of 1024 hidden units and followed by layer
normalization [1] and SiLU [53] nonlinearity.

Table 6: Memory Maze offline probing benchmark results.

Memory 9×9
Walls (Acc. ↑)

Memory 15×15
Walls (Acc. ↑)

Memory 9×9
Objects (MSE ↓)

Memory 15×15
Objects (MSE ↓)

Constant Baseline 80.8% 78.3% 23.9 64.8

RSSM-TBTT 95.0% 81.7% 5.4 32.6
TSSM-XL 86.4% 79.8% 10.2 35.1
S4WM 88.4% 80.2% 8.9 34.8
S5WM 98.3% 81.8% 1.8 25.3
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Both TSSM-XL and S4WM underperform RSSM-TBTT. We conjecture that this is because in
RSSM-TBTT, ht captures more global information, while in TSSM-XL and S4WM, ht captures
more local information for each t.

Comparing RSSM-TBTT and S4WM, we find that the S4 hidden state st plays a similar role as the
ht in RSSM-TBTT by carrying over information from previous time steps. Therefore, we conjecture
that st will capture more global information and concat[st, zt] can be a more suitable embedding
for probing. However, the S4 hidden state st has a much higher (typically 64×) dimension than ht,
making the above solution impractical.

Fortunately, S4WM is a general framework that works with many S4 variants. In particular, S5 [57]
uses a hidden state st that is of similar dimension as ht. Hence, we replace the S4 layers in S4WM
with S5 layers, and call this model S5WM. We extract the S5 hidden state of the last S5 layer in each
S5 block, and concatenate them with zt to form the input to the probing network. Our results show
that this model outperforms RSSM-TBTT by a large margin on the 9×9 maze. Nevertheless, the
larger 15×15 maze remains challenging for all models.

E Skill-Level Model-Predictive Control

To show the potential of S4WM for planning, we consider a skill-level Model-Predictive Control
(MPC) agent, with predefined skills and an offline-trained world model. Specifically, we consider the
Multi Doors Keys environments. The predefined skills are (1) picking up a key at a specific position,
and (2) going to a door at a specific position and attempting to unlock it. The agent will return to
its starting position at the end of each skill. The task is to unlock a door specified by a goal image,
which shows the door in unlocked state (see Figure 20 for an illustration). The agent is allowed to
execute two skills: pick up one key and then attempt to unlock one door. Hence, planning has two
stages. First, the agent enumerates all allowed skill sequences (of length 2), and uses the world model
to predict which skill sequence is most likely to unlock the correct door. Then the agent executes the
first skill in the environment and replans. We show the success rate of RSSM-TBTT, TSSM-XL, and
S4WM in Table 7. The MPC agent equipped with S4WM is able to unlock every door in all three
environments, while RSSM-TBTT and TSSM-XL succeed roughly half of the time.

Figure 20: Illustration of the task solved by the skill-level MPC agent. The task is to unlock the door specified
by the goal image on the left. The agent is allowed to execute two skills: pick up one key and then attempt to
unlock one door. We use MPC to plan the optimal skill sequence with the offline-trained world model.

Table 7: Success rate of skill-level MPC agents in the Multi Doors Keys environments.

Three Keys Five Keys Seven Keys

RSSM-TBTT 0% 60% 42.86%
TSSM-XL 100% 40% 57.14%
S4WM 100% 100% 100%
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Table 8: Comparison of generation quality on DMLab following TECO evaluation protocol.

DMLab

PSNR (↑) SSIM (↑) LPIPS (↓) #Params

CW-VAE [55] 12.6 0.372 0.465 111M
Latent FDM [32] 17.8 0.588 0.222 31M
S4WM 20.6 0.667 0.196 41M
TECO [67] 21.9 0.703 0.157 169M

Table 9: Evaluation of long-term imagination. Each environment is labeled with (context steps | query steps).

Two Rooms (301 | 200) Four Rooms (501 | 500) Ten Rooms (1101 | 900)

Recon.
MSE (↓)

Gen.
MSE (↓)

Recon.
MSE (↓)

Gen.
MSE (↓)

Recon.
MSE (↓)

Gen.
MSE (↓)

S4WM 1.8 27.3 1.7 44.0 1.8 224.4
S5WM 1.5 10.6 1.3 19.2 1.3 159.2

F Comparison with TECO

We provide a quantitative comparison with TECO [67] and relevant baselines in Table 8. This
comparison is done on DMLab following the TECO evaluation protocol. TECO and other baselines
use a pretrained VQGAN [13] encoder/decoder, while S4WM uses a jointly trained simple CNN
encoder/decoder (see Appendix J and Table 10 for architecture details and hyperparameters). S4WM
significantly outperforms Clockwork VAE [55] and Latent FDM [32] (a diffusion-based model), and
is close to TECO despite having much fewer parameters.

G Additional Results of Instantiating S4WM with S5

We show a comparison of long-term imagination quality between S4WM and S5WM in Table 9,
where S5WM is our instantiation of S4WM with the S5 model. S5WM demonstrates even better
imagination quality than S4WM, showing the potential of our general framework for incorporating
more advanced parallelizable SSMs.

H Extended Background

In this section, we briefly introduce RSSM and TSSM for completeness. We denote the sequence of
observations and actions as (x0,a1,x1,a2,x2, . . . ,aT ,xT ). Namely, the agent takes action at+1

after observing xt, and receives the next observation xt+1. We omit the reward for simplicity.

H.1 RSSM

RSSM [28] models the observations and state transitions through the following generative process:

p(x0:T | a1:T ) =

∫ T∏
t=0

p(xt | z≤t,a≤t) p(zt | z<t,a≤t) dz0:T , (13)

where z0:T are the stochastic latent states. The approximate posterior is defined as:

q(z0:T | x0:T ,a1:T ) =

T∏
t=0

q(zt | z<t,a≤t,xt) . (14)

The conditioning on previous states z<t and actions a≤t appears multiple times. RSSM uses a shared
GRU [7] to compress z<t and a≤t into a deterministic encoding ht:

ht = GRU(ht−1,MLP(concat[zt−1,at])) . (15)
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This is then used to compute the sufficient statistics of the prior, likelihood, and posterior:

p(zt | z<t,a≤t) = MLP(ht) , (16)
p(xt | z≤t,a≤t) = N (x̂t,1) , x̂t = Decoder(concat[ht, zt]) , (17)

q(zt | z<t,a≤t,xt) = MLP(concat[ht, et]) , et = Encoder(xt) . (18)

The training objective is to maximize the evidence lower bound (ELBO):

log p(x0:T |a1:T ) ≥ Eq

[
T∑

t=0

log p(xt |z≤t,a≤t)− LKL

(
q(zt |z<t,a≤t,xt), p(zt |z<t,a≤t)

)]
.

(19)

H.2 TSSM

Our implementation of TSSM [5] uses the same generative process, approximate posterior, and
training objective as S4WM. For convenience, we repeat them below. The generative process is:

p(x1:T | x0,a1:T ) =

∫
p(z0 | x0)

T∏
t=1

p(xt | z≤t,a≤t) p(zt | z<t,a≤t) dz0:T , (20)

where z0:T are the stochastic latent states. The approximate posterior is defined as:

q(z0:T | x0:T ,a1:T ) =

T∏
t=0

q(zt | xt) , where q(z0 | x0) = p(z0 | x0) . (21)

The training objective is to maximize the evidence lower bound (ELBO):

log p(x1:T |x0,a1:T ) ≥ Eq

[
T∑

t=1

log p(xt |z≤t,a≤t)− LKL

(
q(zt |xt), p(zt |z<t,a≤t)

)]
. (22)

The main difference from S4WM is that in TSSM the prior p(zt | z<t,a≤t) is computed by a stack
of Transformer [61] blocks. Specifically, the Transformer blocks output an embedding vector ht

through self-attention over the history:

ht = TransformerBlocks(g1:t) , gt = MLP(concat[zt−1,at]) . (23)

The ht is then used for predicting the next latent state zt and decoding the latent state into image x̂t:

p(zt | z<t,a≤t) = MLP(ht) , x̂t = Decoder(concat[ht, zt]) . (24)

I Speed and Memory Usage Evaluation Details

All results in Figure 3 are obtained on a single NVIDIA RTX A6000 GPU. We make sure that the
models have comparable number of parameters. For training, we use a batch size of 8, sequence
length of 1000, and image size of 64×64. We report the number of episodes per second processed by
each model, averaged over 100 batches, and also the peak memory usage. For imagination, we use
a batch size of 64, context length of 500, generation length of 500, and image size of 64×64. We
report the number of frames per second, averaged over 8 batches.

J Implementation Details and Hyperparameters

We base our implementation on the publicly available code of S4 [21] and DreamerV3 [31]. We
provide the hyperparameters used for 3D and 2D environments in Tables 10 and 11 respectively.
For 3D environments, we largely follow the hyperparameters used in Memory Maze [50]. For 2D
environments, we follow the architecture of DreamerV3-S. We use a linear warmup (1000 gradient
steps) and cosine anneal learning rate schedule for S4WM. Figure 21 shows the detailed architecture
of an S4 block. For TSSM-XL and RSSM-TBTT, we use constant learning rates following the
original papers. To ensure a fair comparison, all models use the same CNN encoder and decoder,
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with convolutional and transposed convolutional layers of kernel size 4 and stride 2, layer normaliza-
tion [1], and SiLU [53] nonlinearity. The latent states z0:T are vectors of categorical variables [30]
optimized by straight-through gradients [3]. To facilitate stable training, we parameterize the cate-
gorical distributions as mixtures of 1% uniform and 99% neural network output [31]. We use KL
balancing [30] to scale the gradient of the KL loss LKL(q, p) with respect to the posterior q and prior
p:

LKL(q, p) = α·KL[stop_grad(q) ∥ p] + (1− α)·KL[q ∥ stop_grad(p)] . (25)
Here, stop_grad denotes the stop-gradient operator, and we set α = 0.8 to put more emphasis on
learning the prior toward the posterior than the other way around.

K Broader Impact

The proposed S4WM and other world models investigated in this paper are fundamentally deep gener-
ative models. Therefore, they inherit the potential negative social impacts that deep generative models
may have, such as generating fake images and videos that can contribute to digital misinformation
and deception. Caution must be exercised in the application of these models, adhering to ethical
guidelines and regulations to mitigate the risks.
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Figure 21: Detailed architecture of an S4 block.
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Table 10: Hyperparameters for 3D environments.

S4WM TSSM-XL RSSM-TBTT

Training

Optimizer AdamW AdamW AdamW
Batch size 8 8 32
Epochs 57 57 57
Learning rate 1× 10−3 1× 10−4 3× 10−4

Weight decay 1× 10−2 1× 10−2 1× 10−2

Gradient clipping 1000 1000 200
TBTT steps – – 48

Model

Stochastic discrete latent size 32× 32 32× 32 32× 32
History encoding blocks 6 12 1
History encoding dmodel 512 512 2048
History encoding dff 2048 512 –
History encoding cache length m – 128 / 256 / 512 –
CNN layers 4 4 4
CNN multiplier 48 48 48
MLP hidden units 1000 1000 1000
Total parameters 41.1 M 43.8 M 54.1 M

Objective

KL balancing α 0.8 0.8 0.8

Table 11: Hyperparameters for 2D environments.

S4WM TSSM-XL RSSM-TBTT

Training

Optimizer AdamW AdamW AdamW
Batch size 8 8 32
Epochs 100 100 100
Learning rate 1× 10−3 1× 10−4 3× 10−4

Weight decay 1× 10−2 1× 10−2 1× 10−2

Gradient clipping 1000 1000 200
TBTT steps – – 50

Model

Stochastic discrete latent size 32× 32 32× 32 32× 32
History encoding blocks 6 10 1
History encoding dmodel 512 512 2048
History encoding dff 2048 512 –
History encoding cache length m – 128 –
CNN layers 3 3 3
CNN multiplier 32 32 32
MLP hidden units 512 512 512
Total parameters 28.1 M 27.1 M 31.2 M

Objective

KL balancing α 0.8 0.8 0.8

27
6414372930 https://doi.org/10.52202/075280-3188




