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Fig. 1: Given past 3D occupancy observations, our self-supervised OccWorld can
forecast future scene evolutions and ego movements jointly. This task requires a spatial
understanding of the 3D scene and temporal modeling of how driving scenarios develop.
We observe that OccWorld successfully forecasts the movements of surrounding agents
and future map elements such as drivable areas. OccWorld even generates more rea-
sonable drivable areas than the ground truth, demonstrating its ability to understand
the scene rather than memorizing training data.

Abstract. Understanding how the 3D scene evolves is vital for making
decisions in autonomous driving. Most existing methods achieve this by
predicting the movements of object boxes, which cannot capture more
fine-grained scene information. In this paper, we explore a new frame-
work of learning a world model, OccWorld, in the 3D occupancy space to
simultaneously predict the movement of the ego car and the evolution of
the surrounding scenes. We propose to learn a world model based on 3D
occupancy rather than 3D bounding boxes and segmentation maps for
three reasons: 1) expressiveness. 3D occupancy can describe the more
fine-grained 3D structure of the scene; 2) efficiency. 3D occupancy is
more economical to obtain (e.g., from sparse LiDAR points). 3) versa-
tility. 3D occupancy can adapt to both vision and LiDAR. To facilitate
the modeling of the world evolution, we learn a reconstruction-based
scene tokenizer on the 3D occupancy to obtain discrete scene tokens

∗ Equal contributions.
† Corresponding author.
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to describe the surrounding scenes. We then adopt a GPT-like spatial-
temporal generative transformer to generate subsequent scene and ego
tokens to decode the future occupancy and ego trajectory. Extensive ex-
periments on nuScenes demonstrate the ability of OccWorld to effectively
model the driving scene evolutions. OccWorld also produces competi-
tive planning results without using instance and map supervision. Code:
https://github.com/wzzheng/OccWorld.

1 Introduction

Autonomous driving has been widely explored in recent years and demonstrated
promising results in various scenarios [21,58,67,71]. While LiDAR-based models
typically show strong performance and robustness in 3D perception due to its
capture of structural information [7,36,52,62,63], the more hardware-economical
vision-centric solutions have dramatically caught up with the increased percep-
tion ability of deep networks [19,33,34,43,45].

Forecasting future scene evolutions is important to the safety of autonomous
driving vehicles. Most existing methods follow a conventional pipeline of percep-
tion, prediction, and planning [17, 18, 26]. Perception aims to obtain a semantic
understanding of the surrounding scene such as 3D object detection [19,33,34,65]
and semantic map construction [31,35,37,68]. The subsequent prediction module
captures the motion of other traffic participants [11,14,25,68], and the planning
module then makes decisions based on previous outputs [17,18,26,46]. However,
this serial design usually requires ground-truth labels at each stage of training,
yet the instance-level bounding boxes and high-definition maps are difficult to
annotate. Furthermore, they usually only predict the motion of object bounding
boxes, failing to capture more fine-grained information about the 3D scene.

In this paper, we explore a new paradigm to simultaneously predict the evo-
lution of the surrounding scene and plan the future trajectory of the self-driving
vehicle. We propose OccWorld, a world model in the 3D semantic occupancy
space, to model the development of the driving scenes. We adopt 3D semantic
occupancy as the scene representation over the conventional 3D bounding boxes
and segmentation maps, which can describe the more fine-grained 3D structure
of the scene. Moreover, 3D occupancy can be effectively learned from sparse Li-
DAR points [21], and thus is a potentially more economical way to describe the
surrounding scenes. Given the 3D semantic occupancy representation of the cur-
rent scene, OccWorld aims to predict how it evolves as the self-driving vehicle
advances. To achieve this, we first employ a vector-quantized variational au-
toencoder (VQVAE) [42] to refine high-level concepts and obtain discrete scene
tokens in a self-supervised manner. We then tailor the generative pre-training
transformers (GPT) [2] architecture and propose a spatial-temporal generative
transformer to predict the subsequent scene tokens and ego tokens to forecast the
future occupancy and ego trajectory, respectively. We first perform spatial mix-
ing to aggregate scene tokens and obtain multi-scale tokens to represent scenes
at multiple levels. We then apply temporal attention to tokens at different levels
to predict tokens for the next frame and use a U-net structure to integrate them.

https://github.com/wzzheng/OccWorld
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Finally, we use the trained VQVAE decoder to transform scene tokens to the
occupancy space and learn a trajectory decoder to obtain ego planning results.

To demonstrate the effectiveness of OccWorld, we formulate a challenging
task of 4D occupancy forecasting, which aims to predict the 3D occupancy of
the following frames given a few past frames. Our OccWorld can effectively fore-
cast future evolutions including moving agents and static elements as shown
in Figure 1, and achieves an average IoU of 26.63 and mIoU of 17.13 for 3s
future given 2s history, OccWorld can also produce planning trajectories with
an L2 error of 1.17 and a collision rate of 0.60% without using any instance and
map annotations. Combined with self-supervised 3D occupancy learned from im-
ages [20], OccWorld achieves non-trivial 4D occupancy forecasting and planning
results without any human-annotated labels, paving the way for scaling to large
interpretable end-to-end autonomous driving models.

2 Related Work

3D Occupancy Prediction: 3D occupancy prediction aims to predict whether
each voxel in the 3D space is occupied and its semantic label if occupied [21,
22, 53, 54, 57, 58, 69, 72]. Early methods exploited LiDAR as inputs to complete
the 3D occupancy of the entire 3D scene [6, 30, 47, 60]. Recent methods began
to explore the more challenging vision-based 3D occupancy prediction [4, 21] or
applying vision backbones to efficiently perform LiDAR-based 3D occupancy pre-
diction [72]. 3D occupancy provides more comprehensive descriptions of the sur-
rounding scene and includes both dynamic and static elements [21,58,72]. It can
also be efficiently learned from sparse accumulated multiple LiDAR scans [58],
LiDAR [21], or video sequences [5]. However, existing methods only focus on
obtaining the 3D semantic occupancy and ignore its temporal evolution, which
is vital to the safety of autonomous driving. In this paper, we explore the task
of 4D occupancy forecasting and propose a 3D occupancy world model to for it.

World Models for Autonomous Driving: World models have a long
history in control engineering and artificial intelligence [50], which are usually
defined as producing the next scene observation given action and past observa-
tions [12]. The development of deep neural networks [13,49,51] promoted the use
of deep generative models [10, 29] as world models. Based on large pre-trained
image generative models like StableDiffusion [48], recent methods [9,15,32,56,61]
can generate realistic driving sequences of diverse scenarios. However, they pro-
duce future observations in the 2D image space, lacking understanding of the 3D
surrounding scene. Some other methods explore forecasting point clouds using
unannotated LiDAR scans [27, 28, 41, 59], which ignore the semantic informa-
tion and cannot be applied to vision-based or fusion-based autonomous driving.
Considering this, we explore a world model in the 3D occupancy space to more
comprehensively model the 3D scene evolution.

End-to-End Autonomous Driving: The ultimate goal of autonomous
driving is to obtain controlling signals based on observations of the surround-
ing scenes. Recent methods follow this concept to output planning results for
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the ego car given sensor inputs [17, 18, 26, 54, 64]. Most of them follow a con-
ventional pipeline of perception [21, 33, 34, 58, 67], prediction [11, 14, 38, 68], and
planning [23, 24, 55, 70]. They usually first perform BEV perception to extract
relevant information (e.g., 3D agent boxes, semantic maps, tracklets) and then
exploit them to infer future trajectories of agents and the ego vehicle. The fol-
lowing methods incorporated more data [64] or extracted more intermediate
features [17,18,26] to provide more information for the planner, which achieved
remarkable performance. Most methods only model object motions and cannot
capture the fine-grained structural and semantic information of the surround-
ings [11, 14, 25, 26, 68]. Differently, we propose a world model to predict the
evolution of both the surrounding dynamic and static elements.

3 Proposed Approach

3.1 World Model for Autonomous Driving

Autonomous driving aims to automatically steer a vehicle to fully prevent or
partially reduce actions from human drivers [18]. Formally, the objective of au-
tonomous driving is to obtain the control commands cT (e.g., throttle, steer,
break) for the present time stamp T given the sensor inputs {sT , sT−1, · · · , sT−t}
from the current and past t frames.

As the mapping from trajectories to control signals is highly dependent on
the vehicle specifications and status, the literature usually assumes a given sat-
isfactory controller and focuses on trajectory planning. An autonomous driving
model A then takes input as the sensor inputs and ego trajectory from the past
T frames and predicts the ego trajectory of future f frames:

A({sT , sT−1, · · · , sT−t}, {pT ,pT−1, · · · ,pT−t})
={pT+1,pT+2, · · · ,pT+f},

(1)

where pt denotes the 3D ego position at the t-th time.
The conventional pipeline usually follows a design of perception, prediction,

and planning [17, 18, 26]. The perception module per perceives the surrounding
scenes and extracts high-level information z from the input sensor data s. The
prediction module pre then integrates the high-level information z to predict the
future trajectory ti of each agent in the scene. The planning module pla finally
processes the perception and prediction results {z, {ti}} to plan the motion of
the ego vehicle. The conventional pipeline can be formulated as:

pla(per({sT , · · · , sT−t}), pre(per({sT , · · · , T−t})))
={pT+1,pT+2, · · · ,pT+f}.

(2)

Despite the promising performance of this framework [17, 18, 26], it usually
requires labels at each stage, which can be laborious to annotate. It only considers
object-level movement and fails to model more fine-grained evolutions.
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Fig. 2: Framework of our OccWorld for 4D semantic occupancy forecasting
and motion planning. We adopt a GPT-like generative architecture to predict the
next scene from previous scenes in an autoregressive manner. We adapt GPT [2] to the
autonomous driving scenario with two key designs: 1) We train a 3D occupancy scene
tokenizer to produce discrete high-level representations of the 3D scene; 2) We perform
spatial mixing before and after spatial-wise temporal causal self-attention to efficiently
produce globally consistent scene predictions. We use ground-truth and predicted scene
tokens as inputs for future generations for training and inference, respectively.

Motivated by this, we explore a new world-model-based autonomous driv-
ing paradigm to comprehensively model the evolution of the surrounding scenes
and the ego movements. Inspired by the success of generative pre-training trans-
formers (GPT) [2] in natural language processing (NLP), we propose an auto-
regressive generative modeling framework for autonomous driving scenarios. We
define a world model w to act on scene representations y and be able to predict
future scenes. Formally, we formulate the function of a world model w as follows:

w({yT , · · · ,yT−t}, {pT , · · · ,pT−t}) = yT+1,pT+1. (3)

Having obtained the predicted scene yT+1 and the ego position pT+1, we add
them to the input and predict the next frame in an auto-regressive manner, as
shown in Fig. 2. The world model w captures the joint distribution of the scene
evolution and the ego movement, considering their high-order interactions.

3.2 3D Occupancy Scene Tokenizer

As the world model w operates on the scene representation y, the choice of y is
vital to w. We select the 3D scene representation y based on three principles: 1)
expressiveness. It should be able to comprehensively contain the 3D structural
and semantic information of the 3D scene; 2) efficiency. It should be econom-
ical to learn (e.g., from weak supervision or self-supervision); 3) versatility. It
should be able to adapt to both vision and LiDAR modalities.
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Considering these principles, we propose to adopt 3D occupancy as the 3D
scene representation y ∈ RH×W×D. 3D occupancy partitions the surrounding
3D space into H ×W ×D voxels and assigns each voxel with a label l denoting
whether it is occupied and which material it is occupied with. 3D occupancy
provides a dense representation of the 3D scene and can describe both the 3D
structural and semantic information of the scene. It can be effectively learned
from sparse LiDAR annotations [21] or potentially from self-supervision of tem-
poral frames [20]. 3D occupancy is also modality-agnostic and can be obtained
from monocular camera [4], surrounding cameras [21,54,58], or LiDAR [72].

Despite its comprehensiveness, 3D occupancy only provides a low-level under-
standing of the scene, making it difficult to directly model its evolution. We there-
fore propose a self-supervised way to tokenize the scene into high-level tokens
from 3D occupancy. We train a vector-quantized autoencoder (VQ-VAE) [42] on
y to obtain discrete tokens z to better represent the scene, as shown in Fig. 3a.

For efficiency, we first transform the 3D occupancy y ∈ RH×W×D to a BEV
representation ŷ ∈ RH×W×DC′

by assigning each category with a learnable
class embedding ∈ RC′

and concatenating them in the height dimension. We
then adopt a lightweight encoder composed of 2D convolutions to obtain down-
sampled features ẑ ∈ RH

d ×W
d ×C , where d is the down-sampling factor.

To obtain a more compact representation, we simultaneously learn a code-
book C ∈ RN×C containing N codes. Each code c ∈ RC encodes a high-level
concept of the scene, e.g., whether a position is occupied by a car. We quantized
each spatial feature ẑij in ẑ by classifying it to the nearest code N (ẑij ,C):

zij = N (ẑij ,C) = min
c∈C

||ẑij − c||2, (4)

where || · ||2 denotes the L2 norm. We then integrate the quantized features {zij}
to obtain the final scene representation RH

d ×W
d ×C .

To reconstruct ỹ from the learned scene representation z, we use a decoder
of 2D deconvolution layers to progressively upsample z to its original BEV res-
olution H × W × C ′′. We then perform a split in the channel dimension to
reconstruct the height dimension H ×W ×D × C′′

D and apply a softmax layer
on each spatial feature to classify them into semantic occupancy.

The scene tokenizer transforms 3D occupancy into a more compact discrete
space to encode higher-level concepts. This refined compact space facilitates the
modeling of scene evolution for the subsequent world model.

3.3 Spatial-Temporal Generative Transformer

The core of autonomous driving is the prediction of how the surrounding world
evolves and planning the movement of the ego vehicle accordingly. While con-
ventional methods consider them separately [17, 18], we propose a world model
w to jointly model the distributions of scene evolution and ego trajectory.

As defined in (3), a world model w takes as inputs the past scenes and
ego positions and predicts their outcome after driving a certain time interval.
Following the principles of expressiveness, efficiency, and versatility, we adopt
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(b) Spatial-temporal generative transformer.

Fig. 3: Illustration of the proposed modules. (a) We use CNNs to encode the 3D
occupancy and perform vector quantization to obtain discrete tokens using a learnable
codebook [42]. We then employ a decoder to reconstruct the input 3D occupancy us-
ing the quantized tokens and train the autoencoder and codebook simultaneously. (b)
As each scene is represented by world tokens, we adopt spatial mixing to model their
intrinsic dependencies and obtain multi-scale world tokens to capture multi-level infor-
mation. We perform spatial-wise temporal causal self-attention at each level to forecast
the next scene and employ a U-net structure to aggregate multi-scale predictions.

3D occupancy y as the scene representation and use a self-supervised tokenizer
to obtain high-level scene tokens T = {zi}. To integrate the ego movement,
we further aggregate T with an ego token z0 ∈ RC to encode the spatial ego
position. The proposed OccWorld w then functions on the world tokens T:

w(TT , · · · ,TT−t) = TT+1, (5)

where T is the current time stamp, and t is the number of history frames.
Inspired by the remarkable sequential prediction performance of GPT [2],

we adopt a GPT-like autoregressive transformer architecture to instantiate (5).
However, the migration of GPT from natural language processing to autonomous
driving is not trivial. GPTs predict a single token each time, while the world
model w in autonomous driving is required to predict a set of tokens T as the
next future. Due to the vast number of world tokens, directly leveraging the GPT
architecture to predict each token ∈ TT+1 is both inefficient and ineffective.

Both the spatial relations of world tokens within each time stamp and the
temporal relations of tokens across different time stamps should be considered
to comprehensively model the world evolution. Therefore, we propose a spatial-
temporal generative transformer architecture to effectively process past world
tokens and make predictions of the next future, as shown in Fig. 3b.

We apply spatial aggregation (e.g., self-attention [8]) to world tokens T to en-
able interactions between scene tokens and ego tokens. We then merge the scene
tokens in each 2× 2 window with a stride of 2 to achieve a 1/4 down-sampling.
We repeat this procedure for K times to obtain world tokens of hierarchical
scales {T0, · · · ,TK} to describe the 3D scene at different levels.

We use several sub-world models w = {w0, · · · , wK} to predict the future
at different spatial scales. For each sub-world model wi, we impose temporal
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attention on the tokens {zTj,i, · · · , zT−t
j,i } at each position j to obtain the predicted

corresponding token zT+1
j,i of the next frame:

ẑT+1
j,i = TA(zTj,i, · · · , zT−t

j,i ), (6)

where TA denotes masked temporal attention which blocks the effect of future
tokens to previous tokens. ztj,i ∈ Tt

i represents the j-th world token of the i-th
scale at time stamp t. We finally employ a U-net structure to aggregate predicted
tokens at different scales to ensure spatial consistency.

Our spatial-temporal generative transformer models the world evolution con-
sidering the joint distributions of world tokens within each time and across time.
The temporal attention predicts the evolution of a fixed position in the surround-
ings, while the spatial aggregation makes each token aware of the global scene.

3.4 OccWorld: a 3D Occupancy World Model

In this subsection, we present the overall training framework of the proposed
OccWorld model for autonomous driving. Having obtained the forecasted world
tokens, we reuse the scene decoder d to decode the predicted 3D occupancy
ŷT+1 = d(ẑT+1) and additionally learn an ego decoder dego to produce the ego
displacement p̂T+1 = dego(ẑ

T+1
0 ) w.r.t the current frame.

We adopt a two-stage strategy to effectively train our OccWorld. For the first
stage, we train the scene tokenizer e and decoder d using 3D occupancy loss [21]:

Je,d = Lsoft(d(e(y)),y) + λ1 Llovasz(d(e(y)),y), (7)

where Lsoft and Llovasz is the softmax and lovasz-softmax loss [1], respectively.
For the second stage, we adopt the learned scene tokenizer e to obtain scene

tokens z for all the frames and constrain the discrepancy between predicted
tokens ẑ and z. Due to the use of discrete tokens, we apply the softmax loss to
enforce the correct classification of ẑ to the correct codes in the codebook C as
z. For the ego token, we simultaneously learn the ego decoder dego and apply
L2 loss on the predicted displacement p̂ = dego(ẑ0) and the ground-truth one p.
The overall objective for the second stage can be formulated as follows:

Jw,dego
=

T∑
t=1

(

M0∑
j=1

Lsoft(ẑ
t
j,0,C(ztj,0) + λ2 LL2(dego(ẑ

t
0),p

t)), (8)

where T and M0 are the number of frames and the number of spatial tokens of
the original scale, respectively. C(·) denotes the index of the corresponding code
in the codebook C. LL2 measures the L2 discrepancy between two trajectories.

For efficient training, we use tokens obtained by the scene tokenizer e as
inputs but apply masked temporal attention [2] to block the effect of future
tokens on previous ones. For inference, we progressively predict world tokens of
the next frame using predicted past tokens instead of ground-truth ones.
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The proposed OccWorld can be applied to different types of 3D occupancy
to adapt to different settings (e.g., end-to-end autonomous driving). The scene
representation model r can be an oracle that provides ground-truth occupancy,
or a perception model that is trained using dense supervision (e.g., accumu-
lated LiDAR [58]), sparse supervision (e.g., LiDAR [21]), or self-supervision (e.g.,
videos [5]). Different from the conventional perception, predicting, and planning
pipeline for autonomous driving, OccWorld models the joint evolution of the sur-
rounding scene and the ego movement to capture high-order interactions with
the environment. Combined with machine-annotated [58], LiDAR-collected [21],
or self-supervised [20] 3D occupancy, OccWorld has the potential to scale up to
large-scale training data, paving the way for training large driving models.

4 Experiments

4.1 Task Descriptions

In this paper, we explore a world-model-based framework for autonomous driv-
ing and propose OccWorld to model the joint evolutions of ego trajectory and
scene evolutions. We conduct two tasks to evaluate our OccWorld: 4D occupancy
forecasting on Occ3D [53] and motion planning on nuScenes [3].

4D occupancy forecasting. 3D occupancy prediction aims to reconstruct
the semantic occupancy for each voxel in the surrounding space and cannot cap-
ture the temporal evolution of the 3D occupancy. In this paper, we explore 4D
occupancy forecasting, which aims to forecast future 3D occupancy given histori-
cal occupancy. We use the mean intersection of region (mIoU) of all the semantic
categories between forecasted and ground-truth occupancy to measure the se-
mantic forecast performance. We adopt the intersection of region (IoU) between
occupied and unoccupied voxels to evaluate the structural forecast quality. We
report the forecasting performance for future frames of 1s, 2s, and 3s.

Motion planning. Motion planning aims to produce safe future trajectories
for the vehicle given ground-truth surrounding information or perception results.
The planned trajectory is represented by a series of 2D waypoints in the BEV
plane. We use L2 error and box collision rate to measure the quality of the
planned trajectory. The L2 error computes the L2 distance between the planned
waypoint and the ground-truth waypoint at a given time stamp. The box collision
rate measures the frequency of intersection between the BEV box of the ego
vehicle and other traffic agents for a certain period of time. We follow previous
methods [17] and report planning performance for the future 1s, 2s, and 3s.

4.2 Datasets Details

nuScenes [3] contains 1000 driving scenes, i.e., videos of 6 surrounding cameras
with 360◦ horizontal FOV and 32-beam LiDAR point clouds for 20 seconds,
and provides annotated at 2Hz for keyframes. We follow the official split [3] and
employ 700 and 150 scenes for training and validation, respectively.
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Table 1: 4D occupancy forecasting performance. Aux. Sup. denotes auxiliary
supervision apart from the ego trajectory. Avg. denotes the average performance of
that in 1s, 2s, and 3s. We use bold numbers to denote the best results.

Method Input Aux. Sup. mIoU (%) ↑ IoU (%) ↑
0s 1s 2s 3s Avg. 0s 1s 2s 3s Avg. FPS

Copy&Paste 3D-Occ None 66.38 14.91 10.54 8.52 11.33 62.29 24.47 19.77 17.31 20.52 -
OccWorld-O 3D-Occ None 66.3825.7815.1410.5117.14 62.2934.6325.0720.1826.63 18.0
OccWorld-D Camera 3D-Occ 18.63 11.55 8.10 6.22 8.62 22.88 18.90 16.26 14.43 16.53 2.8
OccWorld-T Camera LiDAR 7.21 4.68 3.36 2.63 3.56 10.66 9.32 8.23 7.47 8.34 2.8
OccWorld-S Camera None 0.27 0.28 0.26 0.24 0.26 4.32 5.05 5.01 4.95 5.00 2.8

Occ3D [53] provides 3D semantic occupancy annotations for nuScenes. Each
scene is split into 200 × 200 × 16 voxels covering a -40m ∼ 40m area along the
X and Y axis and -1m ∼ 5.4m along the Z axis. Each voxel is annotated as
occupied or unoccupied and an additional semantic category if occupied.

4.3 Implementation Details

We followed existing works [18,26] and used a 2-second historical context to fore-
cast the subsequent 3 seconds. We encode instructions and incorporate them via
cross-attention to the ego token. The scene tokenizer employs a down-sampling
factor of 4, featuring a codebook with a size of 512 and a dimension of 128. The
spatial-temporal generative transformer comprises 3 scales, each incorporating 6
layers of spatial-wise temporal attention for scene tokens with 2 layers of spatial
cross-attention and temporal cross-attention for ego planning tokens.

During training, we applied mask operations to all temporal attention mecha-
nisms to prevent the influence of future information on forecasting. For inference,
we employ autoregressive prediction to foresee 3 seconds into the future based on
a 2-second historical context. We adopted AdamW [40] with a Cosine Annealing
scheduler [39] for training. We set an initial learning rate of 10−3 and the weight
decay at 0.01. We use a batch size of 1 per GPU on 8 NVIDIA 4090 GPUs.

4.4 Results and Analysis

4D occupancy forecasting. We evaluated our OccWorld in several settings:
OccWorld-O (using ground-truth 3D occupancy), OccWorld-D (using predicted
results of TPVFormer [21] trained with dense ground-truth 3D occupancy),
OccWorld-T (using predicted results of TPVFormer [21] trained with sparse
semantic LiDAR), and OccWorld-S (using predicted results of self-supervised
SelfOcc [20]). Copy&Paste denotes copying the current ground-truth occupancy
as future observations. The 0s results represent the reconstruction accuracy.

Table 1 shows that OccWorld-O can learn the underlying scene evolution
and generate non-trivial future 3D occupancy with much better results than
Copy&Paste. OccWorld-D, OccWorld-T, and OccWorld-S can be seen as end-
to-end vision-based 4D occupancy forecasting methods as they take surrounding



OccWorld 11

GT
Oc

cW
or
ld
-O

<latexit sha1_base64="R0TBbuET5FInICnKyJZ1fFfrMBg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07IrVr0IRS8eK9gPaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL0w408bzvp3Cyura+kZxs7S1vbO7V94/aGqZKkIbRHKp2iHWlDNBG4YZTtuJojgOOW2Fo9up33qiSjMpHsw4oUGMB4JFjGBjpaa59tyq7pUrnuvNgJaJn5MK5Kj3yl/dviRpTIUhHGvd8b3EBBlWhhFOJ6VuqmmCyQgPaMdSgWOqg2x27QSdWKWPIqlsCYNm6u+JDMdaj+PQdsbYDPWiNxX/8zqpia6CjIkkNVSQ+aIo5chINH0d9ZmixPCxJZgoZm9FZIgVJsYGVLIh+IsvL5PmmetfuNX780rtJo+jCEdwDKfgwyXU4A7q0AACj/AMr/DmSOfFeXc+5q0FJ585hD9wPn8AigOOdw==</latexit>

t = 0.5s
<latexit sha1_base64="bRf6tb5zA+yWiDZTDa+4oveGhik=">AAAB63icbVDLSsNAFL2pr1pfUZduBovgqiTiayMU3bisYB/QhjKZTtqhM5MwMxFK6C+4caGIW3/InX/jNM1CWw9cOJxzL/feEyacaeN5305pZXVtfaO8Wdna3tndc/cPWjpOFaFNEvNYdUKsKWeSNg0znHYSRbEIOW2H47uZ336iSrNYPppJQgOBh5JFjGCTSze+7rtVr+blQMvEL0gVCjT67ldvEJNUUGkIx1p3fS8xQYaVYYTTaaWXappgMsZD2rVUYkF1kOW3TtGJVQYoipUtaVCu/p7IsNB6IkLbKbAZ6UVvJv7ndVMTXQcZk0lqqCTzRVHKkYnR7HE0YIoSwyeWYKKYvRWREVaYGBtPxYbgL768TFpnNf+ydvFwXq3fFnGU4QiO4RR8uII63EMDmkBgBM/wCm+OcF6cd+dj3lpyiplD+APn8wepRI4B</latexit>

t = 1s
<latexit sha1_base64="Ub9+X6Yqz8DEQKzn2Tb/IZxKilI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07IrVr0IRS8eK9gPaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL0w408bzvp3Cyura+kZxs7S1vbO7V94/aGqZKkIbRHKp2iHWlDNBG4YZTtuJojgOOW2Fo9up33qiSjMpHsw4oUGMB4JFjGBjpaa59t2q7pUrnuvNgJaJn5MK5Kj3yl/dviRpTIUhHGvd8b3EBBlWhhFOJ6VuqmmCyQgPaMdSgWOqg2x27QSdWKWPIqlsCYNm6u+JDMdaj+PQdsbYDPWiNxX/8zqpia6CjIkkNVSQ+aIo5chINH0d9ZmixPCxJZgoZm9FZIgVJsYGVLIh+IsvL5PmmetfuNX780rtJo+jCEdwDKfgwyXU4A7q0AACj/AMr/DmSOfFeXc+5q0FJ585hD9wPn8Ai4qOeA==</latexit>

t = 1.5s
<latexit sha1_base64="bm/gzUC7gg+NBTIz4JacebNOJ50=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktVr0IRS8eK9gPaJeSTbNtaJJdkqxQlv4FLx4U8eof8ua/Md3uQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NZRoghtkYhHqhtgTTmTtGWY4bQbK4pFwGknmNzN/c4TVZpF8tFMY+oLPJIsZASbTLqp6UG54lbdDGiVeDmpQI7moPzVH0YkEVQawrHWPc+NjZ9iZRjhdFbqJ5rGmEzwiPYslVhQ7afZrTN0ZpUhCiNlSxqUqb8nUiy0norAdgpsxnrZm4v/eb3EhNd+ymScGCrJYlGYcGQiNH8cDZmixPCpJZgoZm9FZIwVJsbGU7IheMsvr5J2repdVusPF5XGbR5HEU7gFM7BgytowD00oQUExvAMr/DmCOfFeXc+Fq0FJ585hj9wPn8AqsmOAg==</latexit>

t = 2s
<latexit sha1_base64="/69vrlKyBBJ/a05SFNaCF8ASICA=">AAAB7XicbVBNSwMxEM3Wr1q/qh69BIvgadktVr0IRS8eK9gPaJeSTbNtbDZZklmhLP0PXjwo4tX/481/Y9ruQasPBh7vzTAzL0wEN+B5X05hZXVtfaO4Wdra3tndK+8ftIxKNWVNqoTSnZAYJrhkTeAgWCfRjMShYO1wfDPz249MG67kPUwSFsRkKHnEKQErteCq6tZMv1zxXG8O/Jf4OamgHI1++bM3UDSNmQQqiDFd30sgyIgGTgWblnqpYQmhYzJkXUsliZkJsvm1U3xilQGOlLYlAc/VnxMZiY2ZxKHtjAmMzLI3E//zuilEl0HGZZICk3SxKEoFBoVnr+MB14yCmFhCqOb2VkxHRBMKNqCSDcFffvkvaVVd/9yt3Z1V6td5HEV0hI7RKfLRBaqjW9RATUTRA3pCL+jVUc6z8+a8L1oLTj5ziH7B+fgGjRGOeQ==</latexit>

t = 2.5s
<latexit sha1_base64="0fWe48SARX9Kb6nX1+wGKDcsuvU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKexqfFyEoBePEcwDkiXMTmaTITOzy8ysEJb8ghcPinj1h7z5N042e9DEgoaiqpvuriDmTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6b+e0nqjSL5KOZxNQXeChZyAg2mXRzrvvlilt1M6Bl4uWkAjka/fJXbxCRRFBpCMdadz03Nn6KlWGE02mpl2gaYzLGQ9q1VGJBtZ9mt07RiVUGKIyULWlQpv6eSLHQeiIC2ymwGelFbyb+53UTE177KZNxYqgk80VhwpGJ0OxxNGCKEsMnlmCimL0VkRFWmBgbT8mG4C2+vExaZ1XvsnrxUKvUb/M4inAEx3AKHlxBHe6hAU0gMIJneIU3RzgvzrvzMW8tOPnMIfyB8/kDrE6OAw==</latexit>

t = 3s

Oc
cW

or
ld
-D

Oc
cW

or
ld
-T

<latexit sha1_base64="N4BHayQu4SiObgBjibIJ79MtNYo=">AAAB+XicbVDLSgMxFM3UV62vUZdugkWoVIaZ+t4V3bisYB/QDiWTZtrQJDMkmUIZ+iduXCji1j9x59+YtrPQ1gMXDufcy733BDGjSrvut5VbWV1b38hvFra2d3b37P2DhooSiUkdRyySrQApwqggdU01I61YEsQDRprB8H7qN0dEKhqJJz2Oic9RX9CQYqSN1LXtUtl13Ao/g+WKc37LT7t20QgzwGXiZaQIMtS69lenF+GEE6ExQ0q1PTfWfoqkppiRSaGTKBIjPER90jZUIE6Un84un8ATo/RgGElTQsOZ+nsiRVypMQ9MJ0d6oBa9qfif1050eOOnVMSJJgLPF4UJgzqC0xhgj0qCNRsbgrCk5laIB0girE1YBROCt/jyMmlUHO/KuXy8KFbvsjjy4AgcgxLwwDWoggdQA3WAwQg8g1fwZqXWi/Vufcxbc1Y2cwj+wPr8AQCGkK4=</latexit>

(+0.02m, +2.39m)
<latexit sha1_base64="crnPo+h3oYOoNgEBbYSsKHiwE+U=">AAAB+XicbVDLSgMxFM3UV62vUZdugkWoVIaZYq3LohuXFewD2qFk0kwbmmSGJFMoQ//EjQtF3Pon7vwb03YW2nrgwuGce7n3niBmVGnX/bZyG5tb2zv53cLe/sHhkX180lJRIjFp4ohFshMgRRgVpKmpZqQTS4J4wEg7GN/P/faESEUj8aSnMfE5GgoaUoy0kfq2XSq7juvxK1iuONUav+zbRSMsANeJl5EiyNDo21+9QYQTToTGDCnV9dxY+ymSmmJGZoVeokiM8BgNSddQgThRfrq4fAYvjDKAYSRNCQ0X6u+JFHGlpjwwnRzpkVr15uJ/XjfR4a2fUhEnmgi8XBQmDOoIzmOAAyoJ1mxqCMKSmlshHiGJsDZhFUwI3urL66RVcbwbp/p4XazfZXHkwRk4ByXggRqogwfQAE2AwQQ8g1fwZqXWi/VufSxbc1Y2cwr+wPr8Af7rkK0=</latexit>

(+0.01m, +2.57m)
<latexit sha1_base64="6odbv4yl4HhejrNa2WEbDVV2NWk=">AAAB+XicbVDLSgMxFM3UV62vUZdugkWoVMpMUdtl0Y3LCvYB7VAyaaYNTTJDkimUoX/ixoUibv0Td/6NmXYW2nrgwuGce7n3Hj9iVGnH+bZyG5tb2zv53cLe/sHhkX180lZhLDFp4ZCFsusjRRgVpKWpZqQbSYK4z0jHn9ynfmdKpKKheNKziHgcjQQNKEbaSAPbLpWdiuPwK1iuVuo1fjmwi6mQAq4TNyNFkKE5sL/6wxDHnAiNGVKq5zqR9hIkNcWMzAv9WJEI4QkakZ6hAnGivGRx+RxeGGUIg1CaEhou1N8TCeJKzbhvOjnSY7XqpeJ/Xi/WQd1LqIhiTQReLgpiBnUI0xjgkEqCNZsZgrCk5laIx0girE1YBROCu/ryOmlXK+5t5ebxuti4y+LIgzNwDkrABTXQAA+gCVoAgyl4Bq/gzUqsF+vd+li25qxs5hT8gfX5AwIBkK8=</latexit>

(+0.00m, +2.87m)
<latexit sha1_base64="hPEwlvDOvV+KllnJqlquerxJ15g=">AAAB+XicbVDLSgMxFM3UV62vUZdugkWoVIaZolZ3RTcuK9gHtEPJpJk2NMkMSaZQhv6JGxeKuPVP3Pk3pu0stPXAhcM593LvPUHMqNKu+23l1tY3Nrfy24Wd3b39A/vwqKmiRGLSwBGLZDtAijAqSENTzUg7lgTxgJFWMLqf+a0xkYpG4klPYuJzNBA0pBhpI/Vsu1R2HbfCL2C54txW+XnPLhphDrhKvIwUQYZ6z/7q9iOccCI0ZkipjufG2k+R1BQzMi10E0VihEdoQDqGCsSJ8tP55VN4ZpQ+DCNpSmg4V39PpIgrNeGB6eRID9WyNxP/8zqJDm/8lIo40UTgxaIwYVBHcBYD7FNJsGYTQxCW1NwK8RBJhLUJq2BC8JZfXiXNiuNdO1ePl8XaXRZHHpyAU1ACHqiCGngAddAAGIzBM3gFb1ZqvVjv1seiNWdlM8fgD6zPHwakkLI=</latexit>

(+0.02m, +2.97m)
<latexit sha1_base64="Q2MQV5wQB7fMWJ10gGULjdtmIKw=">AAAB+XicbVDLSgMxFM3UV62vUZdugkWoVIaZ1tey6MZlBfuAdiiZNNOGJpkhyRTK0D9x40IRt/6JO//GtJ2Fth64cDjnXu69J4gZVdp1v63c2vrG5lZ+u7Czu7d/YB8eNVWUSEwaOGKRbAdIEUYFaWiqGWnHkiAeMNIKRvczvzUmUtFIPOlJTHyOBoKGFCNtpJ5tl8qu41b5BSxXnYrLz3t20QhzwFXiZaQIMtR79le3H+GEE6ExQ0p1PDfWfoqkppiRaaGbKBIjPEID0jFUIE6Un84vn8Izo/RhGElTQsO5+nsiRVypCQ9MJ0d6qJa9mfif10l0eOunVMSJJgIvFoUJgzqCsxhgn0qCNZsYgrCk5laIh0girE1YBROCt/zyKmlWHO/auXq8LNbusjjy4AScghLwwA2ogQdQBw2AwRg8g1fwZqXWi/VufSxac1Y2cwz+wPr8AfRRkKY=</latexit>

(+0.03m, +3.20m)
<latexit sha1_base64="qUhSBSEgYrno5PNwiuym+BDN4VI=">AAAB+XicbVDLSgMxFM3UV62vUZdugkWoVIYZrdZl0Y3LCvYB7VAyaaYNTTJDkimUoX/ixoUibv0Td/6NaTsLbT1w4XDOvdx7TxAzqrTrflu5tfWNza38dmFnd2//wD48aqookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVjO5nfmtMpKKReNKTmPgcDQQNKUbaSD3bLpVdx63wC1i+cqoVft6zi0aYA64SLyNFkKHes7+6/QgnnAiNGVKq47mx9lMkNcWMTAvdRJEY4REakI6hAnGi/HR++RSeGaUPw0iaEhrO1d8TKeJKTXhgOjnSQ7XszcT/vE6iw1s/pSJONBF4sShMGNQRnMUA+1QSrNnEEIQlNbdCPEQSYW3CKpgQvOWXV0nz0vFunOvHSrF2l8WRByfgFJSAB6qgBh5AHTQABmPwDF7Bm5VaL9a79bFozVnZzDH4A+vzBwOpkLA=</latexit>

(+0.04m, +3.74m)

<latexit sha1_base64="wSCSfOexfvMyihsYJi9F6GHqbtQ=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBEqlZL47LLoxmUF+4A2lMl00g6dScLMpFBC/8SNC0Xc+ifu/BunbRbaeuDC4Zx7ufceP+ZMacf5tlZW19Y3NnNb+e2d3b19++CwoaJEElonEY9ky8eKchbSumaa01YsKRY+p01/eD/1myMqFYvCJz2OqSdwP2QBI1gbqWvbxZJTdi7FOSpdlN2KOOvaBSPMgJaJm5ECZKh17a9OLyKJoKEmHCvVdp1YeymWmhFOJ/lOomiMyRD3advQEAuqvHR2+QSdGqWHgkiaCjWaqb8nUiyUGgvfdAqsB2rRm4r/ee1EBxUvZWGcaBqS+aIg4UhHaBoD6jFJieZjQzCRzNyKyABLTLQJK29CcBdfXiYNk9hN+frxqlC9y+LIwTGcQBFcuIUqPEAN6kBgBM/wCm9War1Y79bHvHXFymaO4A+szx/9cZCs</latexit>

(+0.03m, +2.18m)
<latexit sha1_base64="M6KEkZbn9ABlT4Zom3bsUG23Ou4=">AAAB+XicbVDLSgMxFM3UV62vUZdugkWoVIaZWh/LohuXFewD2qFk0kwbmmSGJFMoQ//EjQtF3Pon7vwb03YW2nrgwuGce7n3niBmVGnX/bZya+sbm1v57cLO7t7+gX141FRRIjFp4IhFsh0gRRgVpKGpZqQdS4J4wEgrGN3P/NaYSEUj8aQnMfE5GggaUoy0kXq2XSq7jlvlF7BccS4r/LxnF40wB1wlXkaKIEO9Z391+xFOOBEaM6RUx3Nj7adIaooZmRa6iSIxwiM0IB1DBeJE+en88ik8M0ofhpE0JTScq78nUsSVmvDAdHKkh2rZm4n/eZ1Eh7d+SkWcaCLwYlGYMKgjOIsB9qkkWLOJIQhLam6FeIgkwtqEVTAheMsvr5JmxfGunavHarF2l8WRByfgFJSAB25ADTyAOmgADMbgGbyCNyu1Xqx362PRmrOymWPwB9bnD/jpkKk=</latexit>

(+0.04m, +2.32m)
<latexit sha1_base64="zrxql1IbydsyTJtRvHvbdJNr8lk=">AAAB+XicbVDLSgMxFM3UV62vUZdugkWoqMNMadVl0Y3LCvYB7VAyaaYNTTJDkimUoX/ixoUibv0Td/6NaTsLbT1w4XDOvdx7TxAzqrTrflu5tfWNza38dmFnd2//wD48aqookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVjO5nfmtMpKKReNKTmPgcDQQNKUbaSD3bLl25juvxS3hRdqoVft6zi0aYA64SLyNFkKHes7+6/QgnnAiNGVKq47mx9lMkNcWMTAvdRJEY4REakI6hAnGi/HR++RSeGaUPw0iaEhrO1d8TKeJKTXhgOjnSQ7XszcT/vE6iw1s/pSJONBF4sShMGNQRnMUA+1QSrNnEEIQlNbdCPEQSYW3CKpgQvOWXV0mz7HjXTvWxUqzdZXHkwQk4BSXggRtQAw+gDhoAgzF4Bq/gzUqtF+vd+li05qxs5hj8gfX5A/19kKw=</latexit>

(�0.01m, +2.54m)
<latexit sha1_base64="oLBkqTN7dLXDVHM1FjCOjpq77UY=">AAAB+XicbVDLSgMxFM34rPU16tJNsAiVyjBTbXVZdOOygn1AO5RMmmlDk8yQZApl6J+4caGIW//EnX9j2s5CWw9cOJxzL/feE8SMKu2639ba+sbm1nZuJ7+7t39waB8dN1WUSEwaOGKRbAdIEUYFaWiqGWnHkiAeMNIKRvczvzUmUtFIPOlJTHyOBoKGFCNtpJ5tF0uu417xS1gqO5Uqv+jZBSPMAVeJl5ECyFDv2V/dfoQTToTGDCnV8dxY+ymSmmJGpvluokiM8AgNSMdQgThRfjq/fArPjdKHYSRNCQ3n6u+JFHGlJjwwnRzpoVr2ZuJ/XifR4a2fUhEnmgi8WBQmDOoIzmKAfSoJ1mxiCMKSmlshHiKJsDZh5U0I3vLLq6RZdryqU3m8LtTusjhy4BScgSLwwA2ogQdQBw2AwRg8g1fwZqXWi/VufSxa16xs5gT8gfX5AwCQkK4=</latexit>

(+0.03m, +2.56m)
<latexit sha1_base64="CYm49AxaxaeiAuIYZN1y8qd+w3Y=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJUKiUpWj0WvXisYD+gDWWz3bRLd5OwuymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbm+TFnSjvOt7W2vrG5tZ3bye/u7R8c2kfHTRUlktAGiXgk2z5WlLOQNjTTnLZjSbHwOW35o/uZ3xpTqVgUPulJTD2BByELGMHaSD3bLpacsuOKS1SqlKuuuOjZBSPMgVaJm5ECZKj37K9uPyKJoKEmHCvVcZ1YeymWmhFOp/luomiMyQgPaMfQEAuqvHR++RSdG6WPgkiaCjWaq78nUiyUmgjfdAqsh2rZm4n/eZ1EB7deysI40TQki0VBwpGO0CwG1GeSEs0nhmAimbkVkSGWmGgTVt6E4C6/vEqalbJbLV8/XhVqd1kcOTiFMyiCCzdQgweoQwMIjOEZXuHNSq0X6936WLSuWdnMCfyB9fkD906QqA==</latexit>

(+0.01m, +2.61m)
<latexit sha1_base64="2ec87PD/roXHiR7ZjjSuAqpTX+o=">AAAB+XicbVDLSgMxFM3UV62vUZdugkWoVIaZqtVl0Y3LCvYB7VAyaaYNTTJDkimUoX/ixoUibv0Td/6NaTsLbT1w4XDOvdx7TxAzqrTrflu5tfWNza38dmFnd2//wD48aqookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVjO5nfmtMpKKReNKTmPgcDQQNKUbaSD3bLpVdx63yC1i+dNwKP+/ZRSPMAVeJl5EiyFDv2V/dfoQTToTGDCnV8dxY+ymSmmJGpoVuokiM8AgNSMdQgThRfjq/fArPjNKHYSRNCQ3n6u+JFHGlJjwwnRzpoVr2ZuJ/XifR4a2fUhEnmgi8WBQmDOoIzmKAfSoJ1mxiCMKSmlshHiKJsDZhFUwI3vLLq6RZcbyqc/14VazdZXHkwQk4BSXggRtQAw+gDhoAgzF4Bq/gzUqtF+vd+li05qxs5hj8gfX5A/j5kKk=</latexit>

(+0.06m, +3.02m)

<latexit sha1_base64="E3YefyNf1Q16VQ9YKcDHUyGD6b0=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJUKiWRqj0WvXisYD+gDWWz3bRLd5OwuymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbm+TFnSjvOt7W2vrG5tZ3bye/u7R8c2kfHTRUlktAGiXgk2z5WlLOQNjTTnLZjSbHwOW35o/uZ3xpTqVgUPulJTD2BByELGMHaSD3bLpacsuOKS1Ryy9WKuOjZBSPMgVaJm5ECZKj37K9uPyKJoKEmHCvVcZ1YeymWmhFOp/luomiMyQgPaMfQEAuqvHR++RSdG6WPgkiaCjWaq78nUiyUmgjfdAqsh2rZm4n/eZ1EB1UvZWGcaBqSxaIg4UhHaBYD6jNJieYTQzCRzNyKyBBLTLQJK29CcJdfXiXNq7J7U75+rBRqd1kcOTiFMyiCC7dQgweoQwMIjOEZXuHNSq0X6936WLSuWdnMCfyB9fkD/WWQrA==</latexit>

(+0.01m, +1.84m)
<latexit sha1_base64="AjObzaENUqMBAvJdR68YeFt0HrU=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJUKiURbT0WvXisYD+gDWWz3bRLd5OwuymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbm+TFnSjvOt7W2vrG5tZ3bye/u7R8c2kfHTRUlktAGiXgk2z5WlLOQNjTTnLZjSbHwOW35o/uZ3xpTqVgUPulJTD2BByELGMHaSD3bLpacsuOKS1Ryy9WKuOjZBSPMgVaJm5ECZKj37K9uPyKJoKEmHCvVcZ1YeymWmhFOp/luomiMyQgPaMfQEAuqvHR++RSdG6WPgkiaCjWaq78nUiyUmgjfdAqsh2rZm4n/eZ1EB7deysI40TQki0VBwpGO0CwG1GeSEs0nhmAimbkVkSGWmGgTVt6E4C6/vEqaV2W3Ur55vC7U7rI4cnAKZ1AEF6pQgweoQwMIjOEZXuHNSq0X6936WLSuWdnMCfyB9fkD/uqQrQ==</latexit>

(+0.01m, +1.76m)
<latexit sha1_base64="FfARjC95EZ5Zk7auz2HWKbUwLdE=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJUKiUpVj0WvXisYD+gDWWz3bRLd5OwuymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbm+TFnSjvOt7W2vrG5tZ3bye/u7R8c2kfHTRUlktAGiXgk2z5WlLOQNjTTnLZjSbHwOW35o/uZ3xpTqVgUPulJTD2BByELGMHaSD3bLpacsuOKS1Ryy9WKuOjZBSPMgVaJm5ECZKj37K9uPyKJoKEmHCvVcZ1YeymWmhFOp/luomiMyQgPaMfQEAuqvHR++RSdG6WPgkiaCjWaq78nUiyUmgjfdAqsh2rZm4n/eZ1EB7deysI40TQki0VBwpGO0CwG1GeSEs0nhmAimbkVkSGWmGgTVt6E4C6/vEqalbJ7Xa4+XhVqd1kcOTiFMyiCCzdQgweoQwMIjOEZXuHNSq0X6936WLSuWdnMCfyB9fkD9cSQpw==</latexit>

(+0.01m, +1.52m)
<latexit sha1_base64="McCgKiZPXjvoV/6fGTqckKtu3BI=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQUUtSn8uiG5cV7APaUCbTSR06k4SZSaGE/okbF4q49U/c+TdO2yy09cCFwzn3cu89fsyZ0o7zbeWWlldW1/LrhY3Nre0de3evoaJEElonEY9ky8eKchbSumaa01YsKRY+p01/cDfxm0MqFYvCRz2KqSdwP2QBI1gbqWvbpTOn7FTEKTpxy865OO7aRSNMgRaJm5EiZKh17a9OLyKJoKEmHCvVdp1YeymWmhFOx4VOomiMyQD3advQEAuqvHR6+RgdGaWHgkiaCjWaqr8nUiyUGgnfdAqsn9S8NxH/89qJDm68lIVxomlIZouChCMdoUkMqMckJZqPDMFEMnMrIk9YYqJNWAUTgjv/8iJpVMruVfny4aJYvc3iyMMBHEIJXLiGKtxDDepAYAjP8ApvVmq9WO/Wx6w1Z2Uz+/AH1ucP9FmQpg==</latexit>

(�0.02m, +1.03m)
<latexit sha1_base64="xpNMPAbQwCCxX3WGrBUMi6UjvXk=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRahopSZ4mtZdOOygn1AO5RMmrahSWZIMoUy9E/cuFDErX/izr8xbWeh1QOXezjnXnJzwpgzbTzvy8mtrK6tb+Q3C1vbO7t77v5BQ0eJIrROIh6pVog15UzSumGG01asKBYhp81wdDfzm2OqNIvko5nENBB4IFmfEWys1HXd0plX9nxxjmyveOK06xatMAf6S/yMFCFDret+dnoRSQSVhnCsddv3YhOkWBlGOJ0WOommMSYjPKBtSyUWVAfp/PIpOrFKD/UjZUsaNFd/bqRYaD0RoZ0U2Az1sjcT//PaienfBCmTcWKoJIuH+glHJkKzGFCPKUoMn1iCiWL2VkSGWGFibFgFG4K//OW/pFEp+1fly4eLYvU2iyMPR3AMJfDhGqpwDzWoA4ExPMELvDqp8+y8Oe+L0ZyT7RzCLzgf3+yakKE=</latexit>

(+0.01m, +0.20m)
<latexit sha1_base64="VrvcNu/M90ue35Vs64u1yvrjoic=">AAAB+XicbZDLSgMxFIbP1Futt1GXboJFqChlRrwti25cVrAXaIeSSTNtaCYzJJlCGfomblwo4tY3cefbmGlnoa0HQj7+/xxy8vsxZ0o7zrdVWFldW98obpa2tnd29+z9g6aKEklog0Q8km0fK8qZoA3NNKftWFIc+py2/NF95rfGVCoWiSc9iakX4oFgASNYG6ln25Uzp+o44Tma36c9u5xBVmgZ3BzKkFe9Z391+xFJQio04VipjuvE2kux1IxwOi11E0VjTEZ4QDsGBQ6p8tLZ5lN0YpQ+CiJpjtBopv6eSHGo1CT0TWeI9VAtepn4n9dJdHDrpUzEiaaCzB8KEo50hLIYUJ9JSjSfGMBEMrMrIkMsMdEmrJIJwV388jI0L6rudfXq8bJcu8vjKMIRHEMFXLiBGjxAHRpAYAzP8ApvVmq9WO/Wx7y1YOUzh/CnrM8f5/6Qng==</latexit>

(+0.00m, +0.00m)

<latexit sha1_base64="k8cPXeIK1uNLrhYJJbEjdpkDBzk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQUUtS6mNZdOOygn1AG8pkOqlDZ5IwMymU0D9x40IRt/6JO//GaZuFth64cDjnXu69x485U9pxvq3cyura+kZ+s7C1vbO7Z+8fNFWUSEIbJOKRbPtYUc5C2tBMc9qOJcXC57TlD++mfmtEpWJR+KjHMfUEHoQsYARrI/Vsu3ThlB1XnKOzStmpitOeXTTCDGiZuBkpQoZ6z/7q9iOSCBpqwrFSHdeJtZdiqRnhdFLoJorGmAzxgHYMDbGgyktnl0/QiVH6KIikqVCjmfp7IsVCqbHwTafA+kktelPxP6+T6ODGS1kYJ5qGZL4oSDjSEZrGgPpMUqL52BBMJDO3IvKEJSbahFUwIbiLLy+TZqXsXpUvH6rF2m0WRx6O4BhK4MI11OAe6tAAAiN4hld4s1LrxXq3PuatOSubOYQ/sD5/APXakKc=</latexit>

(�0.01m, +2.04m)
<latexit sha1_base64="YjEQRsK5U0tU99bkneFif0sSlaM=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBEqlZLU57LoxmUF+4A2lMl00g6dScLMpFBC/8SNC0Xc+ifu/BunbRbaeuDC4Zx7ufceP+ZMacf5tlZW19Y3NnNb+e2d3b19++CwoaJEElonEY9ky8eKchbSumaa01YsKRY+p01/eD/1myMqFYvCJz2OqSdwP2QBI1gbqWvbxZJTdiriHJUqZedCnHXtghFmQMvEzUgBMtS69lenF5FE0FATjpVqu06svRRLzQink3wnUTTGZIj7tG1oiAVVXjq7fIJOjdJDQSRNhRrN1N8TKRZKjYVvOgXWA7XoTcX/vHaig1svZWGcaBqS+aIg4UhHaBoD6jFJieZjQzCRzNyKyABLTLQJK29CcBdfXiaNStm9Ll89Xhaqd1kcOTiGEyiCCzdQhQeoQR0IjOAZXuHNSq0X6936mLeuWNnMEfyB9fkD8r6QpQ==</latexit>

(+0.02m, +2.03m)
<latexit sha1_base64="YjEQRsK5U0tU99bkneFif0sSlaM=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBEqlZLU57LoxmUF+4A2lMl00g6dScLMpFBC/8SNC0Xc+ifu/BunbRbaeuDC4Zx7ufceP+ZMacf5tlZW19Y3NnNb+e2d3b19++CwoaJEElonEY9ky8eKchbSumaa01YsKRY+p01/eD/1myMqFYvCJz2OqSdwP2QBI1gbqWvbxZJTdiriHJUqZedCnHXtghFmQMvEzUgBMtS69lenF5FE0FATjpVqu06svRRLzQink3wnUTTGZIj7tG1oiAVVXjq7fIJOjdJDQSRNhRrN1N8TKRZKjYVvOgXWA7XoTcX/vHaig1svZWGcaBqS+aIg4UhHaBoD6jFJieZjQzCRzNyKyABLTLQJK29CcBdfXiaNStm9Ll89Xhaqd1kcOTiGEyiCCzdQhQeoQR0IjOAZXuHNSq0X6936mLeuWNnMEfyB9fkD8r6QpQ==</latexit>

(+0.02m, +2.03m)
<latexit sha1_base64="mrchYlTZuvfaDxOKhqj60NoWEhw=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJUKiURrXorevFYwX5AG8pmu2mX7iZhd1Moof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zM82POlHacb2tldW19YzO3ld/e2d3btw8OGypKJKF1EvFItnysKGchrWumOW3FkmLhc9r0h/dTvzmiUrEofNLjmHoC90MWMIK1kbq2XSw5ZccV56jklm8r4qxrF4wwA1ombkYKkKHWtb86vYgkgoaacKxU23Vi7aVYakY4neQ7iaIxJkPcp21DQyyo8tLZ5RN0apQeCiJpKtRopv6eSLFQaix80ymwHqhFbyr+57UTHdx4KQvjRNOQzBcFCUc6QtMYUI9JSjQfG4KJZOZWRAZYYqJNWHkTgrv48jJpXJTdSvnq8bJQvcviyMExnEARXLiGKjxADepAYATP8ApvVmq9WO/Wx7x1xcpmjuAPrM8fAgeQrw==</latexit>

(+0.01m, +1.96m)
<latexit sha1_base64="aOuvttUAzUH/CarVzUDk27nMPGI=">AAAB+XicbVDLSgMxFM3UV62vUZdugkWoVMpEfO6KblxWsA9oh5JJM21okhmSTKEM/RM3LhRx65+4829M21lo64ELh3Pu5d57gpgzbTzv28mtrK6tb+Q3C1vbO7t77v5BQ0eJIrROIh6pVoA15UzSumGG01asKBYBp81geD/1myOqNIvkkxnH1Be4L1nICDZW6rpuqexVPCTOYBlVbpE47bpFK8wAlwnKSBFkqHXdr04vIomg0hCOtW4jLzZ+ipVhhNNJoZNoGmMyxH3atlRiQbWfzi6fwBOr9GAYKVvSwJn6eyLFQuuxCGynwGagF72p+J/XTkx446dMxomhkswXhQmHJoLTGGCPKUoMH1uCiWL2VkgGWGFibFgFGwJafHmZNM4r6Kpy+XhRrN5lceTBETgGJYDANaiCB1ADdUDACDyDV/DmpM6L8+58zFtzTjZzCP7A+fwB+lqQqg==</latexit>

(+0.01m, +1.91m)
<latexit sha1_base64="ylPJEDC8e0b73SDoQ6pAu8WzDKo=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahUimJaPVY9OKxgv2ANpTNdtMu3U3C7qZQQv+JFw+KePWfePPfuG1z0NYHA4/3ZpiZ58ecKe0431ZubX1jcyu/XdjZ3ds/sA+PmipKJKENEvFItn2sKGchbWimOW3HkmLhc9ryR/czvzWmUrEofNKTmHoCD0IWMIK1kXq2XSo7FccVF6jsVqpVcd6zi0aYA60SNyNFyFDv2V/dfkQSQUNNOFaq4zqx9lIsNSOcTgvdRNEYkxEe0I6hIRZUeen88ik6M0ofBZE0FWo0V39PpFgoNRG+6RRYD9WyNxP/8zqJDm69lIVxomlIFouChCMdoVkMqM8kJZpPDMFEMnMrIkMsMdEmrIIJwV1+eZU0LytutXL9eFWs3WVx5OEETqEELtxADR6gDg0gMIZneIU3K7VerHfrY9Gas7KZY/gD6/MH/WOQrA==</latexit>

(+0.01m, +1.66m)

Fig. 4: Visualizations of the forecasting and planning results of OccWorld-
O, OccWorld-D, and OccWorld-T.

images as input. This task is very challenging since it requires both 3D structure
reconstruction and forecasting. It is especially difficult for OccWorld-S which
exploits no 3D occupancy information during training. Still, OccWorld generates
future 3D occupancy with non-trivial mIoU and IoU on the end-to-end setting.

The performance drop over time results from the generative nature of our
method. Driving scenarios are essentially random distributions (i.e., drivers can
make different yet reasonable decisions), while the ground-truth trajectory only
provides one possible future. As shown in Fig. 1, the forecastings of OccWorld
might not exactly match the ground truth but are still reasonable. Different from
motion annotations, 3D occupancy only provides local perception, rendering the
performance drop if the car advances a long distance. In real scenarios, the
autonomous driving system continuously perceives the surroundings and only
needs to make instant decisions, rendering near-future planning more important.

Visualizations. We visualize the output results of the proposed OccWorld
in Fig. 4. We see that our models can successfully forecast the movements of cars
and can complete unseen map elements in the inputs such as drivable areas. The
planning trajectory is also more accurate with better 4D occupancy forecasting.

Motion planning. We compare the motion planning performance of our Oc-
cWorld with state-of-the-art end-to-end methods, as shown in Table 2. We also
evaluate our model under different settings (-O, -D, -T, -S). We see that UniAD
achieves the best overall performance, which exploits various types of auxiliary
supervision to improve its planning quality. Despite the strong performance, the
additional annotations in the 3D space are very difficult to obtain, making it dif-
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Table 2: Motion planning performance. We use bold and underlined numbers to
denote the best and second-best results, respectively. B, Mo, Ma, D, T, O denote using
the auxiliary supervision signal of box, motion, map, depth, tracklets, and occupancy,
respectively. † denotes using the metric computation code adopted in VAD [26].

Method Input Aux. Sup. L2 (m) ↓ Collision Rate (%) ↓
1s 2s 3s Avg. 1s 2s 3s Avg. FPS

IL [44] LiDAR None 0.44 1.15 2.47 1.35 0.08 0.27 1.95 0.77 -
NMP [66] LiDAR B & Mo 0.53 1.25 2.67 1.48 0.04 0.12 0.87 0.34 -
FF [16] LiDAR Freespace 0.55 1.20 2.54 1.43 0.06 0.17 1.07 0.43 -
EO [27] LiDAR Freespace 0.67 1.36 2.78 1.60 0.040.09 0.88 0.33 -

ST-P3 [17] Camera Ma & B & D 1.33 2.11 2.90 2.11 0.23 0.62 1.27 0.71 1.6
UniAD [18] CameraMa & B & Mo & T & O 0.48 0.961.65 1.03 0.05 0.17 0.71 0.31 1.8
VAD-Tiny [26] Camera Ma & B & Mo 0.60 1.23 2.06 1.30 0.31 0.53 1.33 0.72 16.8
VAD-Base [26] Camera Ma & B & Mo 0.54 1.15 1.98 1.22 0.04 0.39 1.17 0.53 4.5
OccNet [54] Camera 3D-Occ & Ma & B 1.29 2.13 2.99 2.14 0.21 0.59 1.37 0.72 2.6

OccNet [54] 3D-Occ Ma & B 1.29 2.31 2.98 2.25 0.20 0.56 1.30 0.69 -
OccWorld-O 3D-Occ None 0.43 1.08 1.99 1.17 0.07 0.38 1.35 0.60 18.0

OccWorld-D Camera 3D-Occ 0.52 1.27 2.41 1.40 0.12 0.40 2.08 0.87 2.8
OccWorld-T Camera LiDAR 0.54 1.36 2.66 1.52 0.12 0.40 1.59 0.70 2.8
OccWorld-S Camera None 0.67 1.69 3.13 1.83 0.19 1.28 4.59 2.02 2.8

VAD-Tiny† [26] Camera Ma & B & Mo 0.46 0.76 1.12 0.78 0.21 0.35 0.58 0.38 16.8
VAD-Base† [26] Camera Ma & B & Mo 0.41 0.70 1.05 0.72 0.07 0.170.41 0.22 4.5

OccWorld-O† 3D-Occ None 0.320.610.98 0.64 0.06 0.21 0.47 0.24 18.0
OccWorld-D† Camera 3D-Occ 0.39 0.73 1.18 0.77 0.11 0.19 0.67 0.32 2.8
OccWorld-T† Camera LiDAR 0.40 0.77 1.28 0.82 0.12 0.22 0.56 0.30 2.8
OccWorld-S† Camera None 0.49 0.95 1.55 0.99 0.19 0.56 1.54 0.76 2.8

ficult to scale to large-scale driving data. Alternatively, OccWorld demonstrates
competitive performance by employing 3D occupancy as the scene representation
which can be efficiently obtained by accumulating LiDAR scans [58].

We observe that using ground-truth 3D occupancy as inputs, our OccWorld-
O outperforms the previous perception-prediction-planning-based method Occ-
Net [54] by a large margin without using maps and bounding boxes as supervi-
sion, demonstrating the superiority of the world-model paradigm for autonomous
driving. Our end-to-end models OccWorld-D and OccWorld-T also demonstrate
competitive performance using only 3D occupancy as supervision and OccWorld-
S delivers non-trivial results with no supervision other than the future trajectory,
showing the potential for interpretable end-to-end autonomous driving.

Though our model demonstrates competitive L2 error, it falls behind on
the collision rate. This is because it is more difficult to learn safe trajectories
without the guidance of freespace or bounding box. Still, OccWorld demonstrates
comparable collision rates with OccNet which exploits map and box supervision,
showing that OccWorld can learn the concept of freespace with 3D occupancy.

We also see that OccWorld shows excellent short-term planning performance
(1s), but worsens quickly when planning longer futures. For example, OccWorld-
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Table 3: Effect of different hyperparameters for the scene tokenizer. We use
bold numbers to denote the best results.

Setting Reconstruction Forecasting mIoU (%) ↑ Planning L2 (m) ↓
mIoU ↑ IoU ↑ 1s 2s 3s Avg. 1s 2s 3s Avg. FPS

(502, 128, 512) 66.38 62.29 25.78 15.14 10.51 17.14 0.43 1.08 1.99 1.17 18.0
(502, 128, 256) 63.40 60.33 24.25 14.34 10.13 16.24 0.42 1.08 1.95 1.15 17.8
(502, 128, 1024) 60.50 59.07 23.55 14.66 10.68 16.30 0.47 1.18 2.19 1.28 17.8
(252, 256, 512) 36.28 44.02 12.10 8.13 6.20 8.81 3.27 6.54 9.78 6.53 28.1
(1002, 128, 512) 78.12 71.63 18.71 10.75 7.68 12.38 0.50 1.25 2.33 1.36 6.7
(502, 64, 512) 64.98 61.50 21.83 12.90 9.28 14.67 0.49 1.24 2.26 1.33 20.1

Table 4: Ablation study of the spatial-temporal generative transformer. We
report average results over the 1s, 2s, and 3s.

Method Forecast Planning
mIoU (%) ↑ IoU (%) ↑ L2 (m)↓ Collision Rate (%)↓ FPS

OccWorld-O 17.14 26.63 1.17 0.60 18.0
w/o spatial attn 10.07 21.44 1.42 1.21 28.6
w/o temporal attn 8.98 20.10 2.06 2.56 26.5
w/o ego 15.13 24.66 - - 18.8
w/o ego temporal 12.07 23.09 5.89 6.23 18.5

O achieves the best L2 error at 1s among all the methods but reaches 1.99 at 3s
compared to 1.65 of UniAD. This might result from the diverse future generations
of world models, which might deviate from the ground-truth trajectory.

Analysis of the scene tokenizer. We analyze the effect of different hy-
perparameters for the scene tokenizer in Table 3. The setting (S,C,N) denotes
latent spatial resolution S, latent channel dimension C, and the codebook size
N . We see that using a larger codebook than 512 leads to overfitting and using a
smaller S,C, and N might not be enough to capture the scene distribution. The
reconstruction accuracy improves with a larger spatial resolution, yet leading to
poor forecasting and planning performance. This is because the tokens cannot
learn high-level concepts, resulting in more difficulty in forecasting the future.

Analysis of the spatial-temporal generative transformer. We con-
ducted an ablation study on both 4D occupancy forecasting and motion planning
to analyze the design of the proposed spatial-temporal generative transformer,
as shown in Table 4. w/o spatial attn denotes discarding spatial aggregation and
directly applying temporal attention to the input tokens. w/o temporal attn
represents that we replace the temporal attention with a simple convolution to
output the next scene using the current world tokens. w/o ego represents that we
discard the ego token. w/o ego temporal represents that we replace the tempo-
ral attention of the ego token with a simple MLP. We observe that using spatial
aggregation to model spatial dependencies and using temporal attention to in-
tegrate history information is vital to the performance of both 4D occupancy
forecasting and motion planning tasks. Also, only performing the 4D occupancy
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Fig. 5: Analysis of the performance for static and dynamic objects.

forecasting task without predicting motion reduces the performance. This veri-
fies the effectiveness of joint modeling of scene evolutions and ego trajectories.
Finally, discarding the ego temporal attention leads to poor planning and sur-
prisingly worse 3D forecast occupancy performance. We think this is because
integrating a wrongly predicted ego trajectory will mislead the forecasting.

Analysis of dynamic object prediction. We analyze the performance of
our model on static and dynamic objects as shown in Fig. 5. We see that the
performance for dynamic objects is lower, indicating modeling dynamic objects
is more challenging. This is reasonable since the observations of dynamic objects
results from both the movements of the ego vehicle and the objects themselves.
Still, OccWorld can successfully predict the future trajectories of dynamic ob-
jects, which is more important for making decisions.

5 Conclusion and Discussions

In this paper, we have presented a 3D occupancy world model (OccWorld) to
model the joint evolutions of ego movements and surrounding scenes. We have
employed a 3D occupancy scene tokenizer to extract high-level concepts and
used a spatial-temporal generative transformer for future prediction in an auto-
regressive manner. Both quantitive and visualization results have shown that
OccWorld can effectively predict future scene evolutions in the comprehensive
3D semantic occupancy space. We believe that OccWorld has paved the way
for interpretable end-to-end autonomous driving without additional supervision
signals and facilitated the scaling to large driving models.

Limitations. OccWorld simultaneously models the ego movements and scene
evolutions, yet cannot predict the futures conditioned on certain driving com-
mands. However, the ability to forecast multiple futures based on different con-
ditions is important for a world model and is an interesting future direction.
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