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ABSTRACT

We present 4DiM, a cascaded diffusion model for 4D novel view synthesis (NVS),
supporting generation with arbitrary camera trajectories and timestamps, in nat-
ural scenes, conditioned on one or more images. With a novel architecture and
sampling procedure, we enable training on a mixture of 3D (with camera pose),
4D (pose+time) and video (time but no pose) data, which greatly improves gener-
alization to unseen images and camera pose trajectories over prior works which
generally operate in limited domains (e.g., object centric). 4DiM is the first-ever
NVS method with intuitive metric-scale camera pose control enabled by our novel
calibration pipeline for structure-from-motion-posed data. Experiments demon-
strate that 4DiM outperforms prior 3D NVS models both in terms of image fidelity
and pose alignment, while also enabling the generation of scene dynamics. 4DiM
provides a general framework for a variety of tasks including single-image-to-3D,
two-image-to-video (interpolation and extrapolation), and pose-conditioned video-
to-video translation, which we illustrate qualitatively on a variety of scenes. See
https://anonymous-4d-diffusion.github.io for video samples.
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Figure 1: Zero-shot samples from 4DiM on LLFF (Mildenhall et al., 2019) and Davis
[Tuset et al.} 2017) given one or two input images. 4DiM excels at a wide variety of generative
tasks involving camera and temporal control (e.g., free-form camera control, temporal interpolation
and extrapolation). Note that 4DiM is a 32-frame model, so here we evenly sub-sample outputs.
Samples are best seen as video: https://anonymous—4d-diffusion.github.io.

1 INTRODUCTION

4D generative models cast novel view synthesis (NVS) as a form of image-conditioned multi-view
generation with control of camera pose and time. They extend the impressive capabilities of generative
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image and video models, leveraging large-scale learning to enable image generation with consistent
3D scene geometry and dynamics. As such, they promise to unlock myriad generative tasks such
as novel view synthesis from a single image, image to 4D generation, image(s) to video, and video
to video translation. Nevertheless, designing and training 4D models that generalize well to natural
scenes, with accurate control over camera pose and time, remains challenging.

While there has been interest in diffusion models for NVS (Watson et al., 2022; Liu et al., 2023b),
much of this work has focused on isolated objects with cameras located on the viewing sphere around
the object. A key barrier to generalization, both to arbitrary scenes and free-form camera poses,
has been the lack of rich, posed training data. The predominant datasets, i.e., RealEstate 10K (Zhou
et al., [2018) and CO3D (Reizenstein et al., 2021), are restricted to narrow domains, with camera
poses estimated from structure-from-motion (SfM) that are noisy and lack metric scale information.
Consequently, state-of-the-art 3D NVS models with good generalization to date have focused on
somewhat specific domains (e.g., CAT3D (Gao et al.,|2024) for object-centric scenes, or PNVS (Yu
et al.,2023a) for indoor scenes), and they exhibit issues with pose alignment, where generated images
do not coincide with the specified target viewpoints. In the case of 4D NVS, said challenges around
lack of large-scale posed training data and quality of pose estimation are exacerbated. To this end, we
advocate co-training with unposed video, as diverse video is available at scale and contains valuable
information about the spatiotemporal regularities of the world.

To address these challenges, we introduce 4DiM, a diffusion model for NVS conditioned on (one or
more) images of arbitrary scenes, camera pose, and time. 4DiM extends previous 3D NVS diffusion
models in three key respects: 1) from objects to scenes; 2) to free-form camera poses specified in
meaningful physical units; and 3) with simultaneous control of camera pose and time. 4DiM is trained
on a mixture of data sources, including posed 3D images/video and unposed video, of both indoor
and outdoor scenes. We make this possible through an architecture with FILM layers (Dumoulin
et al., 2018) that default to the identity function for missing conditioning signals (e.g., videos without
pose, or static scenes without time), which we call Masked FiLM, and through multi-guidance, which
leverages this kind of training to adjust guidance weights for different conditioning signals separately.
We also introduce calibrated versions of datasets posed via COLMAP (Schonberger & Frahm,|[2016);
calibrated data makes it easier to learn metric regularities in the world, like the typical sizes of
everyday objects and spatial relations, and it enables one to specify camera poses in meaningful
physical units for precise camera control. As we later show, training on poses with unknown scale
will (unsurprisingly) make scale itself stochastic when generating samples given one input image,
whereas fixing this problem yields both improved fidelity and pose alignment.

To summarize, our main contributions include:

o We introduce 4DiM, a pixel-based diffusion model for novel view synthesis conditioned on one
or more images of arbitrary scenes, camera pose, and time. 4DiM comprises a base model that
generates 32 images at 64 x 64 and a super resolution model that upsamples to 32 x 256 x 256;

o We devise an effective data mixture for 4D models comprising posed and unposed video of indoor
and outdoor scenes, yielding compelling results on camera control, time control, and promising
zero-shot results controlling both simultaneously in video-to-video translation;

e We propose Masked FiLM layers to enable training with incomplete conditioning signals, and
multi-guidance which leverages such training to further improve sample quality at inference time;

e We create a scale-calibrated version of RealEstate10K to improve model fidelity and enable
metric pose control;

¢ We include extensive evaluation and comparisons to prior work, including fixes to SfM-based
metrics (He et al.|[2024), and a novel keypoint distance metric to better quantify the presence of
dynamics.

2 RELATED WORK

Unlike the typical setting of Neural Radiance Fields (Mildenhall et al., 2021) (NeRF) where tens-to-
hundreds of images are used as input for 3D reconstruction, pose-conditional diffusion models for
NVS aim to extrapolate plausible, diverse, 3D consistent samples with as few as a single image input.
Conditioning diffusion models on an image and relative camera pose was introduced by Watson et al.
(2022) and |Liu et al. (2023b) as an effective alternative to prior few-view NVS methods, overcoming
severe blur and floater artifacts (Sitzmann et al., 2019; Yu et al., | 2021; Niemeyer et al., 2022; |Sajjadi
et al.||2022). However, they rely on neural architectures unsuitable for jointly modeling more than two
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views, and consequently require heuristics such as stochastic conditioning or Markovian sampling
with a limited context window (Yu et al.,|2023a), for which it is hard to maintain 3D consistency.

Subsequent work proposed attention mechanisms leveraging epipolar geometry to improve the 3D
consistency of image-to-image diffusion models for NVS (Tseng et al.,|2023), and more recently, fine-
tuning text-to-video models with temporal attention layers or attention layers limited to overlapping
regions (He et al.| [2024; Wang et al.,|[2023a)) to model the joint distribution of generated views and
their camera extrinsics. These models however still suffer from several issues: they have difficulty
with static scenes due to persistent dynamics from the underlying video models; they still suffer
from 3D inconsistencies and low fidelity; and they exhibit poor generalization to out-of-distribution
image inputs. Alternatives have been proposed to improve fidelity in multi-view diffusion models of
3D scenes, albeit sacrificing the ability to model free-form camera pose; e.g., see MVDiffusion and
follow-ups (Tang et al.|[2023}/2024) where the data distribution is limited in its pose trajectories.

A concurrent body of related work on 3D extraction has recently emerged following DreamFusion
(Poole et al.l|2022), where instead of directly training diffusion models for NVS, new techniques
for sampling views parametrized as a NeRF with volume rendering are proposed such as Score
Distillation Sampling (SDS) and Variational Score Distillation (Wang et al., 2024) (VSD). Here,
a pre-existing diffusion model acts as a prior that drives the generation process. This enables, for
example, text-to-3D using a text-to-image diffusion model. As demonstrated by ZeroNVS (Sargent
et al.,2023), MVDream (Shi et al., [2023), ReconFusion (Wu et al.,[2023) and CAT3D (Gao et al.,
2024), using a pose-conditional diffusion model offers the advantage that the diffusion model can
be conditioned on the sampled viewpoint for volume rendering during score distillation or NeRF
postprocessing. Still, the extension of 3D extraction methods to 4D dynamic scenes and complex view-
dependent reflectance phenomena remain challenging. In contrast, geometry-free diffusion models
show encouraging results at scale with camera control, time control, and even their combination
(Seitzer et al.; 2023). Large-scale video models also provide encourage evidence of 3D geometrically
consistent generation without an explicit rendering model (Brooks et al.,2024a; |L1 et al., 2024). Our
success with 4DiM further supports this perspective, showing that one can simultaneously achieve
fine-grained camera control and dynamics with a multiview diffusion model alone.

3 4D NOVEL VIEW SYNTHESIS MODELS FROM LIMITED DATA
4DiM uses a continuous-time diffusion model to learn a joint distribution over multiple views,

p(xot1:n | Tro, PN,y T1N) (D

where xcy1.ny are generated images, 1. are conditioning images, p;.y are relative camera
poses (extrinsics and intrinsics) and 1.y are scalar, relative timestamps Following [Ho et al.
(2020), we choose our loss function to be the error between the predicted and actual noise (Lgimpie in
their paper), though we use the L1 rather than L2 norm, because, like prior work (Saharia et al.,[2022a;
Saxena et al.|[2023), we found that it improves sample quality. Our models use the “v-parametrization”
(Salimans & Ho,|[2022), which helps stabilize training, and we adopt the noise schedules proposed
by |[Kingma et al. (2021). Our current models process N = 8 or 32 images at resolution 256 x 256
(V is the combined number of conditioning plus generated frames). To this end, we decompose the
task into two models similar to prior work (Ho et al., 2022alb); we first generate images at 64 x 64,
and then up-sample using a 4 x super-resolution model trained with noise conditioning augmentation
(Saharia et al., [2022c). We also finetuned the 32-frame model to condition on 2 and 8 frames to
enable more comparisons and example applications of 4DiM models.

Training data. While 3D assets, multi-view image data, and 4D data are limited, video data is
available at scale and contains rich information about the 3D world, despite not having camera poses.
One of our key propositions is thus to train 4DiM on a large-scale dataset of 30M videos without pose
annotations, jointly with 3D and 4D data. As shown in Section[5.T, video plays a key role in helping
to regularize the model. The 3D datasets used to train 4DiM include ScanNet++ (Yeshwanth et al.|
2023) and Matterport3D (Chang et al.,|2017), which have metric scale, and more free-form camera
poses compared to other common 3D datasets in the literature (e.g., CO3D (Reizenstein et al.|[2021)
and MVImgNet (Yu et al., 2023b))). We also use 1000 scenes from Street View with permission from

'4DiM does not require sequential temporal ordering as in video models as the architecture is permutation-
equivariant over frames. All /N images (conditioning and generated) are processed by the diffusion model.
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Figure 2: Architecture — We illustrate the 4DiM base model architecture, including choices for
attention blocks and our conditioning mechanism. The 4DiM super-resolution model follows the same
choices modulo minor differences to condition on low-resolution images. Outputs corresponding to
the conditioning frames are always discarded from the training objective.

Google, comprising posed panoramas with timestamps (i.e., it is a “4D” dataset). During training, we
randomly sample views from Street View from the set of panorama images within KX consecutive
timesteps (K =5 for our 8-view models, and K=20 for 32-view models). We sample unposed videos
with probability 0.3 and views from posed datasets otherwise. 3D datasets are sampled in proportion
to the number of scenes in each dataset.

Calibrated RealEstate10K. One particularly rich dataset for training 3D models is RealEstate1 0K
(Zhou et al.,|2018) (RE10K). It comprises 10,000 video segments of static scenes for which SfM
(Schonberger & Frahm, 2016) has been used to infer per-frame camera pose, but only up to an
unknown length scale. The lack of metric scale makes training more difficult because metric
regularities of the world are lost, and it becomes more difficult for users to specify the target camera
poses or camera motions in any intuitive units. This is especially problematic when conditioning on a
single image, where scale itself otherwise becomes ambiguous. We therefore created a calibrated
version of RealEstate 10K by regressing the unknown metric scale from a monocular depth estimation
model (Saxena et al.| [2023). (For details, see Supplementary Material [A}) The resulting dataset,
cREIOK, has a major impact on model performance (see Section 4 below). We follow the same
procedure to calibrate the LLFF dataset (Mildenhall et al., [2019)) for evaluation purposes.

Architecture. Relatively little training data has both time and camera pose annotations. Most 3D
data represent static scenes, while video data rarely include camera pose. Finding a way to effectively
condition on both camera pose and time in a way that allows for incomplete training data is essential.
We thus propose to chain Masked FiLM layers (Dumoulin et al., 2018)) for (positional encodings of)
diffusion noise levels, per-pixel ray origins and directions, and video timestamps. When any of these
conditioning signals is missing (due to incomplete training data or random dropout for classifier-free
guidance (Ho & Salimans, 2022)), the FiLM layers are designed to reduce to the identity function,
rather than simply setting missing values to zero. This avoids the network from confusing a timestamp
or ray coordinate of value zero with dropped or missing data. In practice, we replace the FiLM shift
with zeros and scale with ones for masked signals. We illustrate the overall choices in Fig.[2l (For
details see Supplementary Material [Cl)

Sampling. Steering 4DiM with the correct sampling hyperparameters is essential, especially the
guidance weights for classifier-free guidance (Ho & Salimans| 2022) (CFG). In its usual formulation,
CFQG treats all conditioning variables as “one big variable”. In practice, placing a different weight on
each variable is important; e.g., text requires high guidance weights, but high guidance weights on
images can quickly lead to unwanted artifacts. We thus propose multi-guidance, where we generalize
CFG to do exactly this, without making independence assumptions between conditioning variables.
We start from a classifier-guided formulation (Dhariwal & Nichol,2021)), where we wish to sample
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with k conditioning signals, vy, vs, ...V, using the score

Vg logp(x) + w1V logp(vi|z) + Z w; Vg logp(vj|vyj—1,) . 2
=2k

In the classifier-free formulation, this is equivalent to

(1—w1) Valogp(@) + Y (wj 1 —wy) Valogp(®|vry1) + wiVe logp(@|vry) - 3)

j=2...k

If we train our model such that it drops out only vy, or vi—; and v, ... , or all of v;.;, we can sample
with different guidance weights w; on each conditioning variable v;. 4DiM is trained to drop out
conditioning signals with probability 0.1, and it drops either ¢1.x, t1.n and p1.n, or all of t1. 5, P1. N
and x1.¢. This is a natural choice, since poses and timestamps without corresponding conditioning
images do not convey useful information. For best results, 4DiM uses a guidance weight 1.25 on
conditioning images and weights of 2.0 on camera poses and timestamps. We include an ablation
study in our Supplementary Material [B|that demonstrates how multi-guidance provides additional
knobs to push the Pareto frontiers between fidelity and dynamics / pose alingnment.

4 EVALUATION

Evaluating 4D generative models is challenging. Typically, methods for NVS are evaluated using
generation quality. In addition, for pose-conditioned generation it is desirable to find metrics that
capture 3D consistency (rendered views should be grounded in a consistent 3D scene) and pose
alignment (the camera should move as expected). Furthermore, evaluating temporal conditioning
requires some measure that captures the motion of dynamic content. We leverage several existing
metrics and propose new ones to cover all these aspects, as described below.

Image and Video fidelity. FID (Heusel et al.,2017) is a key metric for image quality, but if used in
isolation it can be uninformative and a poor objective for hyper-parameter selection. For example,
Saharia et al. (2022b) found that FID scores for text-to-image models are optimal with low CFG
weights (Ho & Salimans, [2022), but text-image alignment suffers under his setting. In what follows
we report FID as well as the improved Frechet distance with DINOv2 features (FDD) (Oquab et al.,
2023), which appears to correlate with human judgements better than InceptionV3 features (Szegedy.
et al.,[2016)). For video quality, we also report FVD scores (Unterthiner et al.||[2018)).

3D consistency. The work of |Yu et al.| (2023a) introduced the thresholded symmetric epipolar
distance (TSED) to evaluate 3D consistency, as a more computationally efficient alternative to
training separate NeRF models (Mildenhall et al.,[2021) on every sample (e.g., like (Watson et al.|
2022)). First, SIFT is used to obtain keypoints between a pair of views. For each keypoint in the
first image, we can compute the epipolar line in the second image and its minimum distance to the
corresponding keypoint. This is repeated for each keypoint in the second image to obtain a SED
score. A hyperparameter threshold is selected, and the percentage of image pairs whose median SED
is below the threshold is reported. Below, we report TSED with a threshold of 2.0 and include the
TSED score of ground truth data, as poses in the data are noisy and do not achieve a perfect score.

Pose alignment (revised metric: SfM distances). We follow |[He et al.| (2024) to quantify pose
alignment, i.e., by running COLMAP pose estimation on the generated views, and comparing the
camera extrinsics predicted by COLMAP to the target poses. To ensure the results are reasonable
metrics, however, we modify the procedure of |[He et al.| (2024) in several ways. First, due to the
inherent scale and rotational ambiguity of COLMAP, we observe that it is necessary to align the
estimated poses to the original ones before comparing their differences as described above. We also
report the relative error in camera positions (SfMD),ys) and the angular deviation of camera rotations
in radians (SfMD,,) to account for scale variation across scenes. Finally, to get best results from
COLMAP, we also feed it the input views. Please see our Supplementary Material [E for more detail.
We refer to this set of metrics as SfM distances hereon. Like we do for TSED scores, we also report
the SfM distances for the ground truth data.

Metric scale pose alignment. The aforementioned metrics for 3D consistency and pose alignment
are invariant to the scale of the camera poses as they rely on epipolar distances and SfM. In order to
evaluate the metric scale alignment of 4DiM we report PSNR, SSIM (Wang et al., [2004) and LPIPS
(Zhang et al.,|2018). These reconstruction-based metrics are not generally suitable to measure sample
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Figure 3: Qualitative comparison of 3D NVS across various diffusion models on in-distribution
(RE10K) and out-of-distribution (LLFF) datasets. The model is an 8-frame 4DiM model trained solely
on RE10K for 3D data for fair comparison with prior work (it is not our final 4DiM model). 4DiM
demonstrates superior image fidelity and pose alignment compared to other methods, as can be seen
in (1) the quality and realism of images furthest away from the input image, and (2) the location of
objects and scene content alignment aligning with the ground truth images (shown in the bottom row).
See our website for more samples: https://anonymous—4d-diffusion.github.io.

quality, as generative models can produce different but plausible samples. But for the same reason
(i.e., that reconstruction metrics favor content alignment), we instead find them useful as an indirect
indicators of metric scale alignment; i.e., given metric-scale poses, we would like models to not
over/undershoot in position and rotation.

Dynamics (new metric: keypoint distance). One common failure mode that we observed early
in our work is a tendency for certain models to copy input frames instead of generating temporal
dynamics, and prior work has noted that good FVD scores can still be obtained with static video (Ge|
et al.|[2024). We therefore propose a new metric called keypoint distance (KD), where we compute
the average motion of SIFT keypoints(Lowel [2004) across image pairs with & > 10 matches. We
report results on generated and reference views to assess whether generated images have a similar
motion distribution.

5 EXPERIMENTS

We consider both in-distribution and OOD evaluations for 3D NVS capabilities in our ablations and
comparisons to prior work. We use the RealEstate 10K dataset (Zhou et al., 2018) as a common
in-distribution evaluation. To maximize the amount of training data, we use 1% of the dataset as
our validation split. We run inference on all baselines ourselves for this split, noting that they might
instead be advantaged as our test data may exist in their training data (for PNVS, all our test data is in
fact part of their training dataset, giving them a distinct advantage). For OOD evaluation, we use the
LLFF dataset (Mildenhall et al.,[2019).

We present our main results on 3D novel view synthesis conditioned on a single image in Tab.
and Fig. [3] comparing the capabilities of our 4DiM cascade against PhotoConsistentNV (Yu et al.|

“For PNVS, we follow |Yu et al. (2023a) and use a Markovian sliding window for sampling, as they find it is
the stronger than stochastic conditioning (Watson et al., [2022).
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FID() FDD{) TSED:- (1) StMDyos(1) StMDrs(})  LPIPS (1) PSNR (1)  SSIM ()
cRE10Kk test
PNVS 5141 1007. 0.9961 (1.000) 0.9773 (1.024)  0.3068 (0.3638) 0.3899 16.07 0.3878
MotionCtrl 43.07 370.6 0.4193 (1.000) 1.027 (1.032)  0.2549 (0.3634) 0.5003 12.74 0.2668
ZeroNVS 37.35 522.3 0.6638 (1.000) 1.049 (1.028)  0.3323 (0.3579) 0.3792 15.30 0.3617
4DiM-R 31.23 306.3 0.9974 (1.000) 1.023 (1.075) 0.3029 (0.3413) 0.2630 18.09 0.5309
4DiM 31.96 314.9 0.9935 (1.000) 1.008 (1.034)  0.3326 (0.3488) 0.3016 17.08 0.4628
cLLFF zero-shot
PNVS 185.4 2197.  0.7235(0.9962) 0.9346 (0.8853)  0.2213 (0.1857) 0.5969 12.04 0.1311
MotionCtrl 106.0 531.5 0.1515(0.9962) 0.9148 (0.9415) 0.1366 (0.2216) 0.7016 9.722 0.06756
ZeroNVS 75.95 860.2  0.2205 (0.9962)  0.9315 (0.8980)  0.2015 (0.1947) 0.5008 12.58 0.1578
4DiM-R 63.48 353.2  0.9659 (0.9962) 0.9265 (0.8951) 0.2011 (0.1934) 0.5403 11.55 0.1444
4DiM 63.78 356.8 0.9167 (0.9962)  0.9131 (0.8960) 0.1838 (0.1943) 0.5415 11.58 0.1408

Table 1: Comparison to prior work in 3D NVS. We compare 8-frame 4DiM models against prior
work, with one model trained solely with cRE10K (4DiM-R) for a more fair comparison, and one
model trained with our full dataset mixture (4DiM). We evaluate in-distribution and zero-shot on
LLFF. For 3D consistency and pose alignment, we include scores on real views (in parenthesis) to
indicate plausible upper bounds (which may be imperfect as poses are noisy and SfM may fail). We
highlight the best result in bold, and underline results where models score better than real images. We
do not report scores when SfM fails, denoted with n/a. Our models generally outperform baselines
substantially across all metrics.

FID (]) FDD ({) TSED. (1) SfMDyos (1) SfMD;(}) LPIPS(]) PSNR (1) SSIM (1)
REI0K test
4DiM-R (RE10k) 32.40 3359 1.000 (1.000) 1.021 (1.022)  0.3508 (0.3737) 0.3002 16.64 0.4704
4DiM-R (cRE10k) 31.23 306.3 0.9974 (1.000) 1.023 (1.075)  0.3029 (0.3413) 0.2630 18.09 0.5309
LLFF zero-shot
4DiM-R (RE10k) 71.07 5212 0.7727 (0.9962)  0.9003 (0.8876)  0.2108 (0.1915) 0.4568 12.87 0.2016
4DiM-R (cRE10k) 63.48 353.2  0.9659 (0.9962)  0.9265 (0.8951)  0.2011 (0.1934) 0.5403 11.55 0.1444
ScanNet++ zero-shot
4DiM-R (RE10k) 23.68 248.0  0.9512 (0.9815) 1.885 (1.858) 1.534 (1.520) 0.1938 20.74 0.6716
4DiM-R (cRE10k) 22.89 243.2  0.9685 (0.9815) 1.851 (1.917) 1.541 (1.550) 0.1809 21.25 0.6952

Table 2: Ablation showing the advantage of using calibrated data (metric-scale camera poses).
We compare 8-frame 4DiM models trained on cRE10K vs uncalibrated RE10K. For RE10K and
LLFF, models trained on cRE10K are tested on calibrated data, and models trained on uncalibrated
REI0K are tested on uncalibrated data for a fair comparison. The exception is ScanNet++, which is
already scale-calibrated. We find that training on cRE10K substantially improves in-domain and OOD
performance both in terms of alignment and image quality. This is especially clear on reference-based
image metrics such as PSNR, LPIPS, SSIM (with the exception of LLFF, where scores may be too
low to be significant).

FID{) FDD{) TSED (1) StMDpos(1) StMDra(l)  LPIPS (J) PSNR (1)  SSIM (1)
cRE10K test
4DiM (no video) 32.45 326.5 0.9974 (1.000) 1.023 (1.029)  0.3356 (0.3692) 0.2713 17.80 0.5209
4DiM 31.96 314.9 0.9935 (1.000) 1.008 (1.034)  0.3326 (0.3488) 0.3016 17.08 0.4628
ScanNet++ test
4DiM (no video) 24.61 250.7  0.9615 (0.9815) 1.895 (1.764) 1.446 (1.431) 0.1824 21.34 0.6969
4DiM 23.48 223.7 n/a (0.9815) 1.706 (1.889) 1.550 (1.503) 0.1965 20.67 0.6434
cLLFF zero-shot
4DiM (no video) 64.34 401.4  0.9886 (0.9962) 0.9157 (0.9067) 0.1872 (0.1965) 0.5437 11.45 0.1430
4DiM 63.78 356.8 0.9167 (0.9962) 0.9131 (0.8960)  0.1838 (0.1943) 0.5415 11.58 0.1408

Table 3: Ablation showing the advantage of co-training with video data. We train an identical
8-frame 4DiM model without video data to reveal the net-positive impact of co-training with video.
Co-training with video data improves fidelity and generalization. Qualitatively, this is evident in
4DiM’s ability to extrapolate realistic content.

2023a) (PNVS), MotionCtrl (Wang et al.,2023b), and the diffusion model prepared by ZeroNVS
(Sargent et al., [2023). These are the strongest 3D NVS diffusion models for natural scenes with
code and checkpoints available. For LLFF, we load the input trajectory of views in order, subsample
frames evenly, and then generate 7 views given a single input image. RealEstate10K trajectories
are much longer, so following PNVS, we subsample with a stride of 10. We use the 7-view NVS
task conditioned on a single image, in order to avoid weakening the baselines: MotionCtrl can only
predict up to 14 frames, and PNVS performance degrades with the length of the sequence as it is an
image-to-image model. We trained versions of 4DiM that process 8-frames to this end (as opposed
to using the main 32-frame 4DiM model and subsampling the output) for a more apples-to-apples
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Figure 4: Qualitative comparison of 4DiM trained on calibrated vs uncalibrated RealEstate10K.
The reference images show the scene that should be generated given the target camera pose. The
model trained on calibrated data predicts scenes close to the ground truth, while the model trained
on uncalibrated data often predicts scenes that have “overshot” along the trajectories. We include
colored dotted lines on the furthest view from the conditioning input image to help illustrate the
(mis)alignment of scene content (e.g., doorways, trees, stairs, etc.) of the generated samples when
compared to the reference images.

comparison. Quantitative metrics are computed on 128 scenes from our RealEstate10K test split, and
on all 44 scenes in LLFF.

We find that 4DiM achieves superior results in image quality (FID, FDD, FVD) by a wide margin
compared to all the baselines, and generally outperforms them in reconstruction-based metrics (PSNR,
SSIM, LPIPS) with the exception of ZeroNVS on the LLFF dataset. As much prior work has shown
(Saharia et al.,[2022c; [Watson et al.}, 2022), reconstruction-based metrics penalize generated samples
that may be plausible and tend to favor blurry images (for instance, diffusion architectures trained
purely as regression models tend to outperform their generative counterparts in these metrics). Indeed,
ZeroNVS generally produces samples with signficant blur (more qualitative comparisons are included
in our Supplementary Material [G). Qualitatively, we find that MotionCtrl does not suffer similarly
from blur, but has trouble aligning with the conditioning target poses, as is evident in Figure[3] We
also observe that PNVS exhibits more artifacts, with a substantial drop in quality in the zero-shot
setting. Surprisingly, PNVS achieves the best TSED in LLFF but upon closer inspection, we find that
the number of SIFT keypoint matches is ~3x less than for 4DiM when computing TSED scores. This
suggests potential improvements for TSED which we leave for future work, such as a higher threshold
for the number of minimum keypoint matches, or requiring more spatial coverage of keypoints to
discard examples for which the matches are too localized.

5.1 3D DATASETS SIGNIFICANTLY AFFECT NVS QUALITY

One of the most critical ingredients for 3D NVS, especially in the out-of-distribution setting, is the
training dataset. We ablate this in three ways:

More diverse 3D data is helpful. Table |1 shows that adding more diverse 3D data beyond
RealEstate 10K to the training mixture improves pose alignment (SfM distances) on LLFF (zero-shot).
The evaluation suggests a very small loss in fidelity when using the full mixture, which is expected
since the mixture is more diverse and includes both indoor and outdoor scenes.

Scale-calibrated data resolves ambiguity. To determine the impact of consistent, metric scale
training data, we compare a model trained with on the original RE10k data against one with calibrated
metric scale poses, with all else unchanged. Neither model includes the other 3D data sources in
their training data used to train our best 4DiM model, because these are scale-calibrated and would
confound this study otherwise. Quantitative results on 3D NVS from a single conditioning image are
given in Tab. 2/ (including zero-shot performance on LLFF and ScanNet++), and qualitative results
are given in Fig.[4. We find that models trained on uncalibrated data often overshoot or undershoot
when scale is ambiguous, and that models trained on scale-calibrated data solve this problem.

Large-scale video data improves generalization. We also show the importance of video as a source
of training data. Table [3|shows results comparing 8-frame 4DiM trained on our final data mixture to
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StreetView

§ 5

Stitched using gamma adjustment and homography warp

Generated

Figure 5: Stitching panoramas is non-trivial due to exposure differences, which is hard to fix with
simple gamma/gain adjustment (middle row). Here we show novel views generated by 4DiM
conditioned on 6 input frames covering a 360° field of view (bottom row). To use our 8-frame-input
model, conditioning frames are randomly replicated to achieve the desired arity. (Note this is a subset
of the 24 generated frames by 4DiM.)

‘ 30M video dataset test split
FID{) FDD{) FVD() KD (1)
4DiM (1-frame conditioned) 62.73 3554 934.0 2.214 (11.64)

4DiM (2-frame conditioned) | 56.92 334.7 809.8 2.820 (11.51)
4DiM (8-frame conditioned) | 43.34 320.7 400.2 3.181 (6.269)

Table 4: Comparing different numbers of input frames for video extrapolation. With 32-frame
4DiM models, we find that increasing the number of conditioning frames greatly improves dynamics.
Note that, because this is an extrapolation task with constant video frame rate, the true keypoint
distance decreases with more conditioning frames (i.e., less frames to generate).

an otherwise identical model but trained without video. We find that including video data improves
fidelity and generalization ability which is expected since available 3D/4D data is not as diverse. The
improvement is more apparent qualitatively (see Supplementary Material [H for more samples).

5.2 EMERGENCE OF TEMPORAL DYNAMICS

Early in our experiments, we observed that video from a single image can often yield samples with
little motion. While this can be remedied by lowering the guidance weight on the conditioning
image, this often yields poorer image quality. Nevertheless, with two or more input frames, 4DiM
can successfully interpolate and extrapolate video. We quantitatively illustrate these results through
our keypoint distance metric (along with other standard metrics) in Tab.[# We suspect that future
work including additional controls (e.g., text) on models like 4DiM, as well as larger scale, will
likely play a key role in breaking modes for temporal dynamics, given that text+image-to-video has
been successful for large models (Brooks et al.}[2024b) and the same large-scale efforts report that at
smaller scales dynamics quickly worsen (e.g., see SORA samples with 16x less compute).

5.3 MULTIFRAME CONDITIONING

While we (and most baselines) focus on single frame conditioning, using more than one frame
unlocks interesting capabilities. Here we show two applications. First, we consider 4DiM on the task
of panorama stitching (rendering novel viewpoints), given discrete images that collectively cover a
full 360° FOV (see Fig. |5|D For reference we stitch the images using a naive homography warp and
gamma adjustment (Brown & Lowe, 2007). We find that outputs from 4DiM have higher fidelity than
this baseline, and they avoid artifacts like those arising from incorrect exposure adjustment.
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Street View

Warped input

Generated

Figure 6: Novel views conditioned on a space-time trajectory on the Street View dataset. We condition
on 8 consecutive time steps from the front-left camera and generate views at the same time steps with
a camera facing the front. We find that the hallucinated regions (right half of the images) are consistent
across space-time. Warped input images are provided for reference. We include more samples for
video-to-video translation at https://anonymous—4d-diffusion.github.io.

# conditioning Street View panoramas Matterport3D 360° panoramas
frames FID () FDD() PSNR(f) SSIM (1) LPIPS()) | FID()) FDD () PSNR(1) SSIM(1) LPIPS ()

1 (60°FOV) 119.7 1601 12.16 0.2925 0.5438 86.41 1080 9.366 0.1638 0.6467
6 (360°FOV) 37.43 354.1 17.76 0.5249 0.2663 24.86 239.4 15.64 0.4974 0.2987

Table 5: Quantitative performance on generating panos in the extrapolation (number of conditioning
frames is 1) and interpolation (number of conditioning frames is 6) regime. Using more conditioning
frames improves image fidelity which is to be expected. See Fig. [5|for samples.

We finally consider the task of rendering an existing space-time trajectory from novel view-
points (i.e., pose-conditional video-to-video translation). In Fig. [6, we condition on images
from a single camera at 8 consecutive frames from a Street View sequence and render differ-
ent views yielding 3D-consistent hallucinated regions in the generated images. In our website
(https://anonymous—-4d-diffusion.github. io), we include many more samples on
video-to-video translation to demonstrate this works well in non-street scenes. We show that 4DiM
can be used to stabilize the camera in an input video, and also move it along a novel trajectory even
when the input video may feature a different camera motion.

6 DISCUSSION AND FUTURE WORK

To the best of our knowledge, 4DiM is the first model capable of generating multiple, approximately
consistent views over simultaneous camera and time control from as few as a single input image.
4DiM achieves state-of-the-art pose alignment and much better generalization compared to prior
work on 3D NVS. This new class of models opens the door to myriad downstream applications, some
of which we demonstrate, e.g., changing camera pose in videos and seamlessly stitching panoramas.
While still not perfect, 4DiM also achieves previously unseen quality in extremely challenging camera
trajectories such as 360° rotation from a single image in the wild, indoor or outdoor.

Limitations and future work. Results with 4DiM are promising, but there is room for improvement,
with more calibrated 3D/4D data and larger models, with which the improved capacity is expected to
improve image fidelity, 360° camera rotation, and dynamics with single-frame conditioning.

Societal impact. Like all generative image and video models, it is important to develop and release
models with care. 4DiM is trained largely on data of scenes without people (or anonymized where
present), and does not condition on text prompts, which mitigates many of the safety issues that might
otherwise arise.
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