Occluded Human Body Capture with Frequency Domain Denoising Prior
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Abstract

Monocular human motion capture in occlusion scenarios
presents significant challenges. Although a few works have
explicitly considered the occlusion problem, image-based
methods are unreliable due to the lack of temporal con-
straints while video-based approaches cannot gain suffi-
cient knowledge from time domain motion priors to address
long-term occlusions. However, occluded human motion
typically exhibits periodic patterns and consistent momen-
tum. Inspired by this observation, we exploit reliable image
observations in frequency domain and formulate the mo-
tion capture task as a wavelet coefficients selection process.
Specifically, we first construct probabilistic distributions for
the occluded 2D keypoints, and then introduce a frequency
domain diffusion model to refine the distributions by learn-
ing long-term periodic information and physical momen-
tum with Discrete Wavelet Transform (DWT). Consequently,
the learned denoising prior can select valid wavelet com-
ponents to facilitate the 3D motion capture with a 3D de-
coder. By employing a joint reprojection strategy, we can
also use the same diffusion process to train the 3D de-
coder. To further promote human occlusion-related tasks,
we also present the first 3D occluded motion dataset, Oc-
Motion, which serves as a new benchmark for both training
and evaluation. Experimental results demonstrate that our
method can produce accurate and coherent human motions
from occluded videos. More information is available at
https://github.com/boycehbz/FregMotion.

1. Introduction

Recovering 3D human motion from monocular images is
a long-standing problem, which has wide applications such
as computer animation, human behavior understanding, and
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Figure 1. We visualize the trajectories along the X-axis of the left
and right knee pose parameters (c) from the SMPL model in an oc-
cluded motion sequence. Despite partial occlusion, the knee joints
maintain periodic and consistent patterns, which help alleviate the
effects of long-term occlusion.

human well-being. Recently, researches in this area have
gained significant progress [9, 23, 41], but most of them do
not consider the occlusion scenarios that are very common
in the real world.

Only a few works explicitly focus on occluded 3D hu-
man pose estimation. For example, techniques for human
representation [13, 14, 42], data augmentation [24, 37] and
training strategy [26, 57] have been proposed to improve
performance under occlusion scenarios. Nonetheless, the
results from these image-based methods are often unreli-
able due to the lack of temporal constraints. Recently, some
works [15, 50, 52, 53] directly train motion priors to com-
pensate for the occluded parts with temporal consistency,
but the time domain priors cannot provide sufficient knowl-
edge for long-term occlusions and thus often lead to over-
smoothed motions. Therefore, human motion capture in
severely occluded scenarios remains an open issue in the
community.

However, as shown in Fig. 1, we found that the oc-
cluded parts of human motion often follow periodic pat-
terns and maintain consistent momentum. Based on this
observation, we formulate the occluded human motion cap-
ture as a wavelet coefficient selection process, and learn
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complex spatio-temporal dependencies of the occluded mo-
tion in the frequency domain with a denoising prior. In
contrast to phase-based representation [39, 40] and Dis-
crete Cosine Transform (DCT) [17, 58], we adopt Dis-
crete Wavelet Transform (DWT) to capture the correlations
among different frequency components, which can address
non-stationary signals (e.g., sudden motions) and is more
robust to both low- and high-frequency noises in occluded
motions.

Specifically, given an occluded human video, we first
use an off-the-shelf 2D pose estimation framework [47] to
detect human keypoints. Since occlusions induce severe
pixel-level ambiguities, only the visible keypoints are accu-
rate, while the occluded parts are not reliable. We therefore
construct distributions to model the uncertainty associated
with the occluded keypoints and then introduce a diffusion
model to refine the distributions using the visible observa-
tions. To fully capture the complex spatio-temporal depen-
dencies, we design the diffusion model in the frequency do-
main, which incorporates periodic information to mitigate
the impact of long-term occlusions. As shown in Fig. 2, the
noisy occluded keypoints drawn from the distributions are
combined with the visible keypoints as input to the model,
which are then decomposed into multiple wavelet subbands
using DWT. Next, the diffusion model with a 2D decoder
is enforced to select the valid wavelet coefficients, and the
noisy components caused by the occlusions are removed
during the selection process. The filtered coefficients are
then reconstructed into clean keypoints via inverse Discrete
Wavelet Transform (iDWT). Subsequently, the predicted
keypoints are used to generate the occluded keypoints in the
next diffusion timestep. Once the diffusion model is trained,
we freeze the network parameters of the encoder, and use a
3D decoder to predict the 3D wavelet subbands under the
guidance of image features. The output subbands can also
be mapped to 3D motions using iDWT. We also project the
3D joints onto the 2D image plane, and thus the same dif-
fusion process can be used to train the 3D decoder. Finally,
we can use the trained encoder and 3D decoder to regress
3D human motions from occluded videos over several dif-
fusion timesteps. In addition, to further promote the net-
work training and evaluation, we build OcMotion, the first
video-based 3D occluded motion dataset, which contains 43
sequences with 6 views and more than 300K frames. The
proposed dataset may serves as a new benchmark for human
occlusion-related tasks. To sum up, the contributions of this
paper are as follows:

* We formulate occluded human motion capture as a
wavelet coefficient selection process that incorporates lo-
cal periodic information to alleviate the impact of occlu-
sions.

* We propose a two-branch frequency domain denoising
framework to exploit reliable image observations to learn

complex spatio-temporal dependencies for occluded hu-
man motion capture.

¢ We build OcMotion, the first 3D occluded motion dataset,
which contains 300K images captured in real occlusion
scenarios. The dataset is suitable for both training and
testing.

2. Related Work

Occluded 3D human pose estimation. Although the
3D human pose estimation has progressively developed
in recent years, it still cannot achieve satisfactory perfor-
mance in occlusion scenarios. Historically, there are few
works [ 14, 24] that explicitly focus on occluded human pose
estimation. Recently, some works [13, 37, 42] regresses
the occluded human from a single image, but they are not
flexible enough to exploit temporal information. In addi-
tion, the lack of sufficient real occluded training data has
been a bottleneck for regression-based methods over an ex-
tended period. To improve occlusion-robustness, [37] use
synthetic occlusion data during training. To reduce the gap
between synthetic and real occlusions, [14] represents the
occluded human in the UV map and builds the first image-
based object-occluded human dataset. DPMesh [59] em-
ploys pre-trained diffusion models to compensate for miss-
ing information. Other works [26, 57] alleviate the ambigu-
ous occluded features with contrastive learning. Nonethe-
less, previous works that do not employ temporal infor-
mation cannot obtain reliable results. Without the motion
data for training, existing methods [15, 36, 39] can only uti-
lize the temporal information based on motion priors via a
time-consuming optimization. In this work, we extend the
dataset proposed by [14] to have 43 real occluded 3D mo-
tions with complete and accurate annotations, thus we can
train a temporal model for real-world occlusion problems.
We also leverage frequency domain denoising prior to re-
cover human motion from reliable observations, which is
more robust to long-term occlusions.

Video-based monocular human mesh recovery. With
the development of deep learning, temporal neural net-
works [20] are applied to learn the dependencies among
frames. However, due to the limited training data, they
use pseudo ground-truth labels for training, which are un-
reliable for modeling accurate 3D human motion. [4, 23,
30, 50] follow [20] to use the static features generated by
image-based methods [25] for modeling temporal relations.
These methods depend heavily on the static features and ig-
nore the kinematic information, which results in severe tem-
poral inconsistency [23] and motion oversmoothness [4].
[35, 45] models the kinematic and temporal relations by at-
tention mechanism, which has been proved useful for hu-
man mesh recovery from occluded inputs [45]. Diffusion
model [41] is also used to refine temporal consistency for



Figure 2. The pipeline of our method. Given an occluded video, we rst detect 2D keypoints and model the noisy keypoints in the occluded
regions using Gaussian distributions. We then combine the visible and noisy invisible keypoints, and decompose them into multiple wavelet
subbands using DWT. Subsequently, we design a diffusion model with a 2D decoder to select valid frequency components for reconstructing
the clean data. Once the prior model is trained, we employ the encoder with a 3D decoder to facilitate 3D motion capture within the same
diffusion process. Finally, the reconstructed motion can be regressed from the input keypoints and images after several diffusion time steps.

human motion. Although previous methods achieve com- fectively distinguish reliable signals from visual observa-
petitive results on speci ¢ datasets, they cannot achieve sattion, directly applying DWT to 3D motions like Motion-
isfactory results on long-term occlusion scenarios since theWavelet [8] may result in inconsistencies with image ob-
temporal consistency in time domain cannot provide suf- servations in motion capture scenarios. In contrast to these
cient information. In contrast, our method conducts de- works, our method denoises clean motion information from
noising process in frequency domain, which incorporates reliable partial image observations with a 2D frequency do-
periodic information to alleviate the occlusions. main prior, which is more robust to long-term occlusions
and high-frequency noises.

Human motion analysis in frequency domain. The
spectral decomposition in frequency domain simpli es the 3. Method

periodic characteristiqs analysis qf human motion and thu33_1_ Preliminaries

promotes a lot of motion generation tasks, such as motion

editing [3], motion prediction [12, 40, 56], and style trans- We adopt SMPL model [29] with 6D representation to de-
ferring [51]. Since the frequency domain can better reveal Scribe 3D motions, and thus the parameters for an N-frame
the natures of human motion, a few recent works [17, 39, motion sequence are denoted as'x = tN; &N |

43, 58] employ frequency domain representations in hu- Which consist of pose 2 R* and translation 2 R.
man motion capture to improve the reconstruction perfor- FOr each subject, the shape parameters 2 Bre also in-
mance [6, 11]. Speci cally, FTCM [43] adopt Fast Fourier cluded. We usé to denote ground-truth data. To leverage
transform (FFT) to capture global correlations for different the reliable image observations, we employ an off-the-shelf
pose frequencies. Other works [17, 58] leverage Discrete2D detector [47] to estimate 2D keypoints p 2R and
Cosine Transform (DCT) to prevent high-frequency motion corresponding con dence scores ¢ 2 Ror each input im-
jittering in the reconstructed results by directly discarding 89€-

high-frequency DCT coef cients, which cannot consider lo-
cal periodicity and may lose a lot of detailed motion infor-
mation. In addition, these methods cannot distinguish valid Occluded human videos exhibit severe pixel-level ambi-
signals from image observations and thus fail to alleviate guities, and even the state-of-the-art human parsing mod-
long-term noises. PhaseMP [39] learns motion phase mani-els [22, 47] fail to produce reliable human semantics. In ad-
folds to constrain the occluded motions with test-time opti- dition, the occluded regions in 2D images can correspond
mization, which confront severe depth ambiguity. Discrete to multiple plausible 3D poses, which further introduces
Wavelet Transform (DWT) has also shown its strengths in uncertainty into the reconstruction process. However, pre-
motion generation tasks [2, 8]. However, since the wavelet vious motion capture methods [24, 58] directly regress 3D
coef cient selection process in pure 3D space cannot ef- human motions from image features or 2D keypoints, which

3.2. Occluded Keypoints Uncertainty Modeling
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