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ABSTRACT We introduce HUMAN4D, a large and multimodal 4D dataset that contains a variety of
human activities simultaneously captured by a professional marker-based MoCap, a volumetric capture and
an audio recording system. By capturing2 female and2 male professional actors performing various full-
body movements and expressions, HUMAN4D provides a diverse set of motions and poses encountered as
part of single- and multi-person daily, physical and social activities (jumping, dancing, etc.), along with
multi-RGBD (mRGBD), volumetric and audio data. Despite the existence of multi-view color datasets
captured with the use of hardware (HW) synchronization, to the best of our knowledge, HUMAN4D is
the �rst and only public resource that provides volumetric depth maps with high synchronization precision
due to the use of intra- and inter-sensor HW-SYNC. Moreover, a spatio-temporally aligned scanned
and rigged 3D character complements HUMAN4D to enable joint research on time-varying and high-
quality dynamic meshes. We provide evaluation baselines by benchmarking HUMAN4D with state-of-the-
art human pose estimation and 3D compression methods. We apply OpenPose and AlphaPose reaching
70.02% and 82.95% mAPPCKh-0.5 on single- and 68.48% and 73.94% mAPPCKh-0.5 on two-person 2D pose
estimation, respectively. In 3D pose, a recent multi-view approach named Learnable Triangulation, achieves
80.26% mAPPCK3D-10cm. For 3D compression, we benchmark Draco, Corto and CWIPC open-source 3D
codecs, respecting online encoding and steady bit-rates between 7-155 and 2-90 Mbps for mesh- and point-
based volumetric video, respectively. Qualitative and quantitative visual comparison between mesh-based
volumetric data reconstructed in different qualities and captured RGB, showcases the available options
with respect to 4D representations. HUMAN4D is introduced to enable joint research on spatio-temporally
aligned pose, volumetric, mRGBD and audio data cues. The dataset and its code are available online.

INDEX TERMS Dataset, 4D, Multi-View, Motion Capture, RGBD, Volumetric Video, Pose Estimation,
3D Compression, 4D Capture, Visual Evaluation, Benchmarking, Depth Sensing, Audio, Social Activities

I. INTRODUCTION

Inhabitance in a 4D world of moving 3D objects of various
shapes and colors increases the need to capture and exten-
sively study, analyze and exploit the 4D data around us,

especially now, with the massive development of low-cost
sensing devices [1]. Nowadays, volumetric video of humans,
captured with the aid of multiple cameras, and scanned 3D
characters, animated with the use of motion capture (MoCap)
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technologies, comprise the core elements for human-centric
4D media production, a domain essential in several techno-
logical and industrial sectors.

On the one hand, these technologies constitute key ele-
ments in immersive experiences that provide remote virtual
presence and co-presence (e.g. XR conferencing [2], XR
museums [3], etc.). The experiences are further enhanced by
augmenting the virtual and immersive worlds with photore-
alistic representations that enable highly natural and realistic
audiovisual communication between multiple users.

On the other hand, dense 4D data cues produced with
such technologies contain space-time coherent information
of shape, motion, and appearance of people, attracting the
interest of the computer vision research community and
beyond. Several research works [4], [5] provide large corpora
with synthetic humans generated based on human body priors
[6], motion capture data and more. By applying 3D surface
reconstruction methods [7]�[14] on 3D or 4D data captured
with single or multiple spatio-temporally aligned RGBD
sensors, volumetric video is reconstructed in either real-time
or of�ine. Fusing volumetric video with high quality 3D
scans and motion capture enables the study and development
of data-driven approaches across several domains, such as
2D human pose estimation [15]�[19], 3D pose estimation
[20]�[26], motion analysis [27], [28], 3D/4D volumetric re-
construction [7]�[13], [29], performance capture [30], [31],
volumetric video compression [32]�[36], photorealistic rep-
resentations [14] and more.

The advancement of shape and motion computer vision
techniques, the development of immersive media technolo-
gies, as well as the interest of the industry in human-centric
4D media production, highly and rapidly increase the need
for large, high-quality datasets that will act as cornerstones
for their continuous development, also enabling their joint
evolution. Nevertheless, at the moment, only few datasets are
partially focused on some of the aspects of these challenging
tasks.

On top of that, several computer vision methods approach
3D/4D research tasks from monocular or HW-SYNCed
multi-view color (i.e. 2D) streams. However, by de�nition,
2D data cannot cope with the intricacies of 3D/4D shape or
form, at least to the extent that the volumetric data can. That
is probably due to the lack of HW-SYNCed depth/volumetric
data from public resources. For instance, the lack of HW-
SYNCed volumetric data along with ground-truth 3D poses
for supervision eliminates the attempts for data-driven 3D
pose estimation approaches from volumetric data.

To this end, we create HUMAN4D, a dataset that �lls
these gaps by providing professional motion capture along
with volumetric data captured in 3D character and mesh- and
point-based volumetric representations. In particular:

� We introduce a publicly available 4D dataset containing
a large corpus of annotated spatio-temporally aligned
multi-view RGBD (mRGBD), volumetric and motion
capture data, in order to enable extensive research on
several computer vision and graphics topics.

� To the best of our knowledge, HUMAN4D is the �rst
dataset that provides HW-SYNCed mRGBD frames
along with marker-based motion capture and audio data
cues, with the use of recent consumer-grade depth sens-
ing devices, cutting-edge optical motion capture tech-
nologies and body-worn audio recording, respectively.

� We provide pose estimation baselines by applying data-
driven 2D and 3D pose estimation algorithms on single-
and multi-view data sequences, along with insights with
respect to the advantages of HUMAN4D for training
such methods.

� We perform and report a detailed study on volumetric
data compression using 3D codecs, examining the rate
distortion from several perspectives, while respecting
online volumetric video encoding and steady bit-rates.

� We conduct and report objective visual quality evalu-
ation on various volumetric representations, i.e. mesh-
based volumetric data evaluation across various recon-
struction qualities.

The remainder of this paper is organized as follows: Sec.
II overviews related datasets including 4D data in a similar
aspect; Sec. III describes in detail the HUMAN4D dataset,
giving evidence with respect to its creation and statistics;
Sec. IV benchmarks 2D and 3D pose estimation data-driven
models on HUMAN4D; while Sec.V benchmarks 3D codecs
and compares mesh-based 4D representations with respect to
visual quality using well-known objective metrics; in Sec.
VI, we discuss the impact of this dataset to the research
community and beyond; �nally, Sec.VII concludes the paper
and discusses future work.

II. RELATED WORK
Over the past few decades, the computer vision research com-
munity has showed an increased interest for virtual human
related technologies. A variety of traditional and learning-
based computer vision methods are targeting open research
problems using motion, volumetric, image and action-based
data. In this section, we discuss relevant datasets [37]�[42],
providing details and explaining the nature of the data they
offer to the research community. A brief overview of these
datasets follows, while Table1 summarizes their features and
modalities.
MHAD [37]: One of the �rst publicly available datasets
offering MoCap and RGBD data is (Berkeley) MHAD. The
MHAD dataset contains spatio-temporally aligned data cues
captured with a professional MoCap system with active
markers [43] along with12 RGB and 2 MS Kinect v2
(RGBD) cameras,6 wearable inertial sensors (accelerome-
ters only) and4 microphones, recording the audio signals
during the performance of the actions. The dataset consists of
659data sequences from11 human actions performed by12
subjects. Although MHAD enables research on multi-view
pose estimation and beyond, the MS Kinect v2 devices are
only 2 and not HW-SYNCed, resulting in the existence of
spatio-temporal offsets between the deprojected depth maps
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MHAD (2013) [37] Human3.6M(2014) [38] CMUPanoptic(2015) [39] HUMBI (2018) [40] HUMAN4D (2020)

BodyPose 3 3 3 3 3
Marker-based MoCap 3 3 7 7 3
BodyPart Segments 7 7 7 3 7
Multi-view RGB 3 3 3 3 3
Multi-view Depth 3 7 3 7 3
3D Meshes 7 7 7 3 3
Point-clouds 7 7 3 7 3
Audio Cues 3 7 7 7 3
GazeFeatures 7 7 7 3 7
HandFeatures 7 7 3 3 7
Facial Features 7 7 3 3 7
Rigged Characters 7 3 7 7 3
Multi-person 7 7 3 7 3

TABLE 1: Summary of state-of-the-art datasets and HUMAN4D with respect to the available features and modalities.

(point-clouds) and the 3D poses of the MoCap, limiting that
way the joint use of 3D pose and volumetric data.
Human3.6M [38]: Human3.6M (H36M) contains a huge
corpus with3:6 million 3D human poses of 5 female and 6
male subjects. Similarly to HUMAN4D, the subjects perform
a set of motions and poses (captured with10 motion capture
cameras) from daily human activities (taking photos, talking
on the phone, eating, sitting, etc.), along with synchronized
color images from4 synchronized color cameras, depth maps
from 1 single Time-of-Flight (ToF) depth sensor and accurate
3D body scans of the subject actors involved. H36M consti-
tutes one of the most widely used datasets for human-centric
computer vision research tasks, however, there still exist
some drawbacks. Only the color cameras support hardware
inter-synchronization, there is only one depth sensor with
low depth map resolution, while the set of motion capture
cameras is limited (10) in comparison with HUMAN4D
(24). Finally, the recent human-centric research advances and
efforts are focused on multi-person captures (e.g. including
social activities) similar to ones provided by HUMAN4D and
other datasets [39], [40], contrary to H36M which contains
only single-person sequences.
CMUPanoptic [39]: CMUPanoptic (CMU) is the largest
public dataset in terms of the number of camera views (521),
capturing natural interactions of up to 8 subjects performing
social activities with uncontrolled behaviour and appearance.
The dataset has been captured using the Panoptic Studio
[39], a massively multi-view capture system consisting of
480 VGA, 31 HD and 10 RGBD (Kinect v2) cameras,
distributed over the surface of a geodesic sphere. Beyond
body poses, CMU also contains 3D facial landmarks and
2D/3D hand pose data cues. Even though CMU currently
constitutes one of the richest publicly available datasets in
the �eld, HUMAN4D enables further research perspectives.
Despite its spatio-temporal setting, CMU does not provide
HW volumetric synchronization since the time alignment
between the Kinect v2 RGBD streams is achieved through
a hardware modi�cation using the microphone array of each
device, incapable to provide synchronization precision com-
parable to HUMAN4D (see Sec.III-B1). Finally, the pose es-
timates have not been captured using a professional marker-
based motion capture solution as in HUMAN4D; instead, an

accurate marker-less approach has been used.
HUMBI [40]: Another large and publicly available multi-
view dataset is HUMBI, focusing on human body expres-
sions with natural clothing, aiming to facilitate modeling
of view-speci�c appearance and geometry of gaze, face,
hand, body, and garment from several and various people.
HUMBI complements the publicly available datasets with
respect to the number of camera views (107synchronized
HD cameras) and subjects (772distinctive subjects across
gender, ethnicity, age, and physical condition). The dataset
includes �ve elementary body expressions, i.e. gaze, face,
hand, body and garment. With the use of SMPL [6], HUMBI
provides mesh-based 3D geometry of the subjects along with
their respective texture atlases. For HUMBI, the use of depth
sensors was out of scope, thus multi-view depth sensing was
not considered.

HUMAN4D aims to tackle lacking areas of existing, pub-
licly available 4D datasets. HUMAN4D consists of a large
corpus of spatio-temporally aligned mRGBD, volumetric and
motion capture data cues, providing high synchronization
precision between the multiple RGBD streams exploiting the
HW-SYNC capabilities of the sensors. On top of that, HU-
MAN4D contains (social) activities between multiple sub-
jects (2), enabling research on challenging computer vision
tasks under the multi-person aspect (e.g. occlusions, multiple
person instances in the �eld of view, larger volumetric areas,
etc.). HUMAN4D is meant to provide the computer vision
research community with data that will enable the research
and development of novel approaches on intensively active
human-centric research domains. It is worth noting that the
consumer-grade depth sensing devices used for the RGBD
data capturing are commercially available in the market,
allowing the experimentation and development of computer
vision algorithms applicable even for production purposes.

III. HUMAN4D DATASET
A. 4D CAPTURING SETTING
The capturing of the dataset took place in a professional
motion capture studio (Artanim Foundation1) where, beyond
the motion capture system, special portable equipment for

1http://artanim.ch/
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FIGURE 1: Pictures taken during the preparation and capturing of the HUMAN4D dataset (in Artanim’s facilities). The room
is equipped with 24 Vicon MXT40S cameras rigidly placed on the walls, a portable volumetric capturing system with 4 Intel
RealSense D415 depth sensors temporarily set up to capture the RGBD data cues and wearable microphones for the actors.

volumetric capturing was set up, as depicted in Fig.1. In
particular, 24 motion capture (MoCap) cameras along with 4
stereo-based depth sensors and microphones using HW and
software (SW) synchronization (see Sec.III-C1 for details)
were used, to capture the whole dataset. All 24 motion
capture cameras were rigged on the walls, to maximize the ef-
fective experimentation volume. The high number of motion
cameras (24) increases the accuracy of the motion capture
due to the elimination of occlusions, providing that way
high precision ground-truth poses for the dataset. The actual
capturing space was set in an area of approximately4m� 4m
so that the bodies of the actors were at least partially in the
�eld-of-view of the RGBD cameras during the performances.
These cameras were placed at the 4 corners of the stage in a
cross schema. The �oor-plan of the whole capturing setup is
illustrated in Fig.2. Finally, a 3D body scanner was used to
obtain an accurate 3D mesh-based volumetric model of one
of the actors.

B. DATASET CREATION
For the creation of the dataset,4 professional actors,2 female
and 2 male were recruited, in order to pursue the highest
possible quality of the captured actions, with respect to
the authenticity of the performances. Within HUMAN4D,
without the post-processing products (i.e. volumetric data),
we captured and introduce the following:

� Multimodal data of14 single-person and5 two-person
actions (19in total), including physical exercises, daily
and social activities, totalling56 single-person and10
two-person sequences, respectively. In Table2, details
with respect to HUMAN4D activities are �gured.

� Projection matrices and external calibration camera pa-
rameters retrieved using an anchor-based calibration
method to reduce pairwise accumulating errors, en-

FIGURE 2: Capturing space �oor-plan showing the poses
of 24 Vicon MXT40S cameras and4 Intel RealSense D415
sensors.

abling 2D projection of 4D data to the various camera
views and vice versa.

� 30 audio cues for some of the activities where the
actors had to talk and act based on speci�c scripts and
scenarios (see Table 2).

� Synchronization between the modalities by providing
timestamped data.

� 1 scanned and rigged 3D model of one of the profes-
sional actors.

� A set of benchmarks to facilitate comprehensive eval-
uation of 2D and 3D pose estimation methods, along
with evaluation of volumetric video production and
compression quality.

Following, we describe in detail the modalities we used
and the techniques we applied to capture and create the
dataset.
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FIGURE3: HW-SYNCed multi-view RGBD samples (4 RGBD frames each) from"stretching_n_talking"(top) and"basket-
ball_dribbling" (bottom) activities. The depth maps are colorized using TURBO colormap [44].

TABLE 2: Details with respect to HUMAN4D physical, daily
and social activities.

activity # frames audio type

S
in

gl
e-

pe
rso

n

running 2,050 7 physical
jumping_jack 1,974 7 physical
bending 2,156 7 physical
punching_n_kicking 2,079 7 physical
basketball_dribbling 2,124 7 physical
laying_down 4,082 7 physical
sitting_down 3,288 7 daily
sitting_on_a_chair 2,797 7 daily
talking 2,377 X daily
object_dropping_n_picking 1,768 7 daily
stretching_n_talking 2,787 X physical
talking_n_walking 2,889 X daily
watching_scary_movie 2,194 X daily
in-�ight_safety_announcement 6,192 X daily

M
ul

ti-
pe

r s
on watching_football_together 1,760 X social

dancing_together 1,356 X social
physical_examination 2,328 X social
whispering 3,045 X social
card_trick 3,060 X social

50,306

1) SPATIO-TEMPORALLY ALIGNED mRGBD CAPTURE
To the best of our knowledge, HUMAN4D is the �rst publicly
available dataset that offers HW synchronized multi-view
RGBD data captured in a real-time manner. Most of the
existing datasets use synchronized RGB cameras [38] or
previous versions of Microsoft Kinect for RGBD capturing
[39], which do not support HW triggering, requiring SW-
based soft synchronization solutions.

In HUMAN4D, we instead use the Intel RealSense D415
sensor which offers this functionality [45]. D415 sensors

can be con�gured in either master or slave synchronization
mode, eliminating the need for external HW triggering when
connected in a device cluster. One device can be set as
"master", providing the synchronization signal, and the rest
as "slaves" that receive it and cohere. The impact of HW-
SYNCed mRGBD capture for volumetric- and pose-related
tasks is depicted in Fig.6, where point-clouds extracted by
deprojecting mRGBD frames from HUMAN4D and CMU
[39] are compared, showcasing the improved temporal align-
ment of the HW-SYNCed HUMAN4D against CMU data.
It is worth noting that CMU constitutes currently the only
existing dataset that provides synchronized depth maps by
applying a HW modi�cation on the Kinect v2 devices.

Regarding depth capturing, the sensors were used in "high
accuracy� mode, offering only the high con�dence depth
estimates, therefore producing accurate but sparse depth data.
It is worth noting that we con�gured the sensors exploiting
their spatial �ltering and exposure adjustment capabilities
to capture the best possible depth quality. We captured
the mRGBD data using the capturing system2 proposed by
Sterzentsenkoet al. [46], while spatial alignment between
the sensors was achieved using the multi-sensor calibration
schema proposed by Papachristouet al. [47]. HW-SYNCed
mRGBD samples are depicted in Fig.3.

2) 3D SCANNED AND RIGGED CHARACTER
To obtain an animatable mesh, one of the actors was scanned
using a custom photogrammetry-based body scanning rig
(Fig. 4). The rig consisted of 96 Canon Powershot A1400
cameras controlled using SW-based on the Canon Hack

2https://github.com/VCL3D/VolumetricCapture
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