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In this paper, we propose a method for reconstructing a whole 3D shape of the human body from a single

image taken by a head-mounted omnidirectional camera. In the image of a head-mounted camera, many parts
of the human body are self-occluded, and it is very difficult to reconstruct the 3D shape of the human body
including the invisible parts. The proposed method focuses on the shadows of the human body generated by
the light sources in the scene and uses it to perform highly accurate 3D reconstruction of the whole human

body including the hidden parts.

1 INTRODUCTION

HEREHEREHEREIn recent years, 3D human pose
analysis has been utilized for various applications. In
sports science, human pose analysis is used to im-
prove athletes’ form, and in security, pose analysis is
used to detect dangerous human behavior.

Many methods of 3D human pose estimation have
been proposed in the past. The standard method is
to place cameras around the human body and recover
human poses from images taken by these cameras (EI-
hayek et al., 2015a; Mehta et al., 2017a; Mehta et al.,
2017b). However, these methods are difficult to use
in real-world environments because of the space re-
quired to place the cameras and the fact that the cam-
eras cannot be moved.

3D pose estimation methods using self-
attached devices such as inertial measurement
units (IMUs) (von Marcard et al.,, 2017) and
Structure-From-Motion (SFM) (Shiratori et al., 2011)
that uses multiple cameras have also been proposed.
These methods have problems such as the need
for prior calibration and the inability to perform
real-time estimation due to pose optimization after
measurement.

Recently, Mo?cap® (Xu et al., 2019) has been pro-
posed for solving these problems. It uses a single
fisheye camera mounted on the human head and uses
deep learning to achieve a highly accurate real-time
estimation of human poses. However, as shown in
Fig. 1 (a), many parts of the human body are often
hidden in the image obtained from the head-mounted
camera, and accurate estimation is not possible in
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Figure 1: Head-mounted camera images and shadows.

such cases. Therefore, in this paper, we propose a
method for using a combination of object and shadow
images to accurately recover the entire shape of the
human body from a single head-mounted image.

As shown in Fig. 1 (b), in many cases, the head-
mounted camera image contains not only the image
of the object but also a shadow of the object. The
shadow is nothing but image information obtained by
observing the object from the viewpoint of a light
source. In other words, if the light source is consid-
ered a camera, the shadow is an image from the view-
point of this virtual camera. Fig. 1 (c) shows an indoor
image, in which we have multiple shadows. This situ-
ation often arises in indoor scenes, since indoors often
have multiple light sources. In such a case, each of the
shadows can be considered as a camera image with a
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different viewpoint, and so we have many camera im-
ages of the human body in a single image. Thus, by
using shadow images, it is possible to recover the 3D
human body using camera images with a large num-
ber of different viewpoints. In this paper, we improve
the accuracy of the reconstruction of hidden parts in
the head-mounted image by using such shadow-based
multi-viewpoint images.

2 RELATED WORK

Human motion capture has traditionally been per-
formed using a large number of fixed cameras. An-
other standard method is to use markers, which re-
quire humans to wear markers or special suits. The
markerless motion capture system (Bregler and Ma-
lik, 1998; Joo et al., 2016) overcomes these limita-
tions of markers. While most methods capture human
motions in indoor scenes, a motion capture method
with a small number of cameras in outdoor scene (Bu-
renius et al., 2013; Elhayek et al., 2015b; Pavlakos
et al., 2017) has also been proposed. However, there
was a problem that it took time to set up the camera
system and there were restrictions on the setup loca-
tion.

Pose estimation using monocular camera images
provides real-time pose estimation by using deep
learning. Some of these methods estimate 3D pose
directly from the image (Pavlakos et al., 2016; Tekin
et al,, 2016), while others combine 2D pose es-
timation with depth or heat maps to estimate 3D
pose (Zhou et al., 2017; Pavlakos et al., 2018). How-
ever, these methods use images taken by standard
perspective cameras placed to obtain good views of
the entire human body, whereas our method uses an
omnidirectional camera mounted on the human head.
The camera images obtained from the head-mounted
omnidirectional camera are highly distorted and have
many self-occlusions, so the existing methods cannot
be applied.

Recently, a head-mounted camera based 3D pose
estimation method, M()zCap2 (Xu et al., 2019), was
proposed. In this method, while the body parts visi-
ble from the camera can be estimated with high accu-
racy, the hidden parts of the body cannot be estimated
well. Thus, we in this paper propose a method for es-
timating the entire body including such hidden parts
by using shadows generated by light sources.

For 3D human body reconstruction, a parametric
human model is often used. Skinned Multi-Person
Linear (SMPL) model (Loper et al., 2015; Pavlakos
et al., 2019; Anguelov et al., 2005) is one of the most
popular parametric human body models, which is rep-

resented by a mesh of 6890 points and 23 joint points.
They are determined by the pose parameter 0 and the
body shape parameter . Many methods have been
proposed for recovering the 3D human body by us-
ing the SMPL model (Kanazawa et al., 2018; Bogo
et al.,, 2016; Kolotouros et al., 2019). Kanazawa
et al. (Kanazawa et al., 2018) proposed an efficient
method for estimating the SMPL parameters from an
image by using deep learning. This method can re-
cover SMPL parameters from a single viewpoint im-
age, and the camera parameters are estimated simul-
taneously with the SMPL parameters.

While these methods estimate the human body
shape from front-parallel camera images, our method
uses an omnidirectional camera mounted on the hu-
man head. Therefore, the images used in our method
are highly distorted and many parts of the human
body are self-occluded. So, the existing methods can-
not be applied to our task. In this paper, we solve
these problems by learning the relationship between
the distorted images and SMPL parameters and using
virtual multi-viewpoint images obtained from shad-
ows in a single image.

3 RECOVERY OF 3D HUMAN
BODY USING SHADOWS

In this research, the object and shadows in a single
omnidirectional image are combined for recovering
highly accurate 3D human shapes. For this objective,
we first explain the 3D human model and its parame-
ters.

3.1 3D Human Body Model

For representing the 3D human body, we use the
SMPL model, M(8,B) € R3**%80 which has the pose
parameter ® € R3X and the shape parameter B € R'°,
where K represents the number of joint points, and in
this research K = 23.

Estimation of the SMPL model is performed using
the floor coordinate system. The floor coordinate sys-
tem consists of two axes parallel to the floor surface
and one vertical axis. The origin of the floor coor-
dinate system is at the intersection of a line perpen-
dicular to the floor that passes through the camera’s
viewpoint and the floor. We represent the relationship
between the SMPL model and the floor coordinates
by the rotation R € R3 and the translation ¢ € R. Thus,
the SMPL model represented based on the floor coor-
dinates is described as follows:

X =RM(0,B)+1 6}
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Figure 2: Network structure of Method 1.

The reason for representing the human body
model in the floor coordinate system is to consider the
shadow projection of the human body on the floor. We
will consider this shadow projection later.

3.2 Projection to Omnidirectional
Camera

The human body represented in the floor coordinate
system is then converted to the camera coordinate sys-
tem and projected onto the image.

In this research, the camera is fixed to the hu-
man head and its pose is equivalent to the head pose.
Therefore, the camera pose can be obtained from the
estimated SMPL parameters. The camera coordinate
system is defined so that the direction from the neck to
the top of the head is the z-axis, the direction from the
right eye to the left eye is the x-axis, and the y-axis is
orthogonal to these two directions. Then, the human
body represented in the floor coordinate system can
be converted to the camera coordinate system.

In this research, we use an omnidirectional cam-
era. Therefore, the images are represented in equirect-
angular format. In equirectangular format, a 3D point
X= (X,Y,Z) in the camera coordinate systems is pro-
jected to an image point as follows:

A=tan"! (%)
_ 2)
¢ = tan 1(@)

where, A and ¢ represent the longitude and latitude in
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the image.

Then, the human body represented by the SMPL
model is projected to the omnidirectional image as
follows:

& =TI(RM(0,B) +1) 3
where IT denotes the projection to the omnidirectional
image with the coordinate transformation.

3.3 Shadow Projection

Shadow projection is performed by obtaining a
shadow on the floor surface in the floor coordinate
system, converting it to the camera coordinate system,
and projecting it onto the omnidirectional image.

The shadow is formed at the intersection of the
straight line connecting the light source and the object
and the floor surface. Assuming that the light source
is at infinity and its direction is (Iy,l,,1), the shadow
point X' = (X', Y’,Z’) on the floor which corresponds
to the 3D point X = (X,Y,Z) can be represented as
follows:

X' =LX 4
where, L denotes the following matrix:
1 0 —i
L=(0 1 - 5)
0 0 O

Thus, the shadow of the human body represented
by the SMPL model is projected to the omnidirec-
tional image as follows:

& = TI(LRM(6,B) +1) (6)
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Figure 3: Network structure of Method 2.

where IT denotes the projection to the omnidirectional
image with the coordinate transformation, and L de-
notes the shadow generation described by Eq. (4).

3.4 Network and Estimation

In this research, we estimate the SMPL parameters
{0,B}, rotation R, translation ¢, and light source pa-
rameters / simultaneously. Thus, we estimate an
83+ 2n dimensional vector ® = {6, 3, R,#,1} by using
the network, where n is the number of light sources,
i.e. the number of shadows.

The network structure of the proposed method is
shown in Fig 2. Our network is based on the network
proposed by Kanazawa et al. (Kanazawa et al., 2018),
but it is different from their network in some respects.
Since our method uses shadows in the scene, we es-
timate not only the SMPL model but also the light
sources in the scene. By using the loss obtained from
the shadows, our network can estimate the SMPL
model accurately, even if the head-mounted camera
image has heavy self-occlusions.

The network takes a single head-mounted cam-
era image as input and outputs the parameter ® =
{0,B,R,1,1}. Estimation is performed in two steps.
First, the image is input to Encoder, which extracts
image features using a pre-trained Resnet (He et al.,
2015). Next, the output of the Encoder is fed to the
residual network to estimate ®. The residual network
is used here because it is difficult to estimate the rota-
tion parameters directly in a single estimation.

The estimation is evaluated by L, loss of the esti-
mated 3D joint point L3p, camera parameters Legmera,
and light parameters Lj;g;,. The camera parameter
loss Lcamera 18 used in our network since the accu-
racy of camera pose estimation greatly affects other
parameters and is particularly important. The repro-
jection errors for body joints in the image Lp.qq and
shadow joints in the image Lgpuq0, are also evalu-
ated. The reprojection error of shadow joints Lgsaqow
is computed for the number of shadows.

In addition, the proposed network has the dis-
criminator and performs adversarial training (Good-
fellow et al., 2014). This is to prevent the estimated
SMPL from deviating too much from the real hu-
man body structure by discriminating between the es-
timated SMPL parameters and the SMPL parameter
datasets for various real poses.

Thus, the training loss of our network is described
as follows:

L=wiLsp+ WZLlight +w3Lcamera
+ Ww4Lpeaa + wsLshadow +WeLaay

(N

We train the network by minimizing the loss. In our
experiments, we chose w; = 1.0, wp = 6.0, w3 =7.5,
W4 = 750, ws = 1.0, and We = 2.0.

3.5 Estimation with Shadow Extraction

Up to now, a camera image was input to Encoder
without any processing. However, it may be diffi-
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Flgure 4: Dataset images. (a) shows a head-mounted omni-
directional camera, (b) shows camera images, and (c) shows
segmented images.

cult for the network to identify shadows in the im-
age. Therefore, we also consider an alternate method
in which shadow regions are extracted in advance and
input to Encoder with the original camera image. We
call the method without shadow extraction Method 1
and call the method with shadow extraction Method 2
respectively.

The network structure of Method 2 is shown in
Fig. 3. Segmentation images are generated from the
head-mounted camera images and input to different
Encoders to extract image features. These are then
combined and input to a residual network for param-
eter estimation. The loss function for training is the
same as in Method 1.

Shadow regions are extracted by generating seg-
mentation images. Although instance segmentation
can distinguish between objects and can handle mul-
tiple shadows separately, it has a problem in the repre-
sentation of overlapping shadows. Therefore, we use
semantic segmentation in this research. Segmentation
is performed by U-Net (Ronneberger et al., 2015).
The image is segmented into three classes: human
body, shadow, and others. Shadows are represented as
a single class and are not separated from each other.

4 DATASETS

In this research, two types of datasets are used for
training: a dataset of head-mounted camera images
and an SMPL dataset. The Human3.6M dataset
(Ionescu et al., 2014) is annotated with 3D joint
points. However, the camera used in our method is
an omnidirectional camera and the image format is
different. The MonoEye dataset (Hwang et al., 2020)
is a dataset taken with a fisheye lens, but the camera
is positioned at the thorax, which is different from the
viewpoint of the head-mounted camera used in our
method. Therefore, we need to create a new dataset
for training our network. In this research, annota-
tion of shadow joint points is required for the head-
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Table 1: Number of shadows and accuracy of human body
recovery.

MPJPE (mm)
0 shadow 259.39
1 shadow 200.24
2 shadows 166.46

Table 2: Accuracy of proposed method with/without
shadow segmentation (MPJPE (mm)).

Method 1 | Method 2
1 shadow 200.24 182.58
2 shadows 166.46 143.97

mounted camera image, but it is difficult to create
such a dataset by using a real head-mounted omnidi-
rectional camera. Therefore, we created a dataset with
synthetic images using Unity. Human models created
by Autodesk Character Generator (Autodesk, 2022)
and 210 animations downloaded from Mixamo (Mix-
amo, 2022) were used for generating synthetic im-
ages. The position of the light source and its intensity
was selected randomly,

The dataset consists of a single head-mounted
camera image with 3D joint points, 2D joint points,
2D shadow joint points, light source parameters, and
true-value annotations for camera pose. The ground
truth of the segmentation image was generated by cre-
ating images with and without shadows and taking
the difference between them. A part of the dataset
is shown in Fig. 4. Fig. 4 (a) shows a head-mounted
omnidirectional camera used for creating the dataset,
Fig. 4 (b) shows camera images, and Fig. 4 (c) shows
segmented images.

We also used Mosh dataset (Loper et al., 2014) as
the ground truth SMPL dataset for adversarial train-
ing. The generator is trained so that the discriminator
cannot distinguish between the generated SMPL and
the ground truth SMPL.

S EXPERIMENT

Experiments were conducted using the synthetic im-
age dataset described in section 4. Three types of light
sources (0, 1, and 2) were used for training and test-
ing, where 0 light means we do not use shadow in-
formation. The training data consists of 3150 images
without shadows (15 models, 210 poses), 15750 im-
ages with one shadow (15 models, 210 poses, 5 light
source positions), and 15750 images with two shad-
ows (15 models, 210 poses, 5 light source positions).
The test data consists of 100 images each.
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Figure 5: Result of the proposed method in the case of 0 shadow, 1 shadow, and 2 shadows. Red lines and green lines in 3D
joints represent true poses and estimated poses respectively. Body joints and Shadow joints show reprojection of body and

shadow joints on the input omnidirectional image.

We first show the results of Method 1. Fig. 5
shows the 3D joints and SMPL human body estimated
from our method in the case of 0 shadow, 1 shadow,
and 2 shadows respectively. We also show the re-
projection of the estimated 3D joints of the body and
shadows. As shown in this figure, the accuracy of the
estimated results improves as the number of shadows
increases. In particular, the accuracy of estimation in
Z axis, which cannot be determined from the human
body image alone, improves as the number of shad-
ows, i.e. the number of viewpoints, increases. We
can also find that the accuracy of invisible feet also
improves.

A quantitative evaluation of the test results was
also conducted. Table 1 shows Mean Per Joints Po-
sition Error (MPJPE) of the estimated human body
in the case of 0 shadow, 1 shadow, and 2 shadows.
We find that the accuracy improves as the number of

shadows increases. This confirms the effectiveness of
using shadows in 3D human body reconstruction from
head-mounted camera images.

We next evaluate Method 2, which combines
Method 1 with shadow extraction. The 3D human
body estimated by using Method 2 is shown in Fig. 6.
In both cases of one and two shadows, we find
that Method 2 using shadow segmentation improves
the accuracy of the reprojection of shadows and the
overall accuracy of the recovered body compared to
Method 1. In particular, in the case of the two shad-
ows, the right arm of the image is successfully recov-
ered since the shadow information, which is not fully
used in Method 1, is captured and used for the esti-
mation in Method 2.

Method 2 was also quantitatively evaluated by
MPIJPE . The results are shown in Table 2. We find
that MPJPE of Method 2 is lower than that of Method
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Figure 6: Results of the proposed method with and without shadow segmentation in the case of 1 shadow and 2 shadows.

1 in both cases where the number of shadows is 1 and
2. These results confirm the effectiveness of using
shadow extraction in the proposed method.

6 CONCLUSIONS

In this paper, we proposed a method for recovering
the 3D shape of the human body by using shadows
in a single head-mounted camera image. We also
proposed a method for extracting shadow regions by
using semantic segmentation and combining the re-
sults to further improve the accuracy of the proposed
method.

We created a synthetic image dataset using Unity
and conducted experiments using the dataset. We
showed that by using the shadows in the image, the
estimation of the 3D human body can use multiple
views, and as a result, we can drastically improve the
accuracy of human body estimation, even if the head-
mounted images suffer from self-occlusion.

In our future work, we will conduct the evalua-
tion of our method using images obtained from a real
head-mounted omnidirectional camera under various
environments.
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