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1. Introduction

Most video-based human pose estimation software
provide results in the 2D coordinate system of the
input image or video. However, studies in biomechan-
ics often require 3D information. One commonly
used method to obtain 3D points from 2D points and
calibrated cameras is the direct linear transform
(DLT) (Abdel-Aziz and Karara 1971).

Most pose estimation software associates each
pixel with a value between 0 and 1, which corre-
sponds to the confidence that the investigated key-
point is located at this particular pixel. It transforms
the image into a confidence heatmap. The most
common approach uses this confidence information
in a binary way: the 2D point of interest corre-
sponds to the pixel with the maximal confidence
over the whole heatmap. Yet, Iskakov et al. (2019)
obtained promising results by using the whole confi-
dence information: both temporal continuity and
accuracy increased, especially when using a small set
of video cameras. However, these results were
obtained using specifically trained neural networks.
It would then be interesting to test if such improve-
ment could also be obtained using the same idea
applied to more generic tools, e.g. using confidence
heatmaps generated by OpenPose (Cao et al. 2019).
Two approaches can be envisaged, according to
Iskakov et al. (2019): one consists in using a classical
binary 2D point estimation for each camera view
and then to compute the 3D point using a weighted
DLT based on their confidence given by the heat-
maps. The second approach, which is recommended
by Iskakov et al. (2019), consists in projecting the
2D heatmaps to obtain 3D confidence volumes, from
which a 3D point is extracted.

In this study, we propose an approach that allows
exploiting the whole information from the confidence
heatmaps provided as output of OpenPose. The goal
of this study is therefore to compare the two previ-
ously presented confidence-based methods for mar-
kerless 3D reconstruction.

2. Methods

2.1. Participants

For this study, eight participants were recruited
(3 women), with age: 28.3 ± 2.8 years old, height:
1.70 ± 0.09 m and mass: 63.1 ± 6.36 kg. Participants
had no history of musculoskeletal problems. They
signed an informed consent form and the study was
approved by our institutional review board.

2.2. Experimental setup

Data was collected using 10 Qualisys Miqus Video
cameras at 60Hz which were synchronized and cali-
brated using Qualisys Track Manager (v2021.1.2 –
average residual after calibration: 0.38mm).
Participants wore their usual clothes. A box (approxi-
mately 60x40x30 cm) was put in front of them on the
ground. Participants were asked to stand still and
then squat, grab the box, stand up with the box, squat
again and then put the box back in front of them.
Three repetitions per participant were performed.

2.3. Data processing

Videos were processed using Theia3D (v 2022.1),
which was used as reference in the absence of
markers. A visual explanation of the two confidence-
based methods is displayed in Figure 1. Both methods
were used to obtain 3D position of the main joint
centres of interest in this study (left (L) and right (R)
shoulders, elbows, wrists, hips, knees and ankles).
OpenPose (v 1.7.0) was applied to a subset of four
evenly distributed cameras. It provided the confidence
heatmap of each keypoint (Figure 1A) from which the
position (x, y) and associated confidence (w) of the
keypoints were extracted (Figure 1B).

First (Figure 1C), 3D positions were estimated
using a confidence-based weighted DLT (wDLT)

Figure 1. Visual representation of the confidence-based
methods.
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(Pagnon et al. 2021). Second, 3D heatmaps (3Dheat)
were built for each point (Figure 1D). 3D space was
discretized with a point every 3mm in all 3 direc-
tions. Then, using the intrinsic and extrinsic parame-
ters of the cameras, the points were projected on the
heatmaps for each camera and associated with the
corresponding confidence value. The 4 confidence
values associated with each camera were then
summed. The 3D point with the maximum summed
confidence was selected as the position of the key-
point for the studied frame (Figure 1E).

2.4. Data analysis

Euclidean distances between joint centre positions
estimated with wDLT and 3Dheat and Theia3D were
computed. Associated root mean square errors
(RMSE) and standard deviation were computed for
each keypoint for both methods. Euclidean distances
were classified according to their values (under 2 cm,
between 2 cm and 4 cm and above 4 cm). Threshold
values were selected based on the differences observed
in the literature between marker-based and markerless
for keypoint detection (Kanko et al. 2021): below
2 cm, the distance is considered to be due to measure-
ment noise, and above 4 cm it is considered to be a
major difference.

3. Results and discussion

The RMSE is below 2 cm for all keypoints except
3Dheat LHip (3.3 ± 1.9 cm), wDLT and 3Dheat
RHip (2.0 ± 0.7 cm and 2.4 ± 0.9 cm respectively) and
wDLT LAnkle (2.4 ± 1.7 cm). For both hips, RMSE

and standard deviation are higher for 3Dheat than
wDLT (LHip: 1.9 ± 0.9 cm for wDLT). For wDLT
LAnkle, RMSE is higher than 2 cm with a bigger
standard deviation than for 3Dheat (1.59 ± 0.80 cm
for 3Dheat).

Figure 2 displays the distribution of differences.
For the hips, there are fewer differences that are
below 2 cm and more differences above 4 cm for
3Dheat than for wDLT. For LAnkle, the proportion
of differences above 4 cm is higher for wDLT (9.9%)
than for 3Dheat (1.1%), while the proportion of dif-
ferences below 2 cm remains similar (87.5% for wDLT
and 89.6% for 3Dheat). For the other keypoints, there
is not a clear trend for one method generating smaller
differences than another.

For the hips, the observed differences between the
methods can be explained by several factors. Firstly,
the movement itself makes it difficult to estimate the
position of the hip joint centers, especially during
the squat movement. Hip keypoints obtained with
OpenPose thus have a medium or low confidence.
Moreover, differences in hip joint center definition
and detection between Theia3D and OpenPose could
generate systematic errors between the two confi-
dence-based 3D reconstruction methods and
Theia3D. However, both Theia3D and OpenPose
provide limited information about biomechanical
definition of the keypoints, thus systematic errors
can only be evaluated experimentally. Secondly,
3Dheat is a completely different approach. For
wDLT, the point that is reconstructed is the point
that is closest to all projection lines. For 3Dheat, the
selected point is the one with maximum confidence.
Heatmaps create beams in 3D space by projecting
zones of confidence instead of points, and the point
with the maximum summed confidence is at the
crossing of two or more beams. For example, for the
hips, beams do not often cross all together at some
point in space, or they only cross two by two. Thus,
the maximum summed confidence is not in the
middle of a beam-crossing area (where the point
given by the wDLT results lies) but somewhere on
the periphery of this area.

For LAnkle, 3Dheat provides better results, espe-
cially regarding differences above 4 cm. One factor
explaining this difference is the high number of
inconsistent detections generated by OpenPose, which
sometimes detects LAnkle where it is absolutely not
(typically when LAnkle is occluded). In this case, the
inconsistent beam crosses the other beams far from
where they intersect and has thus little influence on
the maximum summed confidence. However, the

Figure 2. Distribution, in percent, of the Euclidean distance
between wDLT and Theia3D (left bar) and between 3Dheat
and Theia3D (right bar), for each keypoint.
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point that is selected by wDLT is influenced by the
inconsistent point, even if it has low confidence.

4. Conclusions

Comparison of two confidence-based methods for mar-
kerless motion capture has been performed. Overall,
the two methods provide similar results. Yet, they seem
to be robust against different situations: 3Dheat in the
case of one wrongly detected point, wDLT in the case
of uncertain points. Nonetheless, both approaches rely
on OpenPose keypoint detection quality.
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