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1 Additional Details

1.1 Details on Training and Multi-view Data Synthesis

Let r € RT*3, @ € RT*55x3x3 "and 8 € RS be root position, body joint rotation
matrices in a temporal window of length 7', and shape parameters from human
motion capture data. We begin our multi-view data generation by augmenting
the shape parameters with Gaussian noise with a standard deviation equal to
the standard deviation of all shape parameters within the datasets. Next, we
apply mediolateral mirroring with a 50% chance and randomly rotate the mo-
tion sequence around its center. We pass the augmented {r, ©, 3} parameters
to the forward-kinematic layer of the SMPL body model to obtain 3D vertices.
Lastly, we use a dataset-specific joint regressor on the vertices to extract the 3D
keypoints used in the next steps of our pipeline.

Next, we simulate a multi-camera recording setup by randomly positioning
several cameras in cylindrical space. As depicted in Fig. [T}a, we randomly choose
a recording volume size that encircles the space occupied by the human body. To
ensure that the subject appears in most cameras, we select the tilt, pitch, and
yaw so that they look at a random point in the center of the recording volume
while maintaining the correct up direction. Additionally, we limit the camera
height to mimic typical multi-view video recording setups.

After obtaining the camera intrinsic and extrinsic parameters, we project
the 3D body keypoints onto each camera view (see Fig. b). We use these 2D
keypoints as ground truths p, to train our pose compiler (see Fig. c). We
then add 2D point corruptions to the 2D keypoints, including Gaussian noise
with varying standard deviations, simulated occlusions with varying sizes and
probabilities, mediolateral flipping, and occasional truncation effects (see Fig.
d). Next, we obtain the cross-view projected keypoints (see Fig. e) via the
algorithm described in Sec. 3.2 in the main paper. Finally, we train our pose
compiler using the ground-truth keypoints and point clouds containing noisy 2D
data, as depicted in Fig.
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Fig. 1: We illustrate our multi-view data synthesis framework, starting with (a) camera
placement in a space surrounding a motion-captured human body; (b) extraction and
projection of keypoints onto the synthetic cameras; (c) 2D ground-truth keypoints; (d)
data corruption; and (e) cross-view projection to prepare the point cloud training data
for our pose compiler.
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Fig. 2: We illustrate the training routine of our pose compiler using synthetic data
generated based on real motion capture sequences.

1.2 Details on Criss-cross Attention

As discussed in Sec. 3.3 in the main paper, we use criss-cross attention blocks
in our spatiotemporal encoder to process information more efficiently. Accord-
ingly, the cross-view input features {f;} are first projected into queries, keys,
and values (Q, K,V € RT*/*2H) yia a linear layer. Next, we divide them into
temporal Qr, Kp,Vy € RTX/XH and spatial groups Qg, Kg,Vg € RT*I*H,
The temporal and spatial (skeleton joints) attentions are then calculated in two
separate self-attention modules and concatenated before the next feed-forward
layer and normalization. As a result of this operation, the receptive field of each
transformer layer is the information residing on the spatial and temporal axis,
and stacking multiple layers can approximate the full spatiotemporal attention
without large computational overhead. In the following sections, we study the
effectiveness of our design choice and compare its computation cost and perfor-
mance against full attention and concurrent attention designs.
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2 Additional Experiments and Results

This section describes the 2D datasets used during training and fine-tuning of
our 2D pose estimator. We then study the details of our pipeline to evaluate
its performance under different inputs, network architectures, and initialization
strategies for 3D keypoint estimation. Next, we provide additional comparisons
on the Human3.6m [5] dataset with weak or semi-supervised methods. We will
also provide more comparisons with monocular pose estimation approaches on

the RICH [4] dataset.

2.1 2D Datasets

COCO WholeBody. The COCO WholeBody [6] dataset is a large-scale whole-
body pose estimation dataset with over 250K samples. This dataset is an exten-
sion of Common Objects in COntext (COCO) [14] dataset with the same training
and testing splits. The dataset provides 133 2D keypoints (17 for body, 6 for feet,
68 for face, and 42 for hands) on in-the-wild images. We use this dataset to train
our 2D pose estimator during OoD experiments.

MPII. The MPII Human Pose dataset [1] dataset is a popular 2D pose estima-
tion benchmark. It contains over 40,000 images of people performing over 400
actions in diverse scenarios. The dataset contains 16 body joint labels and is
frequently used to pre-train |24] or improve cross-dataset generalization [16}25].
We use this dataset for 2D pose estimator pre-training and fine-tuning.

2.2 Additional Ablation Study

Following the ablation study originally presented in Sec. 5.3 of the main pa-
per, we investigate the impact of temporal length, our spatiotemporal encoder’s
architecture, different formulations of the point clouds, and our initialization
strategy for 3D keypoint estimation in Tab. [1} Additionally, we report and pro-
vide the computational cost comparisons for a single input batch with T = 27
and 4 views. Our pose compiler is significantly smaller than a single 2D pose
estimator, taking less than 1% of the total parameter count.

Random Initialization. We use the L-BFGS 15| optimization algorithm to
solve the 3D keypoint MLE iteratively. To speed up this process, we stop the
optimization when the changes of our optimization variables, namely U, are less
than a specific tolerance (Tol. = 0.001 mm). We further speed up the optimiza-
tion process by using a DLT algorithm to initialize the 3D points U. Table [I]
first examines the effect of our initialization strategy when U is initialized to
zero, and the tolerance remains unchanged, showing a significant rise in the 3D
keypoint estimation error and inference time. Next, Tab. [I] shows that by lower-
ing the tolerance, zero-initialization performs similarly to our proposed strategy,
but at 3 times more inference time. Therefore, we conclude that unlike prior
works [22], our method is not reliant on initialization, and the initialization only
speeds up the estimation process. This may be due to the smooth nature of the
uncertainty distributions learned by the normalizing flows [11].
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Table 1: Additional ablation study on Human3.6m dataset. We only report the com-
putation cost of our pose compiler (in FLOPs) and exclude the CPN [2| network with
5.16 T FLOPs for 27 frames of 4 views. Additionally, 64.87M of parameters in all ex-
periments belong to the CPN network.

Method MPJPE| PA-MPJPE| Param. (M)| Time (s)] FLOPs (G)
UPose3D (T = 27, Tol. = 103 mm) 26.42 23.42 65.407 10.1 2.04

w/ zero init 28.51 32.85 65.407 12.5 2.04

w/ zero init (Tol. = 1076 mm) 26.42 23.42 65.407 28.9 2.04

w/ T = 243 33.17 25.11 62.660 10.9 20.18

w/ concurent attention 26.57 23.61 65.391 10.3 2.01

w/ full attention 26.50 23.57 65.322 10.3 2.28

w/ full attention (T = 243) 34.97 28.60 65.336 10.3 51.56

w/ epipolar line 26.46 23.45 65.407 10.1 2.04

w/ relative camera pos. emb. 26.37 23.43 65.407 10.2 2.04

Longer Temporal Window. We study the computational cost and perfor-
mance impact of very long temporal context size. Following [26], we report the
performance of UPose3D when 243 frames, as opposed to 27 frames, to infer the
3D keypoints of the center frame in Tab. [T} This new model takes 10 times more
FLOPs to compute and does not perform as well as our original model. This
may be because our synthetic data augmentations and corruption strategies are
tuned for smaller time windows, as longer context sizes were not in our consider-
ations. Our observations of the training and validation losses also show signs of
overfitting during training for longer time windows. As extremely long context
sizes are not in the scope of this paper, we do not perform any additional tuning
of these models and leave them for future research.

Pose Compiler Architecture. We compare the effect of our criss-cross atten-
tion modules with vanilla (full) and concurrent attention. Table [I| shows that
criss-cross attention outperforms the other two designs while requiring less com-
putation (FLOPs) than full attention. Additionally, we observe that on the ex-
treme case of very long temporal context sizes (T = 243), criss-cross attention
still outperforms full attention models by 1.8 mm while requiring 60% less com-
putations.

Inputs of Pose Compiler. Finally, we investigate the effect of different point
cloud formation strategies in our pipeline. Specifically, we study the impact
of appending a relative camera position embedding, inspired by [19], to the
cross-projected 2D keypoints while creating the point clouds. Accordingly, in
our first experiment, we concatenate the epipolar line parameters of other views
to the point cloud of the reference view. Similarly, in our second experiment, we
concatenate the relative position of the other cameras to the input point cloud as
well. However, as shown in Tab. [I} adding extra inputs does not greatly impact
the performance.

2.3 Additional Baselines and Comparisons

Table [2| complements Tab. 1 of the main paper by providing more comparisons
with prior works on the Human3.6m [5] dataset. Here, we include 3D keypoint
estimation approaches regardless of their input modality or supervision type
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Table 2: Additional comparisons with prior works on the full test set of the Hu-
man3.6m dataset in InD settings. (-) denotes that the error was not reported in the

original work.

Method

Supervision Multi-view Frames MPJPE| PA-MPJPE| N-MPJPE|

Rhodin et al. |17] 3D X 1 66.8 51.6 63.3
Rhodin et al. [17] Weakly 3D X 1 - 65.1 80.1
EpipolarPose |9] Weakly 3D X 1 55.08 47.91 54.90
CanonPose |23| Weakly 3D X 1 - 53.0 82.0
Gong et al. |3] Synthetic 3D v 1 53.8 42.4 -

BKinD-3D [20] 3D Discovery v 20 125.0 105.0 -

UPose3D (Ours) 2D v 1 26.9 24.1 26.2
UPose3D (Ours) 2D v 27 26.4 23.4 25.6

Table 3: Comparison of our method in OoD setting on RICH dataset against prior

works. * denotes our replication of prior works.

Method MPJPE| PA-MPJPE| OoD Multi-view Output
SA-HMR 18| 93.9 - X X SMPL
IPMAN-R |21 79.0 47.6 X X SMPL
METRO [13] 98.8 - X X SMPL
METRO |I3| 129.6 - v X SMPL
SPIN [10] 112.2 715 v X SMPL
PARE [§] 107.0 73.1 v X SMPL
CLIFF |12] 107.0 67.2 v X SMPL
AdaFuse |[24] 524.0 85.8 v v 3D Keypoints
HRNet-W48+Grid Search” 64.4 54.9 v v 3D Keypoints
HRNet-W48+DLT" 66.0 55.1 v v 3D Keypoints
Ours (T'=1) 36.2 33.4 v v 3D Keypoints
Ours (T = 27) 34.7 32.0 v v 3D Keypoints

in InD settings. We observe that our method outperforms all of the other ap-
proaches despite only using 2D supervision. Additionally, in Tab. 3] we compare
our work with prior research on the RICH [4] dataset. Since this dataset was
recently published, only monocular 3D body modeling techniques have reported
their performance on this dataset. Here, we observe that our method outper-
forms the majority of prior works. More importantly, when comparing Tab. [2]
and Tab. [3] we notice that our method achieves consistent results between InD
and OoD evaluations on the Human3.6m [5] and the RICH [4] datasets, showing
generalizability across in-studio and outdoor environments.

3 Additional Visual Examples

We provide a supplementary video that describes our method with visual demon-
strations. Additionally, we provide several video clips of input and output data
from Human3.6m [5], RICH [4], and CMU-Panoptic |7] datasets and compare the
visual fidelity of our approach with the state-of-the-art method on Human3.6m,
AdaFuse [24].
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4 Qualitataive Comparisons

In Fig. [3] Fig. [ and Fig. [}] we demonstrate some examples of our UPose3D on
Human3.6m |[5] dataset to showcase its visual fidelity in comparison to ground-
truth keypoints and AdaFuse [24] in InD evaluation scheme. Additionally, we
provide more visual examples of UPose3D results in Fig. [f] Fig.[7} and Fig.
in comparison to our implementation of AdaFuse [24] in OoD settings on the
RICH [4] dataset. To better visualize the sharp keypoint distribution output of
our 2D pose estimators, we show the logarithm of heatmaps in all figures for 2D
pose estimators. We refer the reader to Fig. 4 of the main paper for an illus-
tration of the real heatmaps without any post-processing. Our method performs
consistently in both settings, while AdaFuse fails to correctly predict the human
keypoints in some OoD samples. In all cases, the 2D pose estimator generally
results in more refined predictions and sharper uncertainty distributions, while
our pose compiler outputs a coarser distribution. Moreover, our method typi-
cally depicts higher horizontal uncertainties, which may be due to more frequent
horizontal movements.



UPose3D: Uncertainty-Aware 3D Human Pose Estimation 7

Human3.6m Dataset

AdaFuse

GT

Pose

AdaFuse

GT

Pose

AdaFuse

2D Estimator

Pose
Compiler

Fig. 3: Example output of our proposed UPose3D pipeline in comparison to AdaFuse
[24] is presented in the InD evaluation scheme on the Human3.6m [5] dataset.



8 V. Davoodnia et al.

Human3.6m Dataset

View 2 View 3
AdaFuse
[T T r—
O
© g ‘y
] ‘
Ours
.
S
©
£ @
1;;
w
[a)
(o]
GT
.
9
23
<E
o
w AdaFuse
ol
(=2
©
g o\
- Ours
]
©
£
7 G\
w
[a)
o~
GT
.
9
23
SE )
o
w AdaFuse
o
O
©
] .
Ours

2D Estimator

Pose
Compiler

Fig. 4: Example output of our proposed UPose3D pipeline in comparison to AdaFuse
[24] is presented in the InD evaluation scheme on the Human3.6m [5] dataset.
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Fig. 5: Example output of our proposed UPose3D pipeline in comparison to AdaFuse
[24] is presented in the InD evaluation scheme on the Human3.6m [5] dataset.
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RICH Dataset
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Fig. 6: Example output of our proposed UPose3D pipeline in comparison to AdaFuse
[24] is presented in the OoD evaluation scheme on the RICH [4] dataset. The first
and second samples show the effectiveness of our approach in solving occlusions for
detecting hands and feet.
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Fig. 7: Example output of our proposed UPose3D pipeline in comparison to AdaFuse
|24] is presented in the OoD evaluation scheme on the RICH dataset. The first
sample illustrates a challenging input with a rare posture, where both AdaFuse and
our method successfully predict the correct posture.
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Fig. 8: Example output of our proposed UPose3D pipeline in comparison to AdaFuse
|24] is presented in the OoD evaluation scheme on the RICH dataset. We observe
that our method outperforms AdaFuse in the first and third samples.
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