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Figure 1: The backbone network pre-trained by LiftedCL can be transferred to various human-centric
downstream tasks including human pose estimation, human shape recovery and human parsing. The
first column shows two examples from the Human3.6M (lonescu et al.,[2013) dataset. The second
and third columns present the estimated 2D and 3D pose. The last two columns demonstrate the
reconstructed human mesh and the estimated human semantic parts.

ABSTRACT

Human-centric perception targets for understanding human body pose, shape and
segmentation. Pre-training the model on large-scale datasets and fine-tuning it on
specific tasks has become a well-established paradigm in human-centric perception.
Recently, self-supervised learning methods have re-investigated contrastive learning
to achieve superior performance on various downstream tasks. When handling
human-centric perception, there still remains untapped potential since 3D human
structure information is neglected during the task-agnostic pre-training. In this
paper, we propose the Lifting Contrastive Learning (LiftedCL) to obtain 3D-aware
human-centric representations which absorb 3D human structure information. In
particular, to induce the learning process, a set of 3D skeletons is randomly sampled
by resorting to 3D human kinematic prior. With this set of generic 3D samples, 3D
human structure information can be learned into 3D-aware representations through
adversarial learning. Empirical results demonstrate that LiftedCL outperforms
state-of-the-art self-supervised methods on four human-centric downstream tasks,
including 2D and 3D human pose estimation (0.4% mAP and 1.8 mm MPJPE
improvement on COCO 2D pose estimation and Human3.6M 3D pose estimation),
human shape recovery and human parsing.

1 INTRODUCTION

Human-centric perception, such as human pose estimation (Xiao et al.,[2018; Sun et al., [2019; [Pavllo
et al.| [2019; Gong et al.|[2021), human shape recovery (Kanazawa et al.,|2018};|Choi et al., [2020; |Xu
et al.,|2021) and human parsing (Yang et al., [2019; |Li et al., 2020; |Gong et al.,|2018]), has received
significant attention in computer vision. Similar to other computer vision tasks, pre-training the
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model has become a widely-used paradigm in human-centric perception. Generally, models are rst
pre-trained on large-scale datasets (e.g., ImagéNet (Deng et al., 2009)) and then ne-tuned on speci ¢
human-centric downstream task.

For human-centric perception, leveraging 3D human structure information on ne-tuning stage
has been demonstrated effective to improve the performance. For instance, in the task of 3D pose
estimation. RepNef (Wandt & Rosenhahn, 2019) adds a KCS (Wandt |et all, 2018) layer into an
adversary to better represent bone lengths and joint angles of a pose, which achieves more accurate
3D pose reconstruction results. HMR (Kanazawa éf al., [2018) employs a prior human body model
parameterized by shape and 3D joint angles and shows competitive results on 3d pose estimation
and part segmentation. In (Qiu et al., 2019), a penalty is be added when the estimated 3D pose has
unreasonable limb lengths according to the human body structure prior. Such methods show that
leveraging 3D human kinematic prior on ne-tuning stage contributes to the performance. We argue
that models can also bene t from 3D human kinematic prior on pre-training stage.

Concurrently, powered by contrastive representation learning, recent self-supervised pre-training
methods|(Chen et al., 2020a; He et [al., 2020; Grill et al., 2020; Caron gt all, 2018) have broken

the dominance of supervised ImageNet pre-training on various downstream tasks, including image
classi cation, object detection, semantic segmentation, etc. These self-supervised learning methods
mainly adapt the image-level instance discrimination formulation as a pretext task to learn transferable

representations. Besides, some methods (Wang et al.,|2021a; X|é et al[, 2021; Xiao etlal., 2021; Wang
et al., 2021b) extend the image-level contrastive learning framework to a dense paradigm, achieving
superior performance on dense prediction tasks.

However, existing contrastive representation learning methods are mainly designed for image classi-
cation, object detection and semantic segmentation, rather than human-centric perception. Better
results in these tasks may not guarantee superior performance in human-centric perception (see
Table 4). Moreover, most of these works do not link 3D prior to 2D representation learning. In
human-centric perception, there exist some challenging cases, for example, invisible joints, self-
occluded keypoints, in which 3D human kinematic prior can be utilized to help better understand
the relationship between body parts. Thus, it is still desirable to have a pre-training approach for
human-centric tasks. Our goal is to improve contrastive learning by leveraging 3D human structure
information for human-centric pre-training in a simple yet effective way.

To this end, we propose a novel contrastive learning framework termed LiftedCL to exploit 3D
human structure information for human-centric pre-training. Firstly, we generalize the conventional
INfoNCE loss (Oord et al., 2018) to an equivariant paradigm. Based on this, image-level invariant
and pixel-level equivariant contrastive learning are applied to the projected feature vectors and maps
respectively. Meanwhile, the representations are transformed into 3D human skeleton to better reveal
the hidden human structure information. In particular, a set of 3D skeletons is randomly sampled by
resorting to 3D human kinematic prior. With this set of real 3D samples, an adversary is adopted to
induce the learning of 3D-aware human-centric representations.

We demonstrate the effectiveness of our proposed LiftedCL by pre-training using MS COCO (Lin
et al., 2014) human images and ne-tuning on speci c target dataset. Compared to the state-of-the-art
method PixPro (Xie et al., 2021), LiftedCL achieves signi cant improvements on various human-
centric downstream tasks, including COCO 2D human pose estimation (+0.4% mAP), MPII 2D
human pose estimation (+0.3% PCKh@0.5), Human3.6M 2D human pose estimation (+0.9% JDR),
Human3.6M 3D human pose estimation (1.8mm MPJPE), 3DPW human shape recovery (1.7mm
reconst. error) and LIP human parsing (+0.5% mloU).

Our main contributions are summarized as follows:

We propose the Lifting Contrastive Learning (LiftedCL) for human-centric pre-training in a
simple yet effective way.

We demonstrate a feasible approach to learn 3D-aware representations via lifting and
adversarial learning only using single-view images.

LiftedCL signi cantly outperforms state-of-the-art self-supervised learning methods on four
human-centric downstream tasks, including 2D and 3D human pose estimation (0.4% mAP
and 1.8 mm MPJPE improvement on COCO 2D pose estimation and Human3.6M 3D pose
estimation), human shape recovery and human parsing.
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Figure 2:Overall architecture of the proposed LiftedCL. The LiftedCL consists of an encoder
and a discriminator. The encoder takes an input view to generate invariant featurelvgctor
equivariant feature mafis.qy and 3D human skeletax . Generated 3D human skeleton is fed into
the discriminator to tell whether it is real. Finally, the encoder is optimized by a combination of
contrastive loss and adversarial loss.

2 RELATED WORKS

Human-Centric Perception. With the development of deep learning, human-centric perception has
achieved great progress in recent years. Pose estimation, a fundamental yet challenging problem in
computer vision, is to localize human anatomical keypoints (e.g., head, shoulder, wrist, etc.) or parts
in a given image or 3D space. Lots of work have achieved accurate and robust performance in 2D
pose estimation (Xiao et al., 2018; Sun et al., 2019; Yang et al., 2021). For 3D pose estimation (Pavllo
etal., 2019; Gong et al., 2021; Wandt & Rosenhahn, 2019), approaches can be roughly grouped into
two categories: one-stage approaches which directly learn the 3D poses from images and two-stage
approaches which rst estimate 2D poses and then lift them to 3D poses. In this work, we focus on the
rst setting because existing self-supervised learning approaches learn representations from images
rather than 2D poses. For 3D human shape recovery (Xu et al., 2021; Choi et al., 2020; Kanazawa
et al., 2018), 3D human body is usually represented by a statistical model (e.g. SMPL (Loper et al.,
2015)) and the task is to estimate the parameters of the statistical model. Human parsing (Yang et al.,
2019; Li et al., 2020; Gong et al., 2018) is to assign each image pixel from the human body to a
semantic category. Region analysis and spatial correlation are usually considered to segment body
parts. Our goal is to learn human-centric representations for downstream tasks transfer.

Self-supervised representation learningSelf-supervised representation learning, a kind of unsu-
pervised learning, has driven signi cant progress in recent deep learning research. It aims to learn
informative and transferable representations for various downstream tasks. Early self-supervised
learning approaches explore a wide range of pretext tasks to learn a good representation, including
spatial jigsaw puzzles (Noroozi & Favaro, 2016), rotation prediction (Gidaris et al., 2018; Chen
et al., 2019), colorization (Zhang et al., 2016) and so on (Doersch et al., 2015; Pathak et al., 2016).
However, these approaches achieve very limited success in computer vision and the best-performance
approach on a speci ¢ task would be sub-optimal on another downstream task.

Recently, contrastive learning has been demonstrated to show incredible promise in computer vision.
SImMCLR (Chen et al., 2020a) is one breakthrough approach, which adopts the instance discrimination
formulation as its pretext task. By applying a diverse set of data augmentations to training images,
generated views from the same input are considered as positive pairs while views from different
input images as dissimilar pairs. It maximize the similarity in latent space between positive pairs and
repelling dissimilar pairs. Besides, MoCo views the contrastive learning as dictionary look-up and
introduces momentum update mechanism to ensure the consistency of negative samples. Moreover,
some methods (Caron et al., 2018; 2020; 2019) extend instance-level discrimination to predict the
cluster assignment. Nonetheless, these approaches are mainly designed for image classi cation and
can be sub-optimal for dense prediction tasks.

To Il the gap between image-level and pixel-level prediction, several approaches (Wang et al.,
2021a; Xie et al., 2021; Wang et al., 2021b; O Pinheiro et al., 2020) are proposed to explore dense
contrastive representation learning. DenseCL (Wang et al., 2021a) extends and generalizes the
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Figure 3:Contrastive representation learning in our LiftedCL. We perform invariant and equivari-
ant contrastive learning on 3D-aware representations generated by backbone network.

existing MoCo framework to a dense paradigm. VADeR (O Pinheiro et al., 2020) and PixPro (Xie
et al., 2021) map corresponding pixel-wise features in each view to their associated features according
to the parameters of the af ne transformation. SetSim (Wang et al., 2021b) explore set similarity
across views for more robust representation learning. Prior3D (Hou et al., 2021) leverages multi-view
geometry information to augment contrastive learning. While these methods achieve promising results
on image classi cation, object detection and semantic segmentation, there still remains untapped
potential since 3D human body structure information is neglected during pre-training. HCMoCo
(Hong et al., 2022) propose a versatile pre-train model to leverage sparse human body structure priors
for human-centric tasks, however, multi-modal data is required during training which is expensive
and dif cult to collect. In this work, we introduce LiftedCL, a simple yet effective approach for
human-centric pre-training which only requires single-view data such as COCO human images.

3 METHOD

3.1 OVERALL ARCHITECTURE

The overall architecture of our proposed LiftedCL is shown in gure 2, it is composed of an encoder
and a discriminator. The encoder consists of a backbone, two projectors and a lifting network. Firstly,
given an input view, the representations are extracted by the backbone network, e.g., ResNet (He et al.,
2016), and are fed into two projection heads to generate invariant feature vggtoamnd equivariant

feature map$.quiv Cheng et al. (2021); Feige (2019). Upon them, an invariant contrastive loss
functionL;,, (He et al., 2020) and an equivariant contrastive loss fundtigg, are adopted for
representation learning.

Parallel to the projectors, we attach a lifting network to transform the representations into 3D human
skeleton. To incorporate 3D human structure information into the representations, improving them to
become 3D-aware, a discriminator is trained alternatively to distinguish between lifted 3D skeletons
and real 3D skeletons. Note that real 3D skeletons can be randomly sampled using human kinematic
priors without any annotated data (sggendix B). In all, the whole encoder can be trained by
optimizing a combination of contrastive similarity loss and adversarial loss as below.

L= (L + I—equiv)"’ 2L adv; (1)
where ; and , controls the relative importance of each loss function. We setnd , to 0.5.

3.2 CONTRASTIVE REPRESENTATIONS

As illustrated in Figure 3, we perform contrastive learning on 3D-aware representations generated by
backbone network to obtain good generic representations. The contrastive learning framework can be
divided into two parts, invariant contrastive learning and equivariant contrastive learning.

For image-level invariant contrastive learning, we follow (He et al., 2020) to build the learning
framework. As shown in Figure 3, given an iméagewo augmented viewsl 4; | g can be generated
by applying various augmentationswherel ¢ = tq(l); 1« = te(1);tq;tk 2 T . Each viewis rstfed

4



Published as a conference paper at ICLR 2023

Figure 4: (a) The architecture of lifting network. 3D-aware representations are rst vectorized by
convolutional and pooling layers and then lifted to 3D by residual blocks and fully connected layers.
(b) Network architecture of the discriminator, consisting of a KCS layer and several residual blocks.

into a backbone network to extract representations and then fed into the invariant projection head
to generate a feature vectorHere,f14; 1 g can be encoded dgq; zcg 2 RY by an encoder and its
momentum-updated one. Feature vectors generated from two views of the same input are considered
as positive pairs, while negatives are encoded from different images. A standard contrastive loss
function is employed to pult, close to its positive keyx, while pushing it away from negative
keys,

exp(zq, Z. = ) .
exp(zg .= )+ , exp(zg z =)’

where is the temperature hyper-parameter apd comes from a queue.

Liw = log (2)

For equivariant contrastive learning, feature nfigp2 R St S and its positive paiFy are
generated from two viewls;; I« of the same input image by a convolutional projection head, then
inverse geometric augmentatifty) 1. (tk)g 1is applied separately. He(é,)q is the geometric
transformation oty and the other is the appearance transformatigy. Let us de ne inverse
geometric augmented feature mdfis= (tq)q YFq);Fk = (tk)g L(Fx) and they can be seen as

S, S, feature vectors. Let; t denotes the" out of S, S, encoded vectors frofiy andFy,

and here we us8, = S,, for simpler illustration. If inverse geometric augmentation is not applied
before calculating the loss function, the model needs to be invariant to all geometric transformations
in T. However, human-centric perception requires equivariance with respect to transformations as
these change human poses in augmented views. Moreover, positive pairs can be easily found when
applying inverse geometric augmentation as they share the same spatial location. Thus, we de ne the
equivariant loss function as

1 X exp(rs, 15 =)

S5 g ) e £e) ©

wheret® is the pooled feature vector &% of a view from a different image.

3.3 LIFTING WITH ADVERSARIAL LEARNING

Our LiftedCL leverages 3D human body structure information. As shown in Figure 4, a lifting
network is employed to transfer representations into 3D human skeleton. The lifting network is
mainly composed of several residual blocks consisting of fully connected layers. For a given image
I, the lifting network extracts a 3D skeletoh2 R3 J whereJ stands for the number of joints.
Adversarial training is used to guide the lifting network outputting correct 3D skeleton, thus encoding
the 3D human structure information into the representations, making it 3D-aware.

The architecture of the discriminator is similar to the lifting network, consisting of fully connected
layers, shown in Figure 4. Moreover, to better detect properties of human skeletons such as kinematic
chains, bone lengths and joint angle limits, kinematic chain space (KCS) Wandt & Rosenhahn (2019);
Wandt et al. (2018) layer is added into our discriminator. KCS can represent joint angles and bone
lengths of a human skeleton. We de ne a bdmes the vector between theth andt-th joint.

be=p p=Xg; 4)
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where

c=(0;:::;0,1,0;:::;0;, 1,0;:::;0)7; (5)
with 1 at positionr and -1 at position. Then a matrix8 2 R® P can be calculated by extendiogo
all bones.

B =(by;bp;:ii;bp) = XC (6)
hereC 2 R’ P, bis the number of bones. By calculatiBg’ B , KCS matrix can be obtained
0 1
I3
= BTB =@ A : (7)
12

Each element on its diagonal represents the bone length and other elements represent the relation
between two joint vectors. KCS layer helps the discriminator detect 3D human structure information

in a more effective way. The complete network is trained alternatively with the discriminatde. Let
represent the encoder including the backbone network, projection heads and the lifting network, and
D represent the discriminator, then the loss function is

Ladv = Ey pusa 5y [DO1+ Ei pee (, [(D(E(1))  1)%L: (8)

By limiting bone length and joint angle, we randomly sample several rational skelet@wsthe
whole network can be trained in an unsupervised way under the adversarial learning paradigm.

4 EXPERIMENTS

4.1 PRE-TRAINING SETUP

Our pre-training experiments are conducted on MS COCO (Lin et al., 2014) and only the training set

is used for pre-training. In human-centric perception, human bounding boxes are usually provided,
S0 we crop human regions to better learn representations, resultl®gK images for pre-training.

We adopt SGD as the optimizer with initial learning rate of 0.03 and we set its weight decay and

momentum to 0.0001 and 0.9. Each pre-training model is optimized on 4 GPUs with a cosine learning
rate decay schedule and a mini-batch size of 128 for 200 epochs (detgigeéndix C).

However, most existing state-of-the-art self-supervised learning methods are pre-trained on ImageNet
(Deng et al., 2009), so we conduct two-stage pre-training for fair comparg&age t The encoder

is pre-trained on ImageNe&tage II: The encoder is then pre-trained using COCO human images.
For ef ciency, we download their of cial 200-epoch ImageNet pre-trained weights to initialize the
encoder as stage | pre-training. For our LiftedCL, we adopt the MoCo-v2 ImageNet 200-epoch
pre-trained weights for encoder initialization. Note that MoCo-v2 ImageNet 200-epoch pre-trained
weights show inferior performance compared to other SOTA methods, while our LiftedCL still
surpasses other methods using it as initialization.

4.2 MAIN RESULTS ANDDISCUSSION

We compare our LiftedCL with other state-of-the-art self-supervised learning methods on four human-
centric tasks, including 2D pose estimation, 3D pose estimation, 3D human shape recovery and
human parsing. See more detailsappendix D.

2D Human Pose EstimationWe ne-tune SimplePose (Xiao et al., 2018) detector with ResNet50-
C4 backbone on MS COCO (Lin et al., 2014), MPII (Andriluka et al., 2014) and Human3.6M
(lonescu et al., 2013). As illustrated in Table 1, our LiftedCL outperforms the state-of-the-art method
PixPro by 0.4% mAP on COCO human pose estimation. Table 2 shows that our LiftedCL surpasses
PixPro by 0.4% PCKh@0.5. Fine-tuning results on Human3.6M 2D pose estimation is shown in
Table 3, our LiftedCL obtains signi cant improvement by 0.9% JDR than PixPro.

3D Human Pose Estimation.The 3D human pose estimation results on Human3.6M are reported in
Table 4. We follow the settings in (Li et al., 2021) to ne-tune a ResNet50 based model. Our LiftedCL
outperforms PixPro by signi cant improvements, 1.8mm and 0.8mm at MPJPE and PA-MPJPE.
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Table 1: 2D Pose Estimation ne-tuned on MS COCO.A ResNet-50 based model Xiao et al.
(2018) is adopt for all methods. 'IN' indicates the model pre-trained on ImageNet. 'IN+CC' indicates
two-stage pre-training on ImageNet and COCO. "™ indicates using PixPro ImageNet pre-trained
weights as stage | pre-training. Each model is pre-trained for 200 epochs.

pre-train mAP " APsy AP APM  ApL AR
Random init. 69.1 90.5 77.1 66.7 735 724
Super. IN 70.4 88.6 78.3 67.1 77.2 76.3

MoCo-v2 IN Chen et al. (2020b) 70.3(-0.1) 886 77.9 67.0 77.1 76.2
DenseCL IN Wang et al. (2021a) 70.6 (+0.2) 887 782 674 773 76.4
ReSim-C4 IN Xiao etal. (2021) 70.4 (+0.0) 885 77.9 67.1 772 763

PixPro IN Xie et al. (2021) 70.7 (+0.3) 88.7 782 672 77.7 76.6
MoCo-v2 IN+CC 70.5(+0.1) 888 782 671 775 765
PixPro IN+CC 70.7(+0.3) 89.2 782 674 775 765
Ours IN+CC 709 (+0.5) 889 781 675 77.7 76.8
Ours* IN+CC 711(+0.7) 89.0 783 676 778 76.8
Table 2:2D Pose Estimation ne-tuned on MPII. (PCKh@0.5)
pre-train Hea Sho Elb Wri Hip Kne Ank Total
Random init. 96.3 944 87.0 805 86.8 812 764 86.7
Super. IN 965 954 889 835 881 89.7 79.1 88.5
MoCo-v2 IN 96.4 952 89.0 833 875 833 79.1 88.3(-0.2
DenseCL IN 96.8 954 89.0 837 881 839 79.6 88.6(+0.1)
ReSim-C4 IN 96.7 954 89.1 837 879 841 79.0 88.6(+0.1)
PixPro IN 96.7 956 894 838 883 846 804 88.9(+0.4)

MoCo-v2IN+CC 96.6 954 889 84.1 880 838 79.3 88.6(+0.2)
PixPro IN+CC 96.6 956 89.3 838 885 847 81.0 89.0(+0.5)
Ours IN+CC 96.8 956 894 839 885 842 79.6 88.9(+0.4)
Ours* IN+CC 96.7 955 893 839 884 844 79.89.3(+0.8)

3D Human Shape Recovernje follow the settings in (Xu et al., 2021) to ne-tune a ResNet50 based
model on a mixed dataset. The 3D human shape recovery results evaluated on 3DPW (von Marcard
et al., 2018) are reported in Table 5. MoCo-v2 baseline has no advantage over supervised ImageNet
pre-training. Our LiftedCL outperforms state-of-the-art method PixPro by 1.7mm reconstruction
error.

Human Parsing. The human parsing results on LIP (Liang et al., 2018) are reported in Table 6. A
ResNet50 based model with self-correction puri cation strategy (Li et al., 2020) is ne-tuned. Our
LiftedCL outperforms PixPro by 0.1% mACC and 0.5%mloU.

Discussion. LiftedCL achieves signi cant improvements, especially on Human3.6M 3D pose
estimation. When pre-trained on ImageNet, existing self-supervised learning methods do not show
superior performance than supervised pre-training except PixPro. Concurrently, when adapting two-
stage pre-training, our LiftedCL surpasses PixPro by a large margin, which strongly demonstrates
that combining contrastive learning with 3D human prior is bene cial to human-centric tasks.

Besides, self-supervised learning methods bring different performance improvements on downstream
tasks, which can be related to the diversity and quantity of ne-tuning data. COCO and MPII consists
of a large number of images taken from a wide-range of real-world activities, ne-tuning a pre-trained
model on them only achieves limited improvements. For other datasets like Human3.6M or 3DPW,
which is collected in a controlled scene or contains a limited number of human subjects, ne-tuning
results bene t a lot from pre-training, especially our LiftedCL.

4.3 ABLATION STUDY AND VISUALIZATION

We conduct ablation experiments on Human3.6M 2D and 3D pose estimation to show how LiftedCL
works. SimplePose (Xiao et al., 2018) and Joint Detection Rate (JDR) is used for 2D human pose
estimation, RLEPose (Li et al., 2021) and PA-MPJPE is used for 3D human pose estimation.
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Table 3: 2D Pose Estimation ne-tuned on Table 4: 3D Pose Estimation ne-tuned on

Human3.6M. (JDR) Human3.6M. (MPJPE and PA-MPJPE in mm)
pre-train root rhip Total pre-train MPJPE: PA-MPJPE#
Random init. 97.1 86.4 78.7 Random init. 70.8 52.8
Super. IN 94.3 89.7 85.0 Super. IN 60.0 44.7
MoCo-v2 IN 95.8 89.6 85.6(+0.6) MoCo-v2IN 61.0 (+1.0) 46.3 (+1.6)
DenseCL IN 93.5 86.0 85.7(+0.7) DenseCL IN 65.1 (+5.1) 46.7 (+2.0)
ReSim-C4 IN 96.1 90.9 86.0(+1.0) ReSim-C4IN 63.1(+3.1) 47.0(+2.3)
PixPro IN 96.0 91.3 86.4(+1.4) PixProIN 58.9 (-1.1) 43.7 (-1.0)

MoCo-v2 IN+CC 96.2 91.8 86.2(+1.2) MoCo-v2 IN+CC 612 (+1.2) 45.4 (+0.7)
PixPro IN+CC ~ 95.9 92.0 87.1(+2.1) PixProIN+CC  58.7(-1.3) 43.3(-1.4)
Ours IN+CC 955 91.9 88.0(+3.0) Ours IN+CC 56.9 (-3.1) 42.5(-2.2)

Table 5:Human shape recovery ne-tuned on Table 6: Human parsing ne-tuned on LIP.
3DPW.

pre-train Reconst. errar pre-train mACC " mloU "
Random init. 116.3 Random init. 63.5 50.3
Super. IN 106.1 Super. IN 63.7 51.8
MoCo-v2 IN+CC 1115 (+5.4) MoCo-v2 IN+CC  64.9 (+1.2) 53.0 (+1.2)
PixPro IN+CC 104.5 (-1.6) PixPro IN+CC 67.5(+3.8) 54.6 (+2.8)
Ours IN+CC 102.8 (-3.3) Ours IN+CC 67.6 (+3.9) 55.1(+3.3)

Pre-train dataset. In Table 7, we show the results of different pre-training datasets. When only using
Human3.6M, LiftedCL improves the performance by 2.7% JDR and 4.9 mm PA-MPJPE compared to
random initialization. Using COCO brings 6.9% JDR and 8.4 mm PA-MPJPE improvements, which

is superior than supervised ImageNet pre-training. Note that COCO pre-training only Us&s
images and less iterations. As for the results of two-stage pre-training, it surpasses the ImageNet
supervised pre-training method by 3.0% JDR and 2.2 mm PA-MPJPE.

Loss function. Our loss function is composed of three pattgy, , Lequiv andL agy . To show how

each component contributes to LiftedCL, we pre-train the backbone using different loss combinations.
We report the results in Table 8. We refer to the ImageNet pre-training method as our baseline. It
shows that invariant contrastive loss improves the baseline by 1.2% JDR and -0.7 mm PA-MPJPE.
Adding the equivariant loss brings another 0.9% JDR and 1.1 mm PA-MPJPE gains. When all three
losses are used, the pose estimation performance improves for 3.0% JDR and 2.2 mm PA-MPJPE
compared to the baseline. Meanwhile, directly applying the lifting network does not bring notable
improvements. It may be because lifting network would collapse without good representations
learned by contrastive learning.

Table 7:Ablation study of pre-training dataset.
Pre-train method Pre-train dataset  epoch JDR PA-MPJPE#

Random init. - - 78.7 52.8
Supervise ImageNet 100 85.0 44.7
MoCo-v2 H36M 200 79.8(-5.2)  49.6 (+4.9)
MoCo-v2 COCO 200 83.6(-1.4) 45.9(+1.2)
MoCo-v2 ImageNet 200 85.6(+0.6) 46.3(+1.6)
MoCo-v2 ImageNet + COCO 200 86.2(+1.2) 45.4(+0.7)
Ours H36M 200 81.4(-3.6) 47.9(+3.2)
Ours COCO 200 85.6(+0.6) 44.4(-0.3)
Ours ImageNet+ COCO 200 88.0(+3.0) 42.5(-2.2)
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Table 8:Ablation study of different loss func- Table 9:Ablation study of ne-tuning w/o 3D

tions. prior.
Method JDR'  PA-MPJPE# Method JDR'  PA-MPJPE#
Supervise IN 85.0 44.7 Supervise IN 85.0 44.7
Inv. 86.2 45.4 + prior 86.1 44.2
Inv. + Equiv. 86.9 44.3 Ours 88.0 425
Lifting 85.2 44.8 + prior 88.7 42.3
Inv. + Equiv. + Lifting  88.0 42.5

Figure 5:visualization of 3D skeletons generated by lifting network.

3D prior. We further investigate the effect of 3D prior. When ne-tuning with 3D human kinematic
prior, we additionally train a lifting network to estimate 3D pose. Based on the estimated 3D pose,
the bone length and joint ankles can be calculated and if they are not within the reasonable range,
an extra loss will be added to penalize the incorrect estimation. As shown in Table 9, ne-tuning
with 3D human kinetic prior improves the JDR by 1.1% and PA-MPJPE by 0.5 mm, demonstrating
the effectiveness of 3D human kinetic prior. However, even when ne-tuning without 3D prior, our
LiftedCL surpassed that by 1.9% JDR and 1.8 mm PA-MPJPE, which shows that our LiftedCL can
leverage 3D human kinetic prior more effectively. Moreover, our LiftedCL can also bene t from

3D prior when ne-tuning, which is in accordance with our intention that LiftedCL is designed for
pre-training and 3D prior can help on both pre-training and ne-tuning stage.

3D skeleton visualization.We visualize the 3D skeletons generated by lifting network in Figure

5. Given an input view, generated 3D skeletons can roughly reveal the human skeleton. It is in
accordance with our intention that human body structure information is learned during pre-training.
Meanwhile, the generated 3D skeletons is not very accurate as no annotated data is used and only an
adversarial loss is applied for 3D-aware human-centric representation learning.

5 CONCLUSION

In this work, we proposed a simple yet effective self-supervised representation learning framework
LiftedCL for 3D-aware human-centric pre-training. By lifting 2D contrastive representations to 3D
human skeleton and adapt adversarial learning, LiftedCL encodes 3D human structure information
into the learned representations. Besides, with 3D human kinematic prior, real 3D skeletons can
be generated by randomly sampling reasonable 3D human skeletons, which alleviates the problem
of expensive and time-consuming data collection. Our method shows promising improvements in
a serious of human-centric tasks, and more importantly, shows the great potential of improving
contrastive learning with 3D prior through adversarial learning. Our limitation is that cropped human
images are required during pre-training. In the future, we will further investigate how to embed 3D
prior into representations with single-view input on object detection.
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A GENERATION OFCOCO HUMAN IMAGES

Our pre-training experiments on COCO only use human images, which are generated by cropping
human regions according to the annotations. For each human bounding box, the box is rst extended
to a xed aspect ratio, i.e., height : width =4 : 3, and then we crop from images without distorting
human bounding boxes' aspect ratio. Finally, we resize the cropped image to a xe@Size,192

Figure 6 shows some examples of our cropped human images.

Figure 6:Cropped human images from MS COCO.

B SAMPLING OF REAL 3D SKELETONS

We generate a set of real 3D samples for adversarial learning by randomly sampling reasonable 3D
human skeletons satisfying 3D human kinematic prior without any annotated data. We de ne a 3D
human skeleton

P=(jroot 1] right _pelvis oy right _knees - - - Hileft _elbow;j left _wrist )2 R3 Y ; 9

whereJ stands for the number of joints and we use a 17 joint human skeleton. We rst set root joint
jroot =(0;0;0)T and then any other joint can be generated using its parent joint and a bone vector.

jchild = jparent +R bparent _child - (10)

Jchild andjparent represent the child joint and its parent joint separatily.2 RS3 is the default

bone vector related to these two joints. We rst de ne a template 3D skeleton. In this way, each
default bone vectdn,. can be obtained according to thatis the random length ratio aril is the
random rotation matrix to change the bone length and direction. We 240:9; 1:1] for all bones

and set different rotation ranges for different bones according to the human kinematic prior. For
example, for the knee joinkyenis knee = (0;45,0)7, 2 [0:9;1:1]andR = euler(a;b;9;a 2

[ 90;90 ;b2 [ 180;180];c2[ 90;90].

The 3D human skeleton can be generated by uniformly samplengdR in their ranges. For the
generated 3D skeleton, it is scaled by dividing it by its Frobenius norm. To simulate different camera
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