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Abstract. Recently, the vision transformer and its variants have played
an increasingly important role in both monocular and multi-view human
pose estimation. Considering image patches as tokens, transformers can
model the global dependencies within the entire image or across images
from other views. However, global attention is computationally expen-
sive. As a consequence, it is difficult to scale up these transformer-based
methods to high-resolution features and many views.

In this paper, we propose the token-Pruned Pose Transformer (PPT)
for 2D human pose estimation, which can locate a rough human mask
and performs self-attention only within selected tokens. Furthermore,
we extend our PPT to multi-view human pose estimation. Built upon
PPT, we propose a new cross-view fusion strategy, called human area fu-
sion, which considers all human foreground pixels as corresponding can-
didates. Experimental results on COCO and MPII demonstrate that our
PPT can match the accuracy of previous pose transformer methods while
reducing the computation. Moreover, experiments on Human 3.6M and
Ski-Pose demonstrate that our Multi-view PPT can efficiently fuse cues
from multiple views and achieve new state-of-the-art results. Source code
and trained model can be found at https://github.com/HowieMa/PPT.

Keywords: vision transformer, token pruning, human pose estimation,
multi-view pose estimation

1 Introduction

Human pose estimation aims to localize anatomical keypoints from images. It
serves as a foundation for many down-stream tasks such as AR/VR, action recog-
nition [21, 65], and medical diagnosis [11]. Over the past decades, deep convolu-
tional neural networks (CNNs) play a dominant role in human pose estimation
tasks [53, 62,40, 63,50, 59, 61]. However, cases including occlusions and oblique
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Fig. 1. Different types of cross-view fusion. The first row is the current view, and the
second row is the reference view.

viewing are still too difficult to be solved from a monocular image. To this end,
some works apply a multi-camera setup [48, 60,22, 6] to boost the performance
of 2D pose detection[43, 19], since difficult cases in one view are potentially easier
to be resolved in other views. Meanwhile, human body joints are highly corre-
lated, constrained by strong kinetic and physical constraints [52]. However,since
the reception fields of CNNs are limited, the long-range constraints among joints
are often poorly captured [31].

Recently, the ViT [14] demonstrates that the transformers [55] can achieve
impressive performance on many vision tasks [54,2]. Compared with CNN, the
self-attention module of transformers can easily model the global dependencies
among all visual elements. In the field of pose estimation, many tansformer-based
works [31,67,37, 33, 74] suggest that the global attention is necessary. In single-
view 2D human pose estimation, TransPose [67] and TokenPose [31] achieve new
state-of-the-art performance and learn the relationship among keypoints with
transformers. In multi-view human pose estimation, the TransFusion [36] uses
the transformer to fuse cues from both current and reference views. Typically,
these works flatten the feature maps into 1D token sequences, which are then fed
into the transformer. In multi-view settings, tokens from all views are usually
concatenated together to yield a long sequence. However, the dense global atten-
tion of transformers is computationally extensive. As a result, it is challenging
to scale up these methods to high-resolution feature maps and many views. For
example, the TransFusion [36] can only compute global attention between two
views due to the large memory cost. Meanwhile, as empirically shown in Fig.2,
the attention map of keypoints is very sparse, which only focuses on the body or
the joint area. This is because the constraints among human keypoints tend to
be adjacent and symmetric [31]. This observation also suggests that the dense
attention among all locations in the image is relatively extravagant.

In this paper, we propose a compromised and yet efficient alternative to
the global attention in pose estimation, named token-Pruned Pose Transformer
(PPT). We calculate attention only within the human body area, rather than
over the entire input image. Specifically, we select human body tokens and prune
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Fig. 2. Attention map for TokenPose (monocular view) and TransFusion (multi-view).
The attention maps are very sparse and only attend to a small local regions.

background tokens with the help of attention maps. As the human body only
takes a small area of the entire image, the majority of input tokens can be
pruned. We reveal that pruning these less informative tokens does not hurt the
pose estimation accuracy, but can accelerate the entire networks. Interestingly, as
a by-product, PPT can also predict a rough human mask without the guidance
of ground truth mask annotations.

Moreover, we extend PPT to multi-view settings. As in Fig.1, previous cross-
view fusion methods consider all pixels in the reference view (global fusion) or
pixels along the epipolar line (epipolar-based fusion) as candidates. The former is
computationally extensive and inevitably introduces noise from the background,
and the latter requires accurate calibration and lacks semantic information. Built
upon PPT, we propose a new fusion strategy, called human area fusion, which
considers human foreground pixels as corresponding candidates. Specifically, we
firstly use PPT to locate the human body tokens on each view, and then perform
the multi-view fusion among these selected tokens with transformers. Thus, our
method is an efficient fusion strategy and can easily be extended to many views.

Our main contributions are summarized as follows:

1. We propose the token-Pruned Pose Transformer (PPT) for efficient 2D hu-
man pose estimation, which can locate the human body area and prune
background tokens with the help of a Human Token Identification module.

2. We propose the strategy of “Human area fusion” for multi-view pose esti-
mation. Built upon PPT, the multi-view PPT can efficiently fuse cues from
human areas of multiple views.

3. Experimental results on COCO and MPII demonstrate that our PPT can
maintain the pose estimation accuracy while significantly reduce the compu-
tational cost. Results on Human 3.6M and Ski-Pose show that human area
fusion outperforms previous fusion methods on 2D and 3D metrics.

2 Related Work

2.1 E cient Vision Transformers

Recently, the transformer [55] achieves great progresses on many computer vi-
sion tasks, such as classification [14, 54], object detection [2, 76, 15], and semantic
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segmentation [75, 58, 66, 68]. While being promising in accuracy, the vanilla ViT
[14] is cumbersome and computationally intensive. Therefore, many algorithms
have been proposed to improve the efficiency of vision transformers. Recent
works demonstrate that some popular model compression methods such as net-
work pruning [17,7, 8, 70], knowledge distillation [20, 54, 9], and quantization [46,
51] can be applied to ViTs. Besides, other methods introduce CNN properties
such as hierarchy and locality into the transformers to alleviate the burden of
computing global attention [35,5]. On the other hand, some works accelerate
the model by slimming the input tokens [71, 3, 45,44, 29, 32, 38]. Specifically, the
Token-to-tokens [71] aims to reduce the number of tokens by aggregating neigh-
boring tokens into one token. The TokenLearner [45] mines important tokens by
learnable attention weights conditioned on the input feature. The DynamicViT
[44] prunes less informative tokens with an extra learned token selector. The
EVIiT [32] reduces and reorganizes image tokens based on the classification to-
ken. However, all these models have only been designed for classification, where
the final prediction only depends on the special classification token.

2.2 Human Pose Estimation

Monocular 2D Pose Estimation In the past few years, many successful
CNNs are proposed in 2D human pose estimation. They usually capture both
low-level and high-level representations [62,12,40,13,63,50], or use the struc-
tural of skeletons to capture the spatial constraints among joints [52, 24, 42, 26,
27,10, 28]. Recently, many works introduce transformers into pose estimation
tasks [67,31,37,30,33,74]. Specifically, TransPose [67] utilizes transformers to
explain dependencies of keypoint predictions. TokenPose [31] applies additional
keypoint tokens to learn constraint relationships and appearance cues. Both
works demonstrate the necessity of global attention in pose estimation.

E cient 2D Pose Estimation Some recent works also explore efficient archi-
tecture design for real-time pose estimation [41,39,47,57,72,69]. For example,
EfficientPose [72] designs an efficient backbone with neural architecture search.
Lite-HRNet [69] proposes the conditional channel weighting unit to replace the
heavy shuffle blocks of HRNet. However, these works all focus on CNN-based
networks, and none of them study transformer-based networks.

Multi-view Pose Estimation 3D pose estimation from multiple views usually
takes two steps: predicting 2D joints on each view separately with a 2D pose
detector, and lifting 2D joints to 3D space via triangulation. Recently, many
methods focus on enabling the 2D pose detector to fuse information from other
views [43,73,64,19,36]. They can be categorized into two groups: 1) Epipolar-
based fusion. The features of one pixel in one view is augmented by fusing
features along the corresponding epipolar line of other views. Specifically, the
AdaFuse [73] adds the largest response on the heatmap along the epipolar line.
The epipolar transformer [19] applies the non-local module [56] on intermediate
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Fig. 3. Framework of the token-Pruned Pose Transformer (PPT). The visual tokens
are obtained from the flattened CNN feature maps. The keypoint tokens are added to
represent each joint and predict the keypoints heatmaps. The Human Token Identifi-
cation (HTI) module is inserted inside the transformer layers to locate human visual
tokens and prune background tokens. Thus the followed transformer layers are only
performed on these selected tokens.

features to obtain the fusion weights. However, this fusion strategy requires
precise camera calibration and discard information outside the epipolar lines. 2)
Global fusion. The features of one pixel in one view are augmented by fusing
features of all locations in other views. In detail, the Cross-view Fusion [43] learns
a fixed attention matrix to fuse heatmaps in all other views. The TransFusion [36]
applies the transformers to fuse features of the reference views and demonstrates
that global attention is necessary. However, the computation complexity of global
fusion is quadratic to the resolution of input images and number of views. Thus,
both categories have their limitations. A fusion algorithm that can overcome
these drawbacks and maintains their advantages is in need.

3 Methodology

3.1 Token-Pruned Pose Transformer

Overview Fig.3 is an overview of our token-Pruned Pose Transformer. Follow-
ing [31], the input RGB image | first go through a shallow CNN backbone B( ) to
obtain the feature map F 2 R? W € Then F is decomposed into flattened im-
age patches F 2 RNv (€ PnPw) where (Pp; Py) is the resolution of each image
patch, and N, = g—h Q,N—W is the total number of patches [14]. Then a linear pro-
jection is applied to project Fp into X, 2 RNv D where D is the dimension of
hidden embeddings. The 2D positional encodings E 2 RNv P are added to make
the transformer aware of position information [55], i.e., Xy = Xp + E, namely
the visual token. Meanwhile, following TokenPose [31], we have J additional
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learnable keypoint tokens Xx 2 R? P to represent J target keypoints. The in-
put sequence to the transformer is X° = [Xy; Xy] 2 RN P where N = Ny + J
and [:::] is the concatenation operation.

The transformer has L encoder layers in total. At the Ltlh layer, the Human
Token Identification (HTI) module locates K most informative visual tokens
Where human body appears and prunes the remaining tokens. We denote r =

(O <r < 1) as the keep ratio. As a result, the length of the sequence is reduced
to N® = rNy + J for the following transformer layers. The HTT is conducted e
times at the L USSR Lth layers. Thus, PPT can progressively reduce the
length of Visual tokens. Flnally, the total number of tokens is rN, + J. The
prediction head projects the keypoint tokens in the last layer X,'(- 2 R? P into
the output heatmaps H 2 R?  (Hnh Wn),

Transformer Encoder Layer. The encoder layer consists of the multi-headed
self-attention (MHSA) and multi-layer perceptron (MLP). Operations in one en-
coder layer is shown in Fig. 3. The self-attention aims to match a query and a set
of key-value pairs to an output [55]. Given the input X, three linear projections
are applied to transfer X into three matrices of equal size, namely the query Q,
the key K, and the value V. The self-attention (SA) operation is calculated by:

SA(X) = Softmax(%lg)v; (1)

For MHSA, H self-attention modules are applied to X separately, and each of
them produces an output sequence.

Human Token Identi cation (HTI). The TokenPose [31] conducts self-
attention among all visual tokens, which is cumbersome and inefficient. From
Equation 1, we know that each keypoint token Xf( interacts with all visual
tokens X, via the attention mechanism:

qj KT :
Softmax(#éﬁ—v)v\, =aVy; (2)

where g}, denotes the query vector of X}, Ky and V, are the keys and values
of visual tokens X,,. To this end, each keypoint token is a linear combination of
all value vectors of visual tokens. The combination coefficients al 2 RNv are the
attention values from the query vector for that keypoint token with respect to
all visual tokens. To put it differently, the attention value determines how much
information of each visual token is fused into the output. Thus, it is natural to
assume that the attention value @ indicates the importance of each visual token
in the keypoint prediction [32]. Typically, a large attention value suggests that
the target joint is inside or nearby the corresponded visual token.

With this assumption, we propose the Human Token Identification module
to select informative visual tokens with the help of attention scores of keypoint
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Fig. 4. Overall framework of the Multi-view PPT. A share-weight PPT is applied to
extract a subset of visual tokens for each view. Then B transformer layers are applied
to the concatenated tokens from each view to perform cross-view fusion. The output
head takes keypoint tokens in each view to predict heatmaps.

tokens. However, each keypoint token usually only attends to a few visual tokens
around the target keypoint. And some keypoint tokens (such as the eye and the
nose) may attend to close-by or even the same visual tokens. Thus, it is difficult
to treat the attention values of each keypoint separately. For simplicity, as all
human keypoints make up a rough human body area, we use a = Zj al as the
criterion to select visual tokens, which is the summation of all joints’ attention
maps. In detail, we keep visual tokens with the K largest corresponding values
in a as the human tokens, and prune the remaining tokens. As a result, only K
visual tokens and J keypoint tokens are sent to the following layers.

3.2 Multi-view Pose Estimation with PPT

Human Area Fusion. We propose the concept of Human area fusion for
cross-view fusion in multi-view pose estimation, which considers pixels where
human appears as corresponding candidates. Suppose there are m cameras, and
each view maintains n pixels (tokens) in its feature map. We summarize three
typical types of cross-view fusion strategies in Fig.1. 1) For global fusion, each
pixel in each view calculates attention with respect to all n pixels in feature
maps of other m 1 views. Thus the computational complexity is O(m?n?).
2) For epipolar-based fusion, each pixel in each view calculates attention with
k(k n) pixels along the corresponded epipolar lines of other m 1 views.
Thus the computational complexity is O(m?nk). 3) For our human area fusion,
we firstly select k” human foreground pixels in each view. Then we perform dense
attention among these foreground tokens. As we also reduce the number of query
pixels, the computational complexity is O(m?k%). Typically, k <k’ n. Thus,
our method is an efficient way to perform cross-view fusion. Moreover, it also
avoids the useless or even disturbing information from the background tokens
and thus makes the model focus on the constraints within the human body.
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Multi-view PPT. Naturally, we can apply an off-the-shelf segmentation net-
work [18] to obtain human foreground pixels and then perform human area fu-
sion. However, a large amount of densely annotated images are required to train
a segmentation model. To this end, we utilize PPT to efficiently locate a rough
human foreground area without any mask labels, and further propose the multi-
view PPT for multi-view pose estimation. Specifically, we design our network
in a two-stage paradigm, as shown in Fig.4. Given the image I™ in each view,
the share-weight PPT firstly produces selected human tokens X' and keypoint
tokens XJ'. Then we concatenate tokens from all views together and perform
the dense attention among them with B transformer encoder layers. To help the
network perceive the 3D space information, we also add the 3D positional encod-
ings [36] on all selected visual tokens. Thus, each keypoint token can fuse visual
information from all views. Moreover, it can learn correspondence constraints
between keypoints both in the same view and among different views. Finally, a
share-weight MLP head is placed on top of the keypoint token of each view to
predicts keypoint heatmaps.

4 Experiments on monocular image

4.1 Settings

Datasets & Evaluation Metrics. We firstly evaluate PPT on monocular 2D
human pose estimation benchmarks. COCO [34] contains 200K images in the
wild and 250K human instances with 17 keypoints. Following top-down methods
[63,50,31], we crop human instances with the ground truth bounding boxes
for training and with the bounding boxes provided by SimpleBaseline [63] for
inference. The evaluation is based on object keypoint similarity, which measures
the distance between the detected keypoint and the corresponding ground truth.
The standard average precision (AP) and recall (AR) scores are reported. MPII
[1] contains about 25K images and 40K human instances with 16 keypoints.
The evaluation is based on the head-normalized probability of correct keypoint
(PCKh) score [1]. A keypoint is correct if it falls within a predefined threshold
to the groundtruth location. We report the PCKh@Q.5 score by convention.

Implementation Details. For fair comparison, we build our PPT based upon
TokenPose-S, TokenPose-B, and TokenPose-L/D6 [31], namely PPT-S, PPT-B,
and PPT-L/D6, respectively. For PPT-S and PPT-B, the number of encoder
layers L is set to 12, the embedding size D is set to 192, the number of heads
H is set to 8. They take the shallow stem-net and the HRNet-W32 as the CNN
backbone, respectively. Following [44,32], the HTI is performed e = 3 times
and is inserted before the 4™, 7t and 10™ encoder layers. The PPT-L/D6
has L = 12 encoder layers and takes HRNet-W48 as the backbone. the HTT is
inserted before the 2", 4™ and 5™ encoder layers. The number of visual tokens
Ny is 256 for all networks, and the keep ratio r is set to 0:7 by default. Thus, only
88 visual tokens are left after three rounds pruning. We follow the same training
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Method #Params|GFLOPs |GFLOPs' |[AP AP®C AP APM AP- AR
SimpleBaseline-Res50 [63] |34M 8.9 - 70.4 88.6 78.3 67.1 77.2 76.3
SimpleBaseline-Res101 [63]|53M 12.4 - 71.4 89.3 79.3 68.1 78.1 77.1
SimpleBaseline-Res152 [63](68.6M  |15.7 - 72.0 89.3 79.8 68.7 789 77.8
HRNet-W32 [50] 28.5M  |7.1 - 74.4 90.5 81.9 70.8 81.0 79.8
HRNet-W48 [50] 63.6M |14.6 - 75.1 90.6 82.2 71.5 81.8 80.4
Lite-HRNet-18 [69] 1.1M 0.20 - 64.8 86.7 73.0 62.1 70.5 71.2
Lite-HRNet-30 [69) 1.8M 0.31 - 67.2 88.0 75.0 64.3 73.1 73.3
EfficientPose-B [72] 3.3M 1.1 - 71.1 - - - - -
EfficientPose-C [72] 5.0M 1.6 - 71.3 - - - - -
TransPose-R-A4 [67] 6.0M 8.9 3.38 72.6 89.1 79.9 68.8 79.8 78.0
TransPose-H-S [67] 8.0M 10.2 4.88 74.2 89.6 80.8 70.6 81.0 79.5
TransPose-H-A6 [67) 17.5M  [21.8 11.4 75.8 90.1 82.1 71.9 82.8 80.8
TokenPose-S [31] 6.6M 2.2 1.44 72.5 89.3 79.7 68.8 79.6 78.0
TokenPose-B [31] 13.5M  [5.7 1.44 74.7 89.8 81.4 71.3 81.4 80.0
TokenPose-L,/D6 [31] 20.8M  [9.1 0.72 75.4 90.0 81.8 71.8 82.4 80.4
PPT-S (ours) 6.6M 1.6(-27%)[0.89(-38%)[72.2(-0.3) 89.0 79.7 68.6 79.3 77.8
PPT-B (ours) 13.5M  [5.0(-12%)|0.89(-38%)|74.4(-0.3) 89.6 80.9 70.8 81.4 79.6
PPT-L/D6 (ours) 20.8M  [8.7(-4%) |0.50(-31%)|75.2(-0.2) 89.8 81.7 71.7 82.1 80.4

Table 1. Results on COCO validation dataset. The input size is 256 x 192. GFLOPs"T
means the GFLOPs for the transformers only following equations from [29], as our
method only focus on accelerating the transformers.

Method #Params|GFLOPs |Head Sho Elb Wri Hip Kne Ank| Mean
SimpleBaseline-Res50 [63] [34M 12.0 96.4 95.3 89.0 83.2 88.4 84.0 79.6 88.5
SimpleBaseline-Res101 [63]{53M 16.5 96.9 95.9 89.5 84.4 88.4 84.5 80.7 89.1
SimpleBaseline-Res152 [63][53M 21.0 97.0 95.990.0 85.0 89.2 85.3 81.3 89.6
HRNet-W32. [50] 28.5M 9.5 96.9 96.0 90.6 85.8 88.7 86.6 82.6 90.1
TokenPose-S [31] 7.7TM 2.5 96.0 94.5 86.5 79.7 86.7 80.1 75.2 86.2
PPT-S 7.7TM 1.9 (-24%)|96.6 94.9 87.6 81.3 87.1 82.4 76.7|87.3 (+1.1)
TokenPose-B [31] 14.4M |71 97.0 96.1 90.1 85.6 89.2 86.1 80.3 89.7
PPT-B 14.4M 6.2 (-183%)(97.0 95.7 90.1 85.7 89.4 85.8 81.2|89.8 (+0.1)

Table 2. Results on the MPII validation set (PCKh@0.5). The input size is 256 x 256.

recipes as [31]. In detail, all networks are optimized by Adam optimizer [25] with
Mean Square Error (MSE) loss for 300 epochs. The learning rate is initialized
with 0:001 and decays at the 200-th and the 260-th epoch with ratio 0:1. As
locating human is difficult at early training stages, the keep ratio is gradually
reduced from 1 to r with a cosine schedule during the early 100 epochs.

4.2 Results

The results are shown in Table 1 and Table 2 for COCO and MPII, respec-
tively. Generally, the transformer-based methods [31,67] maintain less num-
ber of parameters. On COCO, compared with the TokenPose, PPT achieves
significant acceleration while matching its accuracy. For example, PPT-S re-
duces 27% total inference FLOPs while only reducing 0:3 AP. Compared to
SimpleBaseline-ResNet152 [63], PPT-S achieves equal performance but only re-
quires 10% FLOPS. We can also observe consistent conclusion on PPT-B and
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PPT-L. Note that, for PPT-B and PPT-L, the CNN backbone takes a large
portion of computation. Thus, the reduction of total FLOPs is relatively small.
Meanwhile, compared with other efficient pose estimation networks [69, 72], the
AP of PPT-S is 72:2, which is much better than EfficientPose-C [72] with 71:3
AP at the same FLOPs level. More over, On MPII, our PPT-S can even improve
on the PCKh of TokenPose-S by 1.1%. We believe that slimming the number of
tokens can also make the attention focus on key elements [76]. Thus, our PPT
is efficient yet powerful, and it is applicable to any TokenPose variants. All of
these results suggest that pruning background tokens does not hurt the overall
accuracy and calculating attention among human foreground tokens is sufficient
for 2D human pose estimation.

4.3 Visualizations

We visualize the selected tokens from PPT-S in Fig. 5. We present the original
images and the selected tokens at different layers. Remarkably, the human areas
are gradually refined as the network deepens. The final selected tokens can be
considered as a rough human mask. Thus, our HTT can successfully locate hu-
man tokens as expected. Moreover, the HTI can handle quite a few complicated
situations such as man-object interaction (Fig.5(b)), oblique body pose (Fig.
5(c)), occlusion (Fig. 5(d)), and multiple persons (Fig.5(e) 5(f)). Nevertheless,
when only part of human body appears in the image (Fig.5(g)5(h)), the quality
of the located human mask could be imperfect. In these cases, we hypothesize
that some keypoint tokens such as ankle and knee cannot locate the correspond-
ing joints as they are invisible. Thus, they may just give equal attention score,
which leads to inaccurate token selection.

4.4 Ablation Studies

The keep ratio r controls the trade-off between the acceleration and the accuracy.
Meanwhile, reducing tokens also introduces some regularization [76]. We take
PPT-S and vary r from 0:6 to 0:8 on both COCO and MPII. The results are
shown in Table 3. The reduction of AP is always less than 1%. When the r
is relatively small, PPT can achieve considerable speedup but may not cover
the entire human body. As a result, the accuracy of pose estimation is slightly
dropped. To maintain the accuracy, we choose 0:7 as our default keep ratio.

. 4 €0CO MPII
Method ‘Keep Rat‘o‘# Visual Tokens — AR FLOPs |PCKh@0.5 PCKh@0.I _FLODs
TokenPose-S| 1.0 256 (100%) 725 78.0 2.23 86.2 32.2 2.53
PPT-S 0.8 131 (51%)  |72.0 (-0.5) 77.6(-0.4) 1.75 (-22%)[86.9 (+0.7) 32.9 (+0.7) 2.06 (-19%)
PPT-S 0.7 88 (34%)  [72.2 (-0.3) T7.8 (-0.2) 1.61 (-27%)|87.3 (+1.1) 34.1 (+1.9) 1.92 (-24%)
PPT-S 0.6 56 (22%)  |71.8 (-0.7) 77.5 (-0.5) 1.52 (-32%)|86.7 (+0.5) 32.3 (+0.1) 1.82 (-28%)

Table 3. Results of PPT-S on COCO and MPII with different keep ratio r.






