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Abstract

Most recent methods formulate the task of human pose
estimation as a heatmap estimation problem, and use the
overall L2 loss computed from the entire heatmap to opti-
mize the heatmap prediction. In this paper, we show that
in bottom-up human pose estimation where each heatmap
often contains multiple body joints, using the overall L2
loss to optimize the heatmap prediction may not be the op-
timal choice. This is because, minimizing the overall L2
loss cannot always lead the model to locate all the body
Jjoints across different sub-regions of the heatmap more ac-
curately. To cope with this problem, from a novel perspec-
tive, we propose a new bottom-up human pose estimation
method that optimizes the heatmap prediction via minimiz-
ing the distance between two characteristic functions re-
spectively constructed from the predicted heatmap and the
groundtruth heatmap. Our analysis presented in this pa-
per indicates that the distance between these two charac-
teristic functions is essentially the upper bound of the L2
losses w.r.t. sub-regions of the predicted heatmap. There-
fore, via minimizing the distance between the two character-
istic functions, we can optimize the model to provide a more
accurate localization result for the body joints in different
sub-regions of the predicted heatmap. We show the effec-
tiveness of our proposed method through extensive exper-
iments on the COCO dataset and the CrowdPose dataset.

1. Introduction

Human pose estimation aims to locate the body joints of
each person in a given RGB image. It is relevant to vari-
ous applications, such as action recognition [7,43], person
Re-ID [28], and human object interaction [35]. For tack-
ling human pose estimation, most of the recent methods fall
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into two major categories: fop-down methods and bottom-
up methods. Top-down methods [24,32,33,39,44] generally
use a human detector to detect all the people in the image,
and then perform single-person pose estimation for each
detected subject separately. In contrast, bottom-up meth-
ods [5,6,16,17,22,23,25,26] usually locate the body joints
of all people in the image at the same time. Hence, bottom-
up methods, the main focus of this paper, are often a more
efficient choice compared to fop-down methods, especially
when there are many people in the input image [5].

In existing works, it is common to regard human pose
estimation as a heatmap prediction problem, since this can
preserve the spatial structure of the input image throughout
the encoding and decoding process [12]. During the gen-
eral optimization process, the groundtruth (GT) heatmaps
H, are first constructed via putting 2D Gaussian blobs cen-
tered at the GT coordinates of the body joints. After that,
these constructed GT heatmaps are used to supervise the
predicted heatmaps H,, via the overall L2 loss Lgverall cal-
culated (averaged) over the whole heatmap. Specifically,
denoting the area of the heatmap as A, we have L§v¢re! =
I, ;Hg 13 )

We argue that using the overall L2 loss to supervise the
predicted heatmap may not be the optimal choice in bottom-
up methods where each heatmap often contains multiple
body joints from the multiple people in various sub-regions,
as shown in Fig. 1(b). This is because, a smaller overall L.2
loss calculated over the whole heatmap cannot always lead
the model to locate all the body joints across different sub-
regions in the heatmap more accurately. As illustrated in
Fig. 1(a), the predicted heatmap #2 has a smaller overall L2
loss compared to the predicted heatmap #1. However, the
predicted heatmap #2 locates the body joint in the top-
right sub-region wrongly, whereas the predicted heatmap
#1 locates body joints in both the top-right and bottom-
left sub-regions correctly. This is because, while the de-
crease of the overall L2 loss can be achieved when the L2
loss w.r.t. each sub-region either decreases or remains the
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Figure 1. (a) Illustration of heatmaps. The predicted heatmap #2 with a smaller overall L2 loss locates the body joint in the top-right
sub-region wrongly, while the predicted heatmap #1 with a larger overall L2 loss locates body joints in both the top-right and bottom-left
sub-regions correctly. (b) Output of a commonly used bottom-up method, HrHRNet-W32 [6]. As shown, it misses left ankle in the dashed
sub-region of image (i) completely, and misidentifies right knee in the dashed sub-region of image (ii). This indicates that accurately
localizing the body joints of multiple people in a single heatmap is a challenging problem. (Best viewed in color.)

same (e.g., from predicted heatmap #0 to predicted heatmap
#1), it can also be achieved when there is a decrease of L2
loss w.r.t. certain sub-regions and an increase of L2 loss for
some other sub-regions (e.g., from predicted heatmap #1 to
predicted heatmap #2). This indicates that, in bottom-up
methods, the decrease of the overall L2 loss does not al-
ways lead to a more accurate localization result for the body
joints in different sub-regions of the predicted heatmap at
the same time. Besides, we also show some results of a
commonly used bottom-up method, HrHRNet-W32 [6], in
Fig. 1(b). As shown, it may even miss or misidentify certain
body joints when there are a number of people in the input
image. This indicates that it is quite difficult to accurately
locate all body joints of all people in the predicted heatmap.

To tackle the above-mentioned problem in bottom-up
methods, in this paper, rather than using the overall L2 loss
to supervise the whole heatmap, we instead aim to optimize
the body joints over sub-regions of the predicted heatmap at
the same time. To this end, from a new perspective, we ex-
press the predicted and GT heatmaps as characteristic func-
tions, and minimize the difference between these functions,
allowing different sub-regions of the predicted heatmap to
be optimized at the same time.

More specifically, we first construct two distributions re-
spectively from the predicted heatmap and the GT heatmap.
After that, we obtain two characteristic functions of these
two distributions and optimize the heatmap prediction via
minimizing the distance between these two characteristic
functions. We analyze in Sec. 3.3 that the distance between
the two characteristic functions is the upper bound of the

L2 losses w.r.t sub-regions in the predicted heatmap. There-
fore, via minimizing the distance between the two charac-
teristic functions, our method can locate body joints in dif-
ferent sub-regions more accurately at the same time, and
thus achieve superior performance.

The contributions of our work are summarized as fol-
lows. 1) From a new perspective, we supervise the pre-
dicted heatmap using the distance between the character-
istic functions of the predicted and GT heatmaps. 2) We
analyze (in Sec. 3.3) that the L2 losses w.r.t. sub-regions
of the predicted heatmap are upper-bounded by the dis-
tance between the characteristic functions. 3) Our proposed
method achieves state-of-the-art performance on the evalu-
ation benchmarks [19,21].

2. Related Work

Human Pose Estimation. Due to the wide range of appli-
cations, human pose estimation has received lots of atten-
tion [5,6,16,17,22-26,29,32,33, 39,44], and most of the
recent methods fall into two categories: fop-down methods
and bottom-up methods. In fop-down methods, a human de-
tector is generally used to detect all the people in the image
first, and then single-person pose estimation is conducted
for each detected subject separately. The single-person pose
estimation methods that are commonly used in fop-down
methods include Hourglass [24], Simple Baseline [39], HR-
Net [32], and HRFormer [44], etc. Besides top-down meth-
ods, bottom-up methods [5,6,16,17,22,23,25,26] have also
attracted a lot of attention recently due to its efficiency [5].

In bottom-up methods, most methods first detect all
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identity-free body joints over the whole input image, and
then group them into different people. Among these meth-
ods, DeepCut and Person-Lab [14,26,27] incorporate offset
fields into their methods, while Openpose and PifPaf [5, 1 7]
make use of part affinity fields in their methods. From
another perspective, associate embedding [23] teaches the
model to output the group assignments and the localization
results of the body joints at the same time, and HGG [16]
further combines graph neural networks on top of the asso-
ciate embedding. Besides the above methods, there also ex-
ist some bottom-up methods [11,25,45] that directly regress
the coordinates of body joints belonging to the same person.

Existing heatmap-based bottom-up methods often use an
overall L2 loss calculated over the whole heatmap to opti-
mize heatmap prediction. Differently, in this paper, we pro-
pose a new bottom-up method that optimizes the heatmap
prediction via minimizing the difference between the char-
acteristic functions of the predicted and GT heatmaps.
Characteristic Function. The characteristic function, a
concept originally proposed in probability theory and statis-
tics, has been studied in various areas [2, 8,9, 13,20,31,41]
over the years, such as two-sample testing [8,9, | 3], genera-
tive adversarial nets [2,20], and few-shot classification [41].
Inspired by these works, in this paper, from a novel per-
spective, we propose to optimize the heatmap prediction
for bottom-up human pose estimation via minimizing the
distance between two characteristic functions. We theoret-
ically analyze that the distance between the two character-
istic functions respectively constructed from the predicted
heatmap and the GT heatmap is the upper bound of the L2
losses w.r.t. sub-regions of the predicted heatmap.

3. Method

In bottom-up human pose estimation, as shown in
Fig. 1(a), minimizing the overall L2 loss between the pre-
dicted heatmap and the GT heatmap cannot always lead
the model to locate all the body joints across different sub-
regions of the heatmap more accurately. In this work, we
aim to optimize the body joints over sub-regions of the pre-
dicted heatmap at the same time. To achieve this, we pro-
pose a new bottom-up method that optimizes the heatmap
prediction via minimizing the distance between two char-
acteristic functions constructed from the predicted and GT
heatmaps.

Below, we first briefly introduce the characteristic func-
tion, and then discuss how we formulate the heatmap opti-
mization process. After that, we show the theoretical anal-
ysis of our proposed method.

3.1. Revisiting Characteristic Function

The characteristic function is generally used in probabil-
ity theory and statistics. Given an N-dimensional distribu-
tion D, its corresponding characteristic function ¢ p can be

written as:

©p(t) = Exuple’™] = / et apD (1)

RN

where E represents expectation, i = —1, (-, -) represents
dot product, tis a random /N -dimensional vector, and X is an
N-dimensional vector sampled from D. Note that the char-
acteristic function always exists and has a one-to-one corre-
spondence with the distribution. Besides, the characteristic
function is the Fourier transform of the probability density
function if the latter exists as well. Moreover, the character-
istic function is always finite and bounded (|op(t)| < 1).
This makes calculation of the distance between two charac-
teristic functions always meaningful.

3.2. Proposed Heatmap Optimization Process

Below, we discuss how we formulate the heatmap op-
timization process for bottom-up human pose estimation
via (1) constructing two distributions from the predicted
heatmap and the GT heatmap respectively; (2) calculating
characteristic functions from these two distributions; and
(3) formulating the loss function as the distance between
the two characteristic functions.

Distribution Construction. Given an input image, for
each type of body joints, we denote the corresponding pre-
dicted heatmap as H), and the corresponding GT heatmap as
H,. We propose to formulate the two distributions D(H),)
and D(H,) from the two heatmaps H, and H, with the
following two steps. (1) As distributions cannot hold nega-
tive probabilities, we first pass H,, through a relu activation
function to make it non-negative. Note that H is already
non-negative. (2) After that, as the sum of probabilities of
each constructed distribution needs to be 1, we further nor-
malize both the output of step (1) and H,. Hence, with the
above two steps, we formulate D(H),) and D(H,) as:
relu(Hp) H,

) p(H) = 8 2
e, W) = mn @

Characteristic Function Calculation. For every type of
body joints, after formulating the two distributions D(Hp)
and D(H,), we follow Eq. 1 to calculate the two character-
istic functions ppgr,)(t) and Y p(m,)(t) as:

l)(fEJ =

©p(m,)(t) = EXND(HP)[ei(t’X>]7

3)

¢p(m,)(t) = Exwp(m,)le

Loss Function Formulation. Above we discuss how
we obtain the two characteristic functions w.r.t. the pre-
dicted heatmap and the GT heatmap for a single type of
body joints. Note that in bottom-up human pose estimation,
multiple types of body joints are required to be located at
the same time. Here, we first discuss how we formulate the
loss function for a single type of body joints, and then in-
troduce the overall loss function for all types of body joints.
To formulate the loss function for the k-th type of body

i(t,x)]
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joints, given the two characteristic functions go’l% (H )(t) and
p

ap’B( m1,)(t), we first write the loss function Ly as the dis-
g
tance between these two characteristic functions [2]:

Ly = /R b, @ )

where w(t, ) is a weighting function. Here we set w(t, n) to
be the probability density function of a uniform distribution
in By, where By = [-U,U] x [-U,U] is a finite prede-
fined range and U is a hyperparameter. This means that,
w(t,n) = 5= when t € By and w(t,n) = 0 otherwise.
We thus further rewrite Eq. 4 as:

— @b, (O3w(t ) dt

1
L:/ — (o* t) — oF t))]|3 dt 5
k . ”2U( D) () = €D, (1) 112 4)

Finally, from Eq. 5, we formulate the loss function Ly
as:

Lk[¥ngﬁwam¢0@%wﬁmﬂﬁm ©)
where v = U;‘{Z is a constant coefficient and A is the
area of the heatmap. Note that Eq. 6 is equivalent to Eq. 5
during the optimization process, as the efficacy of the added
constant - can be achieved by adjusting the learning rate.
After getting the loss function for each type of body
joints, we formulate the total loss for all types of joints as:

K
Ltotal = Z Lk
k=1

where K denotes the total number of body joint types.

)

3.3. Theoretical Analysis

Below, we perform theoretical analysis to show the ef-
fectiveness of our method for bottom-up human pose esti-
mation. Before going into the theorem, we first introduce a
lemma that can facilitate the proof of the theorem.

Lemma 1. Let pp be the characteristic function
of a 2-dimensional distribution D. Let R™ =
[glower PP x [zbower x8PPCT] a  rectangular  re-
R® — xllower’xupper} x [ lower mlzlpper] U
, 2y PPN x {zlower xiPPETY the edges of this region,
and R® = {zlower x{PPery x {alower xiPPe"} the vertices
of this region. Let By = [-T,T| x [-T,T)]. Denote [D]r
the portion of the distribution D in R. [D|g- can then be

gion,
[xllower

written as:
2 lower upper
1 e—ltnl _ e—ztna:
Dlp = ( lim —— (
[Dlr (Tgnoo (22 /BT nl;[l ity )
p(t)) dadts ) +e([D]rr)
3

where €([D]|rr) = [D}T"” + [D]% and dt1dty are calculated
based on the Lebesgue measure.

The proof of Lemma 1 is provided in the supplemen-
tary. After introducing this lemma, we analyze our pro-
posed method below.

Theorem 1. Let R, ; be a random rectangular sub-region
in the heatmap of the k-th type of body joints where
|[D(Hp)|re,, — [D(Hg)|re, I3 is relatively small com-
pared to ||[D(Hy)|rr, — [D(Hy)]rr, |I5. The relation be-
tween the L2 loss w. rt this sub-region and Ly, can be writ-
ten as:

[[D(Hp)]r;

sub

(RZub)
Note that \(RL,,;) as the Lebesgue measure represents the

area of R, ;.

— [D(Hy)l gy, II3

€))

< Ly

Proof. To prove Theorem 1, we first reformulate Lemma 1
as:

[D]r- =<T15120 @

glower puPper

[ (e
By itn

n=1

¢p(t)

= G f, 000 [ - (Dl
(10)
where dt = dtdt2, and both dx and dt are calculated based
on the Lebesgue measure.

After that, we rewrite ||[D(H))] g~

sub

N—

dtldtZ ) + E([D]Rv-)

— [D(Hy)]r:

|3 as:

gub

IID(Hy)]rs,, = [D(Hy)lry,,II3

sub sub

~ [I[D(Hp)]r;,, — [D(Hy)lrz,,
— (e([D(Hp)lrr,,) — e([D(Hy)]rz,,)) I3

sub

_ : 1 —i(t,x)
—u%@ﬂ/qmmmére dx dt

sub

- lim (er) / e, )( )/mh

o — Y, )
= lim / / D(Hy) DUHg) 27 o=iltx) gx gt [E:
T—o00 Br 271')

sub

Y
(12)

(13)
—HEX) dx dt ||2

(14)
k k
~ H/ / @D(Hp)(t) - SDD(HQ)(t)e_i<t7x> dx dt |2
By JRT,, (27T)2
(15)
o of
< 4U2A/ / D(H),) ) 2D(H )() <t’x>||§dx dt
By JRr (2m)

sub

(16)
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Table 1. Comparisons with bottom-up methods on the COCO val2017 set (single-scale testing).

Method Venue Backbone Inputsize | AP AP0 ApTS  ApM ppL
OpenPose [5] CVPR 2017 VGG-19 - 61.0 84.9 67.5 56.3 69.3
HGG [16] ECCV 2020 Hourglass 512 60.4 83.0 66.2 - -
PersonLab [26] ECCV 2018 ResNet-152 1401 66.5 86.2 71.9 62.3 73.2
PifPaf [17] CVPR 2019 ResNet-152 - 67.4 - - - -
PETR [30] CVPR 2022 - 1333 67.4 87.0 74.9 61.7 75.9
DEKR [11] CVPR 2021 HRNet-W48 640 71.0 88.3 77.4 66.7 78.5
PINet [37] NIPS 2021 HRNet-W32 512 67.4 - - - -
CIR&QEM [40] AAAI 2022 HRNet-W48 640 72.4 89.1 - 67.3 80.4
CID [36] CVPR 2022 HRNet-W32 512 66.0 86.7 72.3 59.8 76.0
LOGP-CAP [42] CVPR 2022 HRNet-W48 640 72.2 88.9 78.9 68.1 78.9
SWAHR [22] CVPR 2021 HrHRNet-W32 512 68.9 87.8 74.9 63.0 77.4
SWAHR [22] CVPR 2021 HrHRNet-W48 640 70.8 88.5 76.8 66.3 77.4
CenterAttention [4] ICCV 2021 HrHRNet-W32 512 68.6 87.6 74.1 62.0 78.0
PoseTrans [15] ECCV 2022 HrHRNet-W32 512 68.4 87.1 74.8 62.7 77.1
HrHRNet [6] CVPR 2020 HrHRNet-W32 512 67.1 86.2 73.0 61.5 76.1
+ Ours HrHRNet-W32 512 69.9(12.8) 88.1 76.0 64.2 78.1
HrHRNet [6] CVPR 2020 HrHRNet-W48 640 69.9 87.2 76.1 65.4 76.4
+ Ours HrHRNet-W48 640 72.5(12.6) 89.3 79.1 68.3 79.0
Table 2. Comparisons with bottom-up methods on the COCO val2017 set (multi-scale testing).
Method Venue Backbone Inputsize | AP APPO  APTO ApPM  apL
HGG [16] ECCV 2020 Hourglass 512 68.3 86.7 75.8 - -
Point-Set Anchors [38] ECCV 2020 HRNet-W48 640 69.8 88.8 76.3 - -
DEKR [11] CVPR 2021 HRNet-W48 640 723 88.3 78.6 68.6 78.6
SWAHR [22] CVPR 2021 HrHRNet-W32 512 71.4 88.9 717.8 66.3 78.9
SWAHR [22] CVPR 2021 HrHRNet-W48 640 732 89.8 79.1 69.1 79.3
PoseTrans [15] ECCV 2022 HrHRNet-W32 512 71.2 88.2 77.2 66.5 78.0
HrHRNet [0] CVPR 2020 HrHRNet-W32 512 69.9 87.1 76.0 65.3 77.0
+ Ours HrHRNet-W32 512 71.8(T1.9) 88.9 78.1 67.3 78.4
HrHRNet [6] CVPR 2020 HrHRNet-W48 640 72.1 88.4 78.2 67.8 78.3
+ Ours HrHRNet-W48 640 73.7(11.6) 89.9 79.6 69.6 79.5
< 4U2A/ / H QDIB(HP) (t) — @]B(Hg) (t) 12dx dt As shown in Theorem 1, for the sub-region R{,;, when
< 5o Jar (27)2 the sum of the pixelwise L2. dlsta.nces betwe.en the pred}cted
o (17) and GT heatmaps over this entire sub-region is relatively
. L large compared to only over its edges, L will be the upper
9 YD(H,) (t) — @D(Hg)(t) 9 bound of the L2 loss w.r.t. this sub-region. Because of this,
=4U"A I 5 I3 dt dx S
R, JBy (2m) via minimizing Ly, we can enable the L2 losses w.r.t. all
(18) such sub-regions to be smaller. Note that such sub-regions
can be easily found, since the edge of a sub-region typi-
= /T / I % (@%(Hp)(t) - <p’B(Hg) (1) I3 dt dx cally contains many less pixels compared to the entire sub-
R/ Bu region in the first place. Furthermore, for sub-regions con-
(19) taining missed or inaccurate body joints in its center, which
= LM Rup) (20) are precisely the erroneous predictions that need to be cor-

where Eq. 12 holds since [|[D(H,)|re , — [D(Hy)re, |3
is relatively small compared to [[D(Hy)|gr, -
[D(Hg)]rr ,|I3, Eq. 13 holds because of Eq. 10, Eq. 15
holds based on the analysis in the supplementary, Eq. 16
holds due to the continuity of L2 distance and the
Cauchy—Schwarz inequality, Eq. 17 holds due to the fact
that |[e=*®*||3 = 1 and the Cauchy—Schwarz inequality,
Eq. 18 holds due to Fubini’s theorem.

We can then move (R’ ,) on the right hand side of

sub

Eq. 20 to the left hand side to get Theorem 1. O

rected, the sum of the pixelwise L2 distances over the entire
sub-region will then be much larger compared to only over
its edge. Therefore, our method can optimize the model
to provide a more accurate localization result for the body
joints in different sub-regions of the predicted heatmap at
the same time, whereas the existing bottom-up methods,
usually relying on the overall L2 loss, do not hold this prop-
erty. Thus, our method can achieve superior performance
for bottom-up human pose estimation.

Note that during implementation, since Lj itself as an
integral is not tractable, inspired by [2], we define Ly, as a
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Table 3. Comparisons with bottom-up methods on the COCO test-dev2017 set (single-scale testing).

Method Venue Backbone Inputsize | AP Ap°0 APTO apPM  apl
OpenPose [5] CVPR 2017 VGG-19 - 61.8 84.9 67.5 57.1 68.2
Hourglass [24] ECCV 2016 Hourglass 512 56.6 81.8 61.8 49.8 67.0
Associative Embedding [23] NIPS 2017 Hourglass 512 56.6 81.8 61.8 49.8 67.0
SPM [25] ICCV 2019 Hourglass - 66.9 88.5 72.9 62.6 73.1
MDN [34] CVPR 2020 Hourglass - 62.9 85.1 69.4 58.8 71.4
PersonLab [26] ECCV 2018 ResNet-152 1401 66.5 88.0 72.6 62.4 72.3
PifPaf [17] CVPR 2019 ResNet-152 - 66.7 - - 62.4 72.9
PETR [30] CVPR 2022 SWin-L 1333 70.5 91.5 78.7 65.2 78.0
DEKR [11] CVPR 2021 HRNet-W48 640 70.0 89.4 71.3 65.7 76.9
PINet [37] NIPS 2021 HRNet-W32 512 66.7 - - - -

CIR&QEM [40] AAAI 2022 HRNet-W48 640 71.0 90.2 78.2 66.2 77.8
CID [36] CVPR 2022 HRNet-W48 640 70.7 90.3 77.9 66.3 77.8
LOGP-CAP [42] CVPR 2022 HRNet-W48 640 70.8 89.7 77.8 66.7 77.0
SWAHR [22] CVPR 2021 HrHRNet-W48 640 70.2 89.9 76.9 65.2 77.0
CenterAttention [4] ICCV 2021 HrHRNet-W48 640 69.6 89.7 76.0 64.9 76.3
PoseTrans [15] ECCV 2022 HrHRNet-W32 512 67.4 88.3 73.9 62.1 75.1
HrHRNet [6] CVPR 2020 HrHRNet-W32 512 66.4 87.5 72.8 61.2 74.2
+ Ours HrHRNet-W32 512 68.9(12.5) 89.2 75.7 63.7 76.1
HrHRNet [6] CVPR 2020 HrHRNet-W48 640 68.4 88.2 75.1 64.4 74.2
+ Ours HrHRNet-W48 640 71.1(12.7) 90.4 78.2 66.9 77.2

Table 4. Comparisons with bottom-up methods on the COCO test-dev2017 set (multi-scale testing).

Method Venue Backbone Inputsize | AP APPO  Ap75  ApM ppl
Hourglass [24] ECCV 2016 Hourglass 512 63.0 85.7 68.9 58.0 70.4
Associative Embedding [23] NIPS 2017 Hourglass 512 63.0 85.7 68.9 58.0 70.4
HGG [16] ECCV 2020 Hourglass 512 67.6 85.1 73.7 62.7 74.6
SimplePose [18] AAAI 2020 IMHN 512 68.1 - - 66.8 70.5
PersonLab [26] ECCV 2018 - 1401 68.7 89.0 75.4 64.1 75.5
PETR [30] CVPR 2022 SWin-L 1333 71.2 91.4 79.6 66.9 78.0
Point-Set Anchors [38] ECCV 2020 HRNet-W48 640 68.7 89.9 76.3 64.8 75.3
DEKR [11] CVPR 2021 HRNet-W48 640 71.0 89.2 78.0 67.1 76.9
CIR&QEM [40] AAAI 2022 HRNet-W48 640 71.7 90.4 78.7 67.3 78.5
SWAHR [22] CVPR 2021 HrHRNet-W48 640 72.0 90.7 78.8 67.8 77.7
CenterAttention [4] ICCV 2021 HrHRNet-W48 640 71.1 90.5 717.5 66.9 76.7
PoseTrans [15] ECCV 2022 HrHRNet-W32 512 69.9 89.3 77.0 65.2 76.2
HrHRNet [6] CVPR 2020 HrHRNet-W32 512 69.0 89.0 75.8 64.4 75.2
+ Ours HrHRNet-W32 512 70.8(7T1.8) 90.1 77.8 66.0 77.3
HrHRNet [6] CVPR 2020 HrHRNet-W48 640 70.5 89.3 77.2 66.6 75.8
+ Ours HrHRNet-W48 640 72.3(7T1.8) 91.5 79.8 67.9 78.2

tractable alternative of L, as:

M

2 Y

Ly = Z ||ﬁ(<P]B(HP)(tm) - @]B(Hg)(tm))ng 2n
m=1

where {ti,...,ty;} denotes a set of M vectors randomly
sampled from By .
The total loss Ly, for all body joint types can then be

written as:
K
Liotar = Y, Li (22)
k=1

3.4. Overall Training and Testing

Here we discuss the overall training and testing scheme
of our method. Specifically, during training, we supervise
the predicted heatmaps via the total loss in Eq. 22 instead
of using the commonly used overall L2 loss, and follow-
ing [6,22,23], we conduct grouping via associate embed-
ding. During testing, we follow the evaluation procedure of

previous works [0, 22] that conduct bottom-up human pose
estimation. Note that in experiments, it is easy to imple-
ment Ly, in Eq. 21, and we provide more details on how we
implement Ly in experiments in the supplementary.

4. Experiments

To evaluate the effectiveness of our method for bottom-
up human pose estimation, we conduct experiments on the
COCO dataset [21] and the CrowdPose dataset [19]. Be-
sides, we also test the effectiveness of our method on top-
down methods in the supplementary. We conduct our ex-
periments on RTX 3090 GPUs.

4.1. COCO Keypoint Detection

Dataset & evaluation metric. The COCO dataset [21]
contains over 200k images, and in this dataset, each per-
son instance is annotated with 17 body joints. This dataset
consists of three subsets including COCO training set (57k
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Table 5. Comparisons with bottom-up methods on the CrowdPose testing set.

Method [ Venue Backbone Inputsize | AP APPO  AP7®  ApE  ApM  ppH
w/ single-scale testing
OpenPose [5] CVPR 2017 VGG-19 - - - - 62.7 48.7 323
HrHRNet [6] CVPR 2020 HrHRNet-W48 640 65.9 86.4 70.6 73.3 66.5 57.9
PETR [30] CVPR 2022 - - 72.0 90.9 78.8 78.0 72.5 65.4
DEKR [11] CVPR 2021 HRNet-W48 640 67.3 86.4 722 74.6 68.1 58.7
PINet [37] NIPS 2021 HRNet-W32 512 68.9 88.7 74.7 75.4 69.6 61.5
CID [36] CVPR 2022 HRNet-W48 640 723 90.8 71.9 78.7 73.0 64.8
SWAHR [22] CVPR 2021 HrHRNet-W48 640 71.6 88.5 71.6 78.9 724 63.0
CenterAttention [4] ICCV 2021 HrHRNet-W48 640 67.6 87.7 72.7 73.9 68.2 60.3
Ours HrHRNet-W48 640 72.6 88.8 78.9 79.2 73.1 65.6
w/ multi-scale testing
HrHRNet [6] CVPR 2020 HrHRNet-W48 640 67.6 87.4 72.6 75.8 68.1 58.9
DEKR [11] CVPR 2021 HRNet-W48 640 68.0 85.5 73.4 76.6 68.8 584
PINet [37] NIPS 2021 HRNet-W32 512 69.8 89.1 75.6 76.4 70.5 622
SWAHR [22] CVPR 2021 HrHRNet-W48 640 73.8 90.5 79.9 81.2 74.7 64.7
CenterAttention [4] ICCV 2021 HrHRNet-W48 640 69.4 88.6 74.6 76.6 70.0 61.5
Ours HrHRNet-W48 640 74.1 90.7 80.2 81.3 74.9 65.1

images), COCO validation set (5k images), and COCO test-
dev set (20k images). Following the train-test split of [22],
we report results on the val2017 set and test-dev2017 set.
Also following [22], we evaluate model performance using
standard average precision (AP) calculated based on Object
Keypoint Similarity (OKS) on this dataset, and report the
following metrics: AP, AP, AP75, APM, and AP".
Implementation details.  Following [4, 22], we use
the HrHRNet [6] as the baseline, and apply our pro-
posed method to the respective two backbones including
HrHRNet-W32 and HrHRNet-W48. For these backbones,
we follow their original training and testing configurations
specified in [6]. Also following [6], we adopt three scales
0.5, 1, and 2 in multi-scale testing. To calculate ﬁk follow-
ing Eq. 21, we set the number of samples M to 256 and the
hyperparameter U w.r.t. the finite range By to 64 in our
experiments.

Results. In Tab. 1 and Tab. 2, we report single-scale test-
ing and multi-scale testing results on the COCO val2017
set. In Tab. 3 and Tab. 4, we report single-scale testing
and multi-scale testing results on the COCO test-dev2017
set. We observe that after applying our method on both
HrHRNet-W32 and HrHRNet-W48, a significant perfor-
mance improvement is achieved, demonstrating the effec-
tiveness of our method. Moreover, we also compare our
method with other state-of-the-art bottom-up human pose
estimation methods. Compared to these methods, our
method consistently achieves the highest AP score, further
demonstrating the effectiveness of our method.

4.2. CrowdPose

Dataset & evaluation metric. The CrowdPose dataset [19]
contains about 20k images and 80k person instances, which
are annotated with 14 body joints. This dataset consists
of three subsets including CrowdPose training set (10k im-
ages), CrowdPose validation set (2k images), and Crowd-

Pose testing set (8k images). Following the train-test split
of [6,22], we report results on the testing set. Also follow-
ing [6,22], we evaluate model performance using standard
AP calculated based on OKS on the CrowdPose dataset, and
report the following metrics: AP, AP®Y, AP, APE, APM,
and AP,

Implementation details. On the CrowdPose dataset, we
also use the HrHRNet [6] as the baseline, and we use
HrHRNet-W48 as the backbone following [4,6,22]. We fol-
low the original training and testing configurations specified
in [6], and also follow [6] to adopt three scales 0.5, 1, and 2
in multi-scale testing. Besides, same as the experiments on
the COCO dataset, we also set the number of samples M to
256 and the hyperparameter U w.r.t. the finite range By to
64 on the CrowdPose dataset.

Results. In Tab. 5, we report the single-scale testing and
multi-scale testing results on the CrowdPose testing set. As
shown, our method consistently achieves the highest AP
score, demonstrating the effectiveness of our method.

4.3. Ablation Studies

We conduct ablation studies on the COCO validation set
via applying our proposed method on HrHRNet-W32 [0]
with single-scale testing.

Impact of the number of samples ). To calculate Ly
following Eq. 21, we need to set the number of samples
M, which we set to 256 in our experiments. We evaluate
other choices of the number of samples M in Tab. 6. As
shown, all variants outperform the baseline method, and af-
ter the number of samples M becomes larger than 256 the
model performance becomes stabilized. Therefore, we set
the number of samples M to be 256 in our experiments.

Impact of the finite range By with different U. We eval-
uate different choices of U in Tab. 7. As shown, all variants
outperform the baseline method, and after the hyperparam-
eter U becomes larger than 64, the model performance does
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Figure 2. Qualitative results of our method and the baseline HrHRNet-W32 model [6]. As shown, the baseline method misses body joints
(in (a) and (b)) or misidentifies body joints (in (c) and (d)) in some sub-regions of the predicted heatmap (see the sub-regions framed
with dashed lines). Meanwhile, our method provides a more accurate localization result for the body joints of different people in different
sub-regions of the predicted heatmap at the same time. More qualitative results are in the supplementary. (Best viewed in color.)

Table 6. Evaluation on the number of samples M.

Method AP AP®® AP™ APV AP"
Baseline(HrHRNet-W32)|67.1 86.2 73.0 61.5 76.1
4 samples 679 869 73.8 62.4 769
16 samples 689 875 74.8 63.5 774
64 samples 69.6 87.9 75.6 639 77.8
256 samples 69.9 88.1 76.0 64.2 78.1
1024 samples 69.8 88.2 76.0 64.3 78.0

not enhance anymore. Thus, we set the hyperparameter U

to be 64 in our experiments.

Table 7. Evaluation on the hyperparameter U w.r.t. the finite range

BU.
Method AP AP’ AP APM APF
Baseline(HrHRNet-W32) |67.1 86.2 73.0 61.5 76.1
U=38 67.7 86.7 73.5 622 76.5
U=16 68.6 87.3 742 629 76.9
U =32 69.4 87.8 754 63.7 71.6
U =64 69.9 88.1 76.0 64.2 78.1
U =128 69.8 88.0 75.8 64.0 78.0

Training time. On the COCO dataset, we test the train-
ing time of our method that trains the backbone model
(HrHRNet-W32 [6]) with the loss function in Eq. 22, and
compare it with the training time of the baseline that trains
the same network with the overall L2 loss. As shown in
Tab. 8, though our method achieves much better perfor-
mance, it brings only very little increase of the training time.
Note that as we follow the same evaluation procedure of
previous works [6, 22], the testing time with and without
our proposed method are the same.

Qualitative results. Some qualitative results are shown in
Fig. 2. As shown, the baseline method which uses the over-
all L2 loss to optimize the heatmap prediction can miss or

Table 8. Comparison of the training time.

Method Training time per epoch Performance(AP)
Baseline(HrHRNet-W32) 1.11h 67.1
Baseline + Ours 1.1%h 69.9

get inaccurate body joints in some sub-regions of the pre-
dicted heatmap (see the sub-regions framed with dashed
lines). In contrast, our method locates body joints of differ-
ent people in different sub-regions of the predicted heatmap
more accurately at the same time, demonstrating the effec-
tiveness of our method.

5. Conclusion

In this paper, we have proposed a novel bottom-up hu-
man pose estimation method that optimizes the heatmap
prediction via minimizing the distance between two char-
acteristic functions respectively constructed from the pre-
dicted and GT heatmaps. We theoretically analyze that the
distance between the two characteristic functions is the up-
per bound of the L2 losses w.r.t. sub-regions of the pre-
dicted heatmap. Thus, via minimizing the distance between
the two characteristic functions, our method locates body
joints in different sub-regions of the predicted heatmap
more accurately at the same time. Our method achieves
superior performance on the COCO dataset and the Crowd-
Pose dataset. Besides, our method could potentially also
be applied in other tasks such as multi-object 6D pose es-
timation [ 1], facial landmark extraction [3], and fingerprint
minutiae detection [10]. We leave this as our future work.
Acknowledgement. This work is supported by MOE
AcREF Tier 2 (Proposal ID: T2EP20222-0035), National Re-
search Foundation Singapore under its Al Singapore Pro-
gramme (AISG-100E-2020-065), and SUTD SKI Project
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