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Motion Capture ZH|S 0|&¢t 4] (Sensor O)

v
Deep Learning= 0|83t L4] (Sensor X)

- AtFe| 3k} XAl 214! (3D Pose Estimation)
- AAIZICE LIE f2fst= 3D OfHIE} (Retargeting)

https://www.youtube.com/watch?v=RLMaVhFEWOE
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Model (Deep Learning)

RGB O|0]|X| 1Z 2= ME2| XHME XML E O Fot= 2E

https://github.com/CMU-Perceptual-Computing-Lab/openpose
https://github.com/tensorflow/tfjs-models/tree/master/posenet
http://gvv.mpi-inf.mpg.de/projects/VNect
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SDK (Inference Framework)

Input & Pre-process — Inference — Post-process — Output

4 _ )
Human Pose Engine

Pre-process

CoreML (i10S) TFLite (Android

Post-process

\_ J
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https://star.mt.co.kr/stview.php?no=2020061511091927177
https://star.mt.co.kr/stview.php?n0o=2020090219442157719



Architecture
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Renderer

Human Pose SDK N 4 \J N 4

Interface

Inference Framework

C++ Pre & Post Process
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2. Failure Stories
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MIEHRH (March-April, 2019)
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https://youtu.be/KGj5VBTCqH8
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https://youtu.be/KGj5VBTCgH8
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3. Lightweight
3D Human Pose Estimat




CI2Fst Human Pose Estimation REIS., ==

(b) Part Confidence Maps

s

¥ A 1
(a) Input Image (c) Part Affinity Fields (d) Bipartite Matching (e) Parsing Results

Realtime Multi-Person 2D Pose Estimation using
Part Affinity Fields (CVPR 2017)

Stage | Output (2D Branch) Stage | Output (3D Branch)

XNect: Real-time Multi-Person

\
f‘,‘.— + % / 3D Motion Capture with a Single

P3P = {(wv);1})-,,
¢ =1c, }' Y

#2#~  RGB Camera (SIGGRAPH 2020)

/2

P = {(u,v); K}’
€k = {6ty {li.«}5=1

DEVIEW

i

1024 ¥ 1024

\ 4
Dropout 0.5 = Dropout 0.5

Batch norm Batch norm
| ‘ ¥ ‘ v
»| Linear RELU Linear RELU J?

A simple yet effective baseline for 3d
human pose estimation (ICCV 2017)

Human Pose and Shape via Model-

/ [Greg = Oope
: ‘ J

SPIN: Learning to Reconstruct 3D

fitting in the Loop (ICCV 2019)

https://arxiv.org/abs/1812.08008
https://arxiv.org/abs/1909.12828
https://arxiv.org/abs/1705.03098
https://arxiv.org/abs/1907.00837
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Single Person or Multi-Person

Heatmap (Pose) or SMPL (3D Mesh Reconstruction + Pose)
2D Pose Estimation or 3D Pose Estimation

End to End (Image — 3D) or Lifting (Image — 2D — 3D)

PC (Server) or Mobile (On-Device)
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3D Human Pose Estimation

VNect: Real-time 3D Human Pose Estimation with a Single RGB Camera (SIGGRAPH 2017)

Application to entertainment. The real-time Handheld recording with a readily available smartphone
3D pose estimation method provides a camera (left) and our estimated pose (right), streamed to
natural motion interface, e.g. for sport games. and processed by a GPU enabled PC.

http://gvv.mpi-inf.mpg.de/projects/VNect



3D Human Pose Estimation
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VNect: Real-time 3D Human Pose Estimation with a Single RGB Camera (SIGGRAPH 2017)

Full-frame Input Bounding Box

Bounding Box B, CNN
.  EE— :
Tracking : Regression
T3 !
1B ) K,

Heatmaps Location Maps

2D Keypoints 3D Pose 3D Skeleton

5% W ==

_)t XJtY]lZJt

Input
Image

ed Root Relative

Joint Positions

Location-map | ]

Values -&i centimeters

Temporal Kt Skeleton
Filter | Fitting -
o | ; :
P Bg—1 Fio1 §y | P& |

Loss(x;) = ||H§.3'1~ O (X; - X?T)"z,

- 2 BHO0|X|2F PC 7]|4t..
- 2 D AO|= (58.4Mb)

- 5FPS (200ms) on iPhone XS, CPU
- DHIAA Realtime22 = £XE

http://gvv.mpi-inf.mpg.de/projects/VNect
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Lightweight 3D Human Pose Estimation™**

AR

Convolution Deconvolution

With ReLU | Without ReLU - 14.6M — 1.04M (Parameters), 94% ¥
. - 58.4Mb — 4.16Mb (File size)
{ | 3“'i' - 7.3M — 1.36M (FLOPS), 81% ¥
——

Nyt Nyt O
AX, AY,AZ BL ®

VNect ® e

1x1 3x

w
—
>

—

ResNet50
(till res4f)
_H
512
\ 4 -
1024 || 512
| 1024
256
128
256

—
—

X

Depthwise Convolution With RelLU
8X3 b i e Without ReLU
P Block13_a Block13_b 128
i 4 X | 3;(3 X1 1X1 3;(3 1X1 Xt | 8xa | xd
- RestNet50 — MobileNetV?2 Jcbaenvonvd | | 268 || 988 ] 256 'E} 192 7 192 7 192 ,7 °°"°°‘°"“‘°% 128 © 128 " 4xJ
- Convolution = Depthwise Convolution e v —ﬁ X2
- Deconvolution — Biliner upsampling and Convolution AX.AY.AZ  BL

MoVNect

http://gvv.mpi-inf.mpg.de/projects/VNect
https://arxiv.org/abs/2001.05097



Teacher - Student Learning (Distillation)™**

DHl=2 7o) | Parameter size?l FLOPSE= L{2{Z}

DEVIEW

X9t "ST 2 ZH0| L2 7= $144 2l

Teacher aata Location-
Network = (Teachef) -  map
(Pretrained) (Teacher) 1 J o -
: Lum = jz{a”Hj_Hj ||2+(1_a)||Hj_Hj |2}
J=1
Sl Location- -}\ i
Network — Heatmap — map [ A ;
(Lightweight) x o7 -
‘ = Liv =Y {el|HS" 0 (L; - L§T)]|,
iLocation- Predicted 3D Pose 4 (1 — a)”HJGT ® (L.7 — L;r)| |2}
----- For Training Heatmap
For Test (GT) map
L RR(GID)
--------------- OSS f

QIE QIX|7tO| 2| BR, £XI7t RS £5 2 FHE

Metric: MPJPE(H36M) *GTet alzst =
80.5mm (VNect) = 113.3mm (MoVNect) <

113.3 mm (MoVNect) = 97.3mm (MoVNect Distiilation) 4 <

<
: Gap: 16.8mm (1.68cm)
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Training

- 3D human pose dataset — Indoor images

- Train the network with LSP and MPII dataset

- Fine-tune the network with Human3.6M and MPI-INF-3DHP dataset

- MPI-INF-3DHP dataset @ Background augmentation with Place365 dataset




Number of Joints

Head Top 02|("d )
Neck =
Right Shoulder P 07l
Right Elbow 5 EEX|
Right Wrist PE &=
Left Shoulder xt= o7k
Left Elbow 2N E=T N
Left Wrist s &5
Right Hip SESgE]
Right Knee *F R
Right Ankle 5 EF
Left Hip xt=x SH
Left Knee s B2
Left Hip IE e
Pelvis =4t
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Comparison of Networks

Methods Cost-Effectiveness Inference Time on Devices
MPIJPE | # Param | FLOPS iPhone7 iPhone 8 iPhone X 1Phone XS
CPU GPU | CPU GPU | CPU GPU NPU | CPU GPU NPU
- -p» Mehta et al.[31] 80.5 14.6M 7.3M 275 175 215 140 270 120 120 | 200 110 17
- Martinez et al.|28] w/ SH | 62.9 19.3M 22M 750 200 300 160 350 160 160 | 270 120 20
:‘E Kocabas et al.[25] 51.8 34M 14M 500 220 | 210 210 230 160 160 | 200 125 50
. =eap Ours 97.3 1.03M 1.35M | 48 56 40 33 37 28 28 32 22 6
A st Lt
et = 1.68cm (80.5mm — 97.3mm) SOFEX|2H 4
It AO| == 94% (58.4Mb — 4.12Mb) EHEU 20, ¥
O]

oA £ 2= iPhone7 (CPU)AIM 5.78] (275ms(3.64FPS) — 48ms(20.83PFS)) etk 1, &
iPhoneXS (CPU)0||A= 6.258Hl (200ms — 32ms) 2t CH &
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Qualitative Results

Human 3.6M

MPII
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Accepted WACYV 2020

Lightweight 3D Human Pose Estimation Network Training Using Teacher-Student Learning

—_— — Lightweight 3D Human Pose Estimation Network Training EIGEE  IEEE 2020 Winter
N Av E R I— l_l E = Using Teacher-Student Learning % Conference on

C lova NAV EERU :;ggg Dong-Hyun Hwang?, Suntae Kim?, Nicolas Monet?, Hideki Koike!, Soonmin Bae? Applications of

Tokyo Tech . Teaser Video Computer Vision
y Tokyo Institute of Technology®, NAVER?, NAVER LABS Europe?
Problem Statement MoVNect Network Evaluations
= The deep neural network (DNN) has achieved remarkable progress in human pose estimation. t D:::::;:‘:“J [ ey Human3.6M dataset
o PURT o 3X3 . Without ReLU - - — 0 T— y T > T T
= Without specialized equipment (e.g. MoCap, depth camera, IMU sensor) and Convolution Methods Dircet. Disciss Eating Groot Phone Photo Pose Prrch. Sitting SittingD. Smoke Wait WalkD. Walk WalkT|  Avg. [# Param
. Blocki3 a Block13_b 128 Zhou et al. 2016 874 1093 87.1 10321162 1433 1 8 1245 1992 1074 11811142 A4 977 113.0
= Robust to the outdoor environment — — 2016 851 1127 269 1120.0 117.7137.4 5 1265
1X1 3X3 1X1 1X1 3X3 1X1 1X1 3X3 1X1 Y i J lhl(i.‘B % - 5 i 1 IHMl,‘\ 1:",,&‘ 1}2';.1“\1‘.0 :’ I‘IT..:(
o soans | 1 %8 [[se8]] 25 102 7 192 7 192 Coneatenste ™ 128 7 128 "4xJ %2 1 50 2 581 70 916 623 501 651 95 524 | €29 | 193
| et G | - 2 78.1 3.4 88 93.8 739 558 820 5 80.5 14.6M
255 axs— I Hxv.Z S5 9 04 570 621 654 ©2 54 sed @36 @147 | 5
o 34M
aX.av.az BL Guest A S4 M9 61 IO 104 414 e ioea #15 ioed 51 Ws s15 M3 e vy toad
= MobileNetV2 + Depthwise CNNs (1.03M of parameters
P ( P ) = The average MPJPE of our network is 97.3mm (The network has only 1.03M of parameters)
BL;j = [AX;| +[AY)] + |AZ] Networks’ Cost-effectiveness and inference time
. ) = Bone length-features are used as 3D human pose estimation cues. Mothods Cost-Elfectiveness Tnference Time on Devices
= The performance of DNN highly relies on the model MPIPE | # Param | FLOPS | iPhone? Phone 8 iPhone X iPhone XS
Scale h . b I f - l - - CrPU GPU | CPU GPU | CPU GPU NPU | CPU GPU NPU
. - Mehta et al. 2017 80.5 14.6) 7.3) 275 175 215 140 270 120 120 200 110 17
L] The number of |ayers parameters Teac er StUdent Learnlng aSEd Know edge Trans er Martinez et al. 2017 w/ SH | 62.9 19.3M 22M 750 200 300 160 350 160 160 270 120 20
’ Kocabas et al. 2019 51.8 34M 14M 500 220 210 210 230 160 160 200 125 50
= Deploying to mobile devices is difficult. Loss Functi Ours 7.3 1.03M | 1.35M | 48 56 |40 33 |37 28 28 |32 22 6
. A oss Functions
= The high amount of computation > Netwo --Heamap _LCE0Y , = At least 19 up to 160 FPS of inference performance on mobile devices.
= Parallel computing (Pretrained) T2 (Teachen) 1g or " L . . .
: z Lum =5 Y {allH; — HET ||+ (1 - o)||H; — H ||2} = GPU can be fully utilized for graphics rendering because of real-time performance on CPU.
= Floating-point operations I
t o U, Swdet e tocstenl, A p Effectiveness of the teacher-student learning method
= Ways to reduce the number of FLOPS 8 image. (Lightweight ‘ = & Lon = Z {allHET & (L; — LS|z Teacher-Student Learning | MPIPE . 14% . is ob d
= Efficient operation and structure . - ; ; : < i i~ b % dicle 4% accuracy improvement is observe
(e.g. Depthwise CNN, linear bottleneck) § Heaimap  Locator Frediand 20 Pove + (1= )HET o (L - LTI} Y 97.3 (14%]) with the proposed method.
For Test ) e s
. Red.uce the number of parameters § “n Lyym= Loss for heatmaps, Ly \= Loss for location maps ualitative Results
* Reducing amount of parameters loss the accuracy. GT= Ground truth, T=Teacher’s prediction, a=0.5 v -
L & N B s :
Model scale = Train the student network using the teacher-student learning method. z l It a it i ! %
= Mimicry loss functions transfer the teacher network [Mehta et al. 2017] ’s knowledge E P § ' -
Research Goals to the student network. £ ; oS ‘ A u it = p & i }
= Design a lightweight 3D human pose estimation model. . : : A
=  Minimize FLOPS with efficient operation and the small number of parameters. Post Processmg Appli .
= Apply the teacher-student Learning method to 3D human pose estimation problem. Pp ications
= Increase performance without changing the network structure. % o f ) ) ) o « Interactive AR/VR applications «  Simply Accessible Motion Capture
= Deploy to mobile devices to demonstrate the applicability of the proposed method. N\ Temporal Filtering | Inverse Kinematics ‘r Joint Angle Limitation
g 5
fiedictions = 1 Euro filter [Casiez et al. 2012] is used to reduce the temporal jittering.
Soft loss = Applying kinematics operations transform root-relative joint 3D positions to joint angles
Predictions. le—— Ground Truth with biomechanical plausibility, which can be utilized for 3D character control. —
Hard loss -

https://arxiv.org/abs/2001.05097
IEEE Winter Conference on Applications of Computer Vision (WACV
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Component Based Pipeline 2020

Attach and detach components

Pre Model Post
Processor (Inference) Processor

. Rotation
Padding Upper-body Generator

ss PipelineCoreML : public Pipeline {

(const PipelineInferenceFuncType& infer_func, const int authTool = 9) :
Pipeline( )

{

h(new PipelineComponentObjcPrepare());
h(new PipelineComponentResize());
ach(new PipelineComponentPadding());

ich(new PipelineComponentInferCoreML(infer_func));

w PipelineComponentSmooth());
'ew PipelineComponentMakeQuaternions(authTool));
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Change the image size to feed into Neural Network

imail Live
J Camera

Single

>

Image

256x256

1080x1920
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Encryption and Decryption

To protect neural network information

ML Model

o
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Downloadable Model

- Various version of Full-Body and Upper-Body models
- Efficient for updating and deploying

Save at the local internal directory
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Inference Framework

- Support iOS and Android devices
- Common pre/post processor in C++

Human Pose Engine

Pre Post

Processor Processor
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Post Processor

- Interpolation, Extrapolation and Reducing the jitter
- Attach and Detach filters

Animation Abnormal K

Blending Pose

(Inverse
Kinematics)
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nerator

Rotation Ge
o2 HE o X5 Zat= 3D EEZHQIXIZH I oA 31H ZHe 15HK|?

Analytical Inverse Kinematics

Each joint angle is calculated from the pose of the end-effector based on a
mathematical formula. By defining the joint parameters and end-effector poses
symbolically, IK can find all possible solutions of the joint angles in an analytic form
as a function of the lengths of the linkages, its starting posture, and the rotation

constraints.

Analytical IK is mainly used for robots with low degrees of freedom (DoF) due to

the nonlinearity of the kinematics equations and the lack of scalability for

redundant robot configurations.

https://kr.mathworks.com/discovery/inverse-kinematics.htmi



Rotation Generator

- Define the joint space
- Calculate without Rotation constraints

Use the law of cosines!
c? =a?+ b? — 2ab Cos(0)
End-effector

(Xe) Ve, P) x?+y2=1L%+L15—2L,L,Cos(B)
— L+ L5 —x%—y?
B = Cos™1|21—2 4
y-axis 2L1L,
Input: x,,
e L (A-L3+x%+y?
! a = Cos™1|21—2
Inverse Kinematics — 2Ly/x? + y?

X-axis |

= atan 2(y,,
Output: 64, 6, v = atan2(y, xe)

6, =y—a«a 0, =m—f or B,=y+a

—~—

Cross(bone dir1, bone dir2)
. End-effector
Initial direction Boné’ dirgetion2

v D Wist
¢

Fe2+yE 48

‘Q : 0. 6'

y-axis * :.,’ £

Bone directioncg -
2 4 Elbow

*

““ 91 y

+ Xer Ve

.

X-axIs
Shoulder

Inverse Kinematics

92':3—7'[ :61,62

There are one more solutions and a scale issue
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Output Format

Properties
numberOfPeople
thresholad

jointConfidences

jointPositions2D

jointQuaternions3D

performanceMeasure

Type
Int
Float
Vector<float>

Bool
Vector<Vector2>
Vector<Vector3>

Vector<Quaternion>

Struct

Description

DEVIEW
2020



5. Mobile Application
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4 4
Application Human Pose Engine

engine = new HumanPoseSDK()

v

image = cam.Capture()

Inference(CoreML, TFLite)

3D Position

engine.predict(image) Abnormal Detector

Retargeting(results)

Smoother

Render() Rotation Generator

|<—| <—|<—|




SDK API At 2! Application O|HIE =2

H|=7| SDK API®} Callback &t

Asynchronous AP

private func r (image: UIImage?) {
guard let image = image else { return }
if let engine = humanPosgLoreML o m
let humanPoseRequestp= HumanPoseEnﬁineRequest()
humanPoseRequest.imaic = image i
engine.proccss(humanIP_ose_Reaue_stL i

Render

|

T J2|1 Retargeting

Callback

func . (didPredictComplete result: HumanPoseEngineEstimationResult) {
avatar.retarget(result: result)

self.skeleton2dView.drawSkeleton(result: result)
self.skeleton2dView.drawSkeleton(result: result)
self.skeleton3dView.update(positions: result.positions3D)

Retarget

(result .-Hﬁaﬂ’o?etﬂgﬂe?siimationResult) {
let quaternions | result.rotations
setRotation(typeI-gugqupquegeEiNs!k, quaternion: quaternions[kHPEJointNeck])
setRotation(type: HumanBodyBones.RightUpperArm, quaternion: quaternions[kHPEJointRightShoulder])

setRotation(type: HumanBodyBones.RightLowerArm, quaternion: quaternions[kHPEJointRightElbow])
setRotation(type: HumanBodyBones.LeftUpperArm, quaternion: quaternions[kHPEJointLeftShoulder])
setRotation(type: HumanBodyBones.LeftLowerArm, quaternion: quaternions[kHPEJointLeftElbow])
setRotation(type: HumanBodyBones.Spine, quaternion: quaternions[kHPEJointSpinel])

DEVIEW
2020
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Character skeleton structure and Mapping

| |
(i
T

Character A Character B

Dataset

The 3D character must have the corresponding joints to the dataset
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Retargeting with Quaternion

Retarget
aE
@@
Call .
Character A Hierarchy Character B

@ setRotation(type: LeftLowerArm, quaternion: gValue)



DEVIEW
2020

C|HZ 2h38 iz

- 2D/3D Skeleton 2 Confidence value &%

- OIC|7t =X 2IX| wHE 2kQl V1S, X2 BRE &8 + US 2 NWE S S8

CPU only —

Photo Library Photo Library




Demo Application

iOS and Android devices

infere
infe
postproces:

CPU only

SKIR5:03he N TEall

MOMvO0.1

Frame: 497
& preprocess: 0.86ms (0.87ms)
— 1 resize: 0.71ms (0.69ms)
““padding: 0.04ms (0.06ms)
normalize: 0.09ms (0.09ms)
inference: 222.27ms (182.70ms)
® apn:216.18ms (177.68ms)
S ©fassemble: 1.16ms (0.67ms)
W lift: 4.89ms (4.31ms)
postprocess: 0.38ms (0.36ms)
smooth: 0.14ms (0.14ms)
rotate: 0.22ms (0.20ms)

head : 0.977

neck : 0.985
rightShoulder : 0.429
rightElbow : 0.908
rightWrist : 0.001
leftShoulder : 0.996
leftElbow : 0.982
leftWrist : 0.990

SWITCH CAMERA

|1 @ <
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Demo (2019 7}=, 1st Version)
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Demo (20199 742, ICCV, 2nd Version) 9=
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https://www.mdpi.com/2076-3417/8/3/464
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OFs

https://line.me

https://www.thejakartapost.com/life/2020/09/29/line-allows-users-to-create-their-own-avatars.html
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- Animation: Capture using Perception Neuron
- 3D Character: 115 Characters of Microsoft Rocketbox

o TikTok
j@hoshina_ayu i

e} TikTok

https://www.tiktok.com
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Synthesize using Unity

Transform with Character, Background, Light and Camera

https://github.com/microsoft/Microsoft-Rocketbox
https://www.mdpi.com/2076-3417/8/3/464



Synthesize using Unity
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IK 5-DOF Rotation ConstraintsE X £sl XA EH

Table 1. Motion range of human joints.

Motion Range
Shoulder flexion (Flex.)/extension (Ext.) (Z;) 135°/50°
Shoulder adduction (Add.)/abduction (Abd.) (Z3) 108°/0°
Shoulder internal (Int.)/external-rotation (Ext. Rot) (Z) 90° /90°
Horkzonte Elbow flexion (Flex.)/extension (Ext.) (Z4) 0°/145
T Palmar flexion/dorsiflexion (Zg) 90° /70°
\ Ulnar deviation/radial deviation (Z7) 55° /25°
Wrist pronation (Pron.)/supination (Sup.) (Zs5) 90° /90°
/ Table 2. Motion range of 5-DOF upper-limb exoskeleton.
T e Motion Range
Shoulder Flex./Ext. (63) 135°/15°
Shoulder Add./Abd. (67) 90°/30°
il & Eitornel Rowtion Shoulder Int./Ext. Rot (63) 90° /30°
Elbow Flex./Ext. (63) 118°/0°
Elbow Pron./Sup. (62) 30°/30°

https://www.acefitness.org/fitness-certifications/ace-answers/exam-preparation-blog/3535/muscles-that-move-the-arm/
https://www.mdpi.com/2076-3417/8/3/464



7. QA Results
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Before

After
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Original result Using IK module

Original result Using IK module

Original result Using IK module Original result Using IK module
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Performed by NAVER QA Team

1st QA: 86.14 (July, 2020)

2nd QA: 93.01% (October, 2020) +6.87% Up 4
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Human Scale
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Various Pose with Mask
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Different Characters
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PC — Mobile + SDK
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P.

Model size: 93% W

Speed: x3 *

April, 2019
PC (GeForce 1060 Ti) + Web cam + Free sample 3D character
Model size: 60Mb, 12FPS (Render + Pre/Inference/Post)

October, 2020
Mobile (iPhone XS) + our 3D character
Model size: 4.5Mb, 35FPS (Render + Pre/Inference/Post)
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Recruit (Intern/Regular): suntae.kim@navercorp.com
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