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This study systematically reviewed methodologies for validating the accuracy of vison-based markerless 3D
motion capture systems and proposed reliable evaluation criteria. A systematic review protocol was
implemented, and articles were retrieved from Web of Science, PubMed, ScienceDirect, and IEEE Xplore. After
removing duplicate and irrelevant studies, 13 articles were analyzed. The review identified key experimental
tasks, kinematic variables, and evaluation metrics. Monocular systems were primarily applied to simple, slow
movements like walking and jumping, using basic variables such as joint angles and joint center positions. In
contrast, multi-view systems demonstrated higher accuracy for complex, rapid movements like running,
incorporating variables such as joint moments, ROM, and segment angles. Monocular systems commonly used
MAE, while multi-view systems combined RMSE, ICC, and Bland-Altman analysis for validation. These
findings provide a guideline for selecting methodologies to validate vision-based markerless 3D motion capture

systems, tailored to monocular and multi-view systems.
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AAAY thE AIA FAu Aol os 7k 25 dlolH
£ o] HAE 4= QITH(Rau et al., 2000; Janes et al., 2012).
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of frAstA &8 4= 9l th(Rau et al., 2000; Janes et al., 2012;
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Figure 1. PRISMA Flow Diagram
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Table 1. Tasks for Validation of Markerless System in the Review Articles
Tasks Body | View Type | Frequency(%) Reference
Monocular Ceseracciu et al.(2014), Ong et al.(2017), Tanaka et al.(2018),
Walking Lower Multi-VieV\; 9(26.5) Nakano et al.(2020), Kanko et al.(2021), Ripic et al.(2023), Horsak
et al.(2023), Song et al.(2023), Wang et al.(2024)
Running Lower | Multi-View 2(5.9) Ong et al.(2017), Song et al.(2023)
Deadlift Entire | Monocular 1(2.9) Mercadal-Baudart et al.(2024)
Squat Low.er, Monfmu}ar, 6(17.6) Schmitz et al.(2015), Kotsifaki et al.(2018), Harsted et al.(2019),
Entire | Multi-View Song et al.(2023), Hesse et al.(2024), Mercadal-Baudart et al.(2024)
Guess et al.(2016), Kotsifaki et al.(2018), Harsted et al.(2019),
Jump LE(:;: 1\1\//1[3?\1/111:; 9(26.5) | Nakano er al(2020), Song et al.(2023), Hesse ef al.(2024), Barzyk
et al.(2024), Mercadal-Baudart er al.(2024), Turner et al.(2024)
Skiing Entire | Monocular 1(2.9) Torvinen et al.(2024)
Boxing Upper | Multiview 1(2.9) Lahka et al.(2022)
Box&Block Test Upper | Multiview 1(2.9) Hansen et al.(2024)
Throwing a ball Entire Multiview 1(2.9) Nakano et al.(2020)
Bending the trunk | Entire | Monocular 1(2.9) Hesse et al.(2024)
Stretching an arm | Upper | Monocular 1(2.9) Hesse et al.(2024)
Lifting a leg Lower | Monocular 1(2.9) Hesse et al.(2024)

Total

34(100.0)
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Table 2. Kinematic variables for validation of markerless system in the review articles

Kinematic Variables | View Type | Frequency(%) Reference
Ceseracciu et al.(2014), Schmitz et al.(2015), Guess et al.(2016), Ong et
al.(2017), Kotsifaki et al.(2018), Tanaka et al.(2018), Harsted et al.(2019),
Joint Angles Monf)cu'lar, 18(62.1) Kanko et al.(2021), Lahka et al.(2022), Ripic et al.(2023), Horsak et'alA(2023),
Multi-View Song et al.(2023), Hesse et al.(2024), Barzyk et al.(2024), Torvinen et
al.(2024), Mercadal-Baudart et al.(2024), Wang et al.(2024), Turner et
al.(2024)
Joint.C-enter Monf)cu.lar, 6(20.7) Nakano et al.(ZOZQ), Kanko et al.(2021), Lahka er al.(2022), Ripic et
Positions Multi-View al.(2023), Torvinen et al.(2024), Mercadal-Baudart er al.(2024)
Joint Moments Multi-View 1(3.4) Song et al.(2023)
Range of Motion Multi-View 1(3.4) Hansen et al.(2024)
Segment Angles Multi-View 2(6.9) Kanko et al.(2021); Ripic et al.(2023)
Segment Velocities | Multi-View 1(3.4) Lahka et al.(2022)
Total 29(100.0) -
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Table 3. Error metrics for validation of markerless system in the review articles

Metrics Frequency(%) Reference
ME 1(4.0) Tanaka et al.(2018)
MAE 5(20.0) Schmitz et al.(2015), ;\ll.ezl;gr;(;)’etTilr.IiE)Ze(i),all.-lésos;;t al.(2024), Barzyk et
MSE 1(4.0) Barzyk et al.(2024)
Error Ceseracciu et al.(2014), Guess et al.(2016), Ong et al.(2017), Harsted et
RMSE 14(56.0) al.(2019), Kanko et al.(2021), Lahka ?t al.(2022), Ripic et al.(2023), Horsak
et al.(2023), Song et al.(2023), Torvinen et al.(2024), Mercadal-Baudart et
al.(2024), Wang et al.(2024), Turner et al.(2024), Hansen et al.(2024)
Peak Error 2(8.0) Guess et al.(2016), Horsak et al.(2023)
MPIPE 2(8.0) Kanko et al.(2021), Mercadal-Baudart et al.(2024)
Total 25(100.0) -




232 e -

25T
ATNM H7E ARE 270 ol AT A, 44
2 I3RS o F 25709 A7 £ H
o 235 B9 2349 A= Root Mean Square Error(RMSE)7}
1470(56.0%) 2.2 714 Bt 1 HE o]o] Mean Absolute
Error(MAE) 571(20.0%)2.2 UERGT} Peak Error, MPJPE
(Mean Per Joint Position Error)7} Zt2}F 274(8.0%)°] %122 Mean
Error(ME), Mean Square Error(MSE)7} 2+ 171(4.0%) 2.2 1}
237 e=8

1) Mean error(ME)

ME< A A gkt o Sk 2t 2ol
AT A3 MEE 7 A28 7he
45 1Tt Tanaka et al.(2018)2 4
25 gk A s A 2R A
1WA Y FE B A4S SA6
0 ME= 42°% YERoH, o] 44 &AM 18 7Hs e

d A OE MEE AA
w3t ol Sk 2pol of B gholw AAlgtol o FghE T 22

ro g 1o

o M o

oX,

(o
M

ko
ofr
2
&
[
iin)
:\_l,

o 72 BHE7] ol B e x¥¢e 2y
P S 2ot A=Y BS AAYSHE 09 717k Fhol
Ug 5 9tk 4 (1)l g5 ARG & dZ3toy
AAGEE whA 7|5 A 2] o] ghol a1, o Z3k-E HIA 76k v}
72 A 29 grolt
1 & -
ME= 33 (4~ ,) Q)

2) Mean absolute error(MAE)
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3) Root mean square error(RMSE)
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4) Mean square error(MSE)
MSE= 2A 33 A58 T Aol & A & Hde 73
grolth, £d AT A3 MSEE #4 A= tigh vl ef A
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H ATk Barzyk ef al.(2024)8] AFE AT 52 F @ F
2 2o Zhzof thek wel npA gl s Al xEe AsAd S B
A3t MSEE IHAA 3.2°, F-20]A 2.7°, TEo o
57°2 el 1383 5 450 22 A4S HY o
U HE Aroxes dddos e A4 EAvh A
AT A THE MSE= A A8 o 5349 Zhol ol th gk A5 9
HWHAHOE Z 24 S 01 A ol w5 w7FeA wk-g-ghet, A
@A y, & AAFOIL g, & d Zgholn] AA G2 v}7] 7]ut

AzEe] ghol, el Ze wlA A uhA e s A zE Y g
ot
MSE= ]LVZ@ —5)? )

5) Peak error
Peak error= 574 Tt A ARG oS3k 1F Aol o] H
o gkol . "?:fﬂ?i:ﬁ A3} Peak Errore ¥4 Z %o i3k vl
o] A+ 1t} Horsak et al.(2023)9) AFE A9 E0] A K
Yk v B 54 7 2t B 9] Peak Errordll Wi HEH
u}ﬂg}/\ /\]}\Eﬂ,] Z4§]-/\é S E_/H o].oﬂl;]. AA B A HHF
11.3°, $38 BP A& 15.6°2 FEHAL, =8 PJMH
7 =& 16.0°E YEIRT AR B fdoAM o =
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ol Ha ofe i Mol Fasttha St Guess et
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npo] A2 AL E A gk Zo] i} 7|Rke] RANA A
H]i Time of Flight(TOF) ¥4 & o] &g A9 A& T3l
FAA A FHYE FHs = A2t #A] 4
Oﬂ /‘1 2 Z39 Peak Errore #F2 3.1°, 2 -23°% 1 1%
A 9| Peak Errore & -114°, $2 -12.6°9 01 134 A/
YA 52| A+ Peak Error7} 8.1°% YERGTH Kinect 2.09]
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3D BAL Yo F713Q Al2" o] Hadhe x4y
o, AP ATo) A T} & Peak Errore A A &3 o =3k 7t 713
Z 2bol & UEb e, Bld 716k mpA g 2 Al 2E e A 7HE A
Aol Hold A& Zobd wf AHEZT A (5)oll A y, &= A
Agkol Ly, & 01]%171/\ Jv] ARG kA 719k A 28 9] Fhol
3, o Zgk2 A 79k v g 2 Al 289 gho| T,

©)

Peak Error= max ‘(yl —g}l)

6) Mean per joint position error(MPJPE)
MPIPE 3D &3tollA 2+ &4 29 o 53kt AAgk 3¢
e A Bolth w22 & A F 4 Aol o AA
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A2l E Uetdin, oS8 3 Az A4 3 x4 3
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Table 4. Statistical Metrics for Validation of Markerless System in the Review Articles

Metrics Frequency(%) Reference
Pearson’s Schmitz et al.(2015), Guess et al.(2016), Tanaka et al.(2018), Ripic et
Correlation 9(36.0) al.(2023), Song et al.(2023), Hesse et al.(2024), Barzyk et al.(2024),
Coefficient Torvinen et al.(2024), Mercadal-Baudart et al.(2024)
Coefficient of
oettietent 0 2(8.0) Lahka et al.(2022), Tumer et al.(2024)
Statistics Determination
Analysis SPM 2(8.0) Horsak et al.(2023), Barzyk et al.(2024)
Schmitz et al.(2015), Harsted et al.(2019), Kanko et al.(2021), Lahka et
Bland-Altman 7(28.0) .
al.(2022), Hesse et al.(2024), Torvinen et al.(2024), Hansen et al.(2024)
1cC 520.0) Schmitz et al.(2015), Harsted et al.(2019), Ripic et al.(2023), Torvinen et
al.(2024), Hansen et al.(2024)
Total 25(100.0)
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3) Bland-Altman Analysis
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4) Intraclass correlation coefficient(ICC)
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