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Abstract: Human identification with camera has been widely used for many applications including a person
tracking, a crime prevention, and marketing. In this work, we propose a new human identification method
based on Dynamic Time Warping (DTW) distance of the time series of 3-dimensional coordinates of some
joints in bodies observed from depth sensor. Our proposed method has some advantages against one of the
state-of-art identification method with wearable sensors by Muaaz et al. in 2017, (1) identification without
consent of person, (2) accuracy improvement from aggregation with multiple motions of joints, and (3) ro-
bust against intertionally added disruptions of tracking, e.g., carrying box, walking with smartphone. Since
the proposed method uses multiple sensors of joints, we can conpensate some faulty features and preserve
accuracy against intentional obstacles. Since our proposed method observes human motions from depth
sensor, it allows tracking persons without consent of identification. Experiment with 145 subjects reveal the
distribution of features, the accuracy of aggregated features and the optimal values of parameters in proposed
method. The propose new methods is robust against walking including some obstacles such as having box
or texting phoning and evaluate the accuracy for that.

Keywords: DTW, gait, human identification, biometrics

U WA KR B BRI AR 1. BL®IC

Graduate School of Advanced Mathematical Sciences, Meiji

University, Nakano, Tokyo 164-8525, Japan P, W ATRL YRl HWTHANZ RS - B L,
2 R AT

School of Interdisciplinary Mathematical Science, Meiji Uni- 2)  ¢s172059@meiji.ac.jp

versity, Nakano, Tokyo 164-8525, Japan b)  kikn@meiji.ac.jp

© 2019 Information Processing Society of Japan

1538



EMIBFLH/TEE Vol.60 No.9 1538-1549 (Sep. 2019)

x®1 T L o

Table 1 Comparison between this work and previous works.

T — AT D YT ITNE LD e
B R = - By N

fRFH Mori 2018 [5] GEI [6] Muaaz [7] -
DA~ 1-36 1 1 1-24
RV Xl AN K] Xl
LA pkii I E I
77— HE - (e HE
W O AN A % AN
L YIERES et = GEI DTW DTW
YRELE S A M 55 55 55 5
WBRE R 10 A - 35 A 31 A

R=T T4 IR EIEH T 2R AN E 5 TET
Wh. BUEITEEZIC L 2B FRTHL05, YATR
T T AL EITLBAEICEE N EANEEE o T
5 (1), A FEREHTERE LORRICERT S, 28
T HIEHREICIE, BRSO THLEIASTTRE, HEEORY
BEHEDINETE D, BRBOMDIPARE L woT2
BEEHL7:0THL. HROFHEHRET A LT, 4t
B LT b iR IR T & 2R 5
BEE AW ERREEICIE, R 1 O3RNSR
FEIREIN TV, 1 DHEHHOE S 2 YO %
BHEOKEIEICHES LD, 22081 1 B0 0§ %
BRLZY VI NE{EICEX 20, LT, 3oHIEHM
HiOB X ORERYF— 5 7 EOBMREMRICL 50T
b, BHHEFEEEICL ST B TR, ROV oM,
D2 AT OMEEE O FERE L L TEAZENT 5.
72 2E, EAOFOMOEHIZZD NOFOHRY J DFF
WERLTBY, BEESELLZEZICHLZLETD
%. [5] TiE 10 NOYERE Z W2 EBRIZE D, MR
FLHEOKFEND 425 4 RTEOXRY MV im e ¥
HZEHNEER OB TRIMTHLZ L HR L. LaL,
REDOE X TEZ EERIZ0.25 ThHo7z, EAEDOFERIFNK
& LTI,
o EADOFMOMEIIEEIAE L, A— AT 4L
TLIET B.

o N IFMEOMREEICIIEY 2B Y, BERPFEE
PO % R BIATETH 5.

ZENEZ LN,

Y RIS X 2 OB LT, B3 D0FET
EERH T — 5 OB\ F Wiy — 2Bk % 4T Dynamic
Time Warping (DTW) 2SLIFLITEA SN TWA, DTW
(&, WS ECOMEIOZLE) Y — v AR RhE L KT S
CLERWRRETADOT, MalEOD L) LEN R IFEED S
0B WFROBZIRY el L, WEOm DS

*L Kff5eld DICOMO2018 [2], CSS2018[3] & SCIS2019 [4] D%
FKEIRCFEDELDTH S,

© 2019 Information Processing Society of Japan

W CcE 5.

DTW %\ 725 Off7E121%, Muaaz & OJEITHF5E [7)
BHITHNE, 5L, A= 7+ DLy HhbEs
B MNRE % V7 NFRRE T 2 2 R L7275, DITF o
HC AR S 7o,

o HIHT7 TV AR A VA M=V LIZAY— N7+ ¥ EFTHE

THLEHY, FIHEOMHM NPT R THS.

o A — b7+ vONEEL v THSNLFHHRITEKD
o, F72, BEOPOIEDOIEEDATH 572
O, FROBESEZENT LI ENRTETDH L.

o MMaEFr>, A= 73 VEHBIELLGEGRLS Y
DHVELIZEG .,

GEI[6] 2 & DY vy bEifg e {2 D8 1257
LCZD) bEMAES % ikl a3 % F: [8) 24
WHEEZ T 5T 9 bHFAET S, LaL, Yibzy Ml
G2 ML R TRIEE L EOERPRELTLEFNE
NEHCTBNATE 2w, Bl T 528E LboTL
T LBMUNTER WL EOMBEEND 5.

Z 2T, RWIFE T, b ORME%L fRILT 5729 Kinect
HEDE—VarIy I F vy EHCTHEOELD
B OB) & 2 4MIl2 SEE L, O8RS T — %12 DTW
T AR RET S, REFHREIAT - 71 0%
EDOTFNA 2% FELHRLDLEIEIR L, FREREDHEKD
BHOBMOB & BT 5720, RKISHWEE-> 72720
WCEFOERSER DN TYH, MO OFHKIZL) 20
AT 5 2 LDUFETH D, LB»OT 74 VAR
7o & TR 2 2SS B 2 L AT & B 22O B EE D24
IR CTH D E VI FFEDRDH L. Muaaz 5D HRITH—D
AX—= N7+ vH 5 EER=0.13 Z3E L TW7z2%, Fk4 Dl
FZHARMEER O FIEROEAOZAL %A L TR A% ik
T& 2D THREDN ECHEANDOEEESIIFTE S, &
512, k-Nearest Neighbor (k-NN) Z3iEA$ 5 Z & THHEL
DEBEZZ T TR WENL O A Z I L 24795 2 &A%
T&L. DULEOSArifse e olbigs £ 1 12EHT 5%,

KFCld, ETEICET LU TOEERSL TS

1539



EMIBFLH/TEE Vol.60 No.9 1538-1549 (Sep. 2019)

EERHEELET S,

o BROKMEHOB X 2 FEL Lk &, HEOK#
BEHAEDEL EAEENM ET L LEEZHND,
EORHEE WL D EMAEDE D DY RIE R DD

o MWxFFD, KIETHRL, BITICHT 245 &
OHAICEN S Fidd 5 b,

KREIDTO L ) RS 5. 2 BT, ARBFZSIC R
T AR HITA. 3ETIE, T—YaryFyIFx
TNA AL DTW & F 72872 2 R A O NI T % 52
ZFE D, 4ETIE, YATLOTA N A TERERL, 1
FFREOBERCRBE LT A=Y EWENIIT S, 5 E(C
BOWTRETED ) 7 VT — )V FTOIEHIZOWTIEN,
RRIZ6 ETAMED L LD ZAT).

2. FBEME

2.1 RGB 7 X 7 %> 1= 58535

BEREICH VA HFE & L Tid v by PEifgAT <
ffibn b, LFMZ L DI, Han 57% 2006 FI12IRE L 7-
HET AV F—EE (GEL Gait Energy Image) [6] 7%
L. TNREEfTOY VY MEERO 1 ERGoOFHEE LS
EVIHIDDTHY, 1EAMOET L —20EEE IET %
Ba L, WHOEHEICHHA L — T ORI, /1
AN EDFTE L.

GEI # W72 1IE v < 22 fThbi T b, Backchy 5
L HCHIRLES (SOM) %\ 7-@85E T [10] 292 L
7o, WS O3ETIX, SOM % T GEI Bif% 05548 % 47
)T ET, 121 LOWERE T, WV EFioDa— b2
12D LSRR EHICBWT, 5T%DIEME (IEL <
AT E TR OEE) EER L.

F 72, Shiraga 5% GEINet [11] ZH2E L7z, o130k
FEEGEMIROFEICBWTEH SN TV EAAA = 2 —
J ) A k7 —2 (CNN: Convolutional Neural Network)
*HWT, GEIHE% 58T 5 2 & CEABE L R AR %
WREE L7z, ZOFETIE, EER BREE LA TO0.01 T
HoTo.

Rokanujjaman 513 ¥ VT v Mg Z W <D0 DERGIC
GEE LT, TORTEM RIS EHTHEHNZTY T
8] mRE Lz, WO DT, 32 MEOMREE L7z 68
ZOWERE &RV RHMEERRIC LY, EfFER (EL <R
TEWEBEZEOEE) RET 73.84%Th - 7.

Mir51d GEL ICEERAARET V@M 52 LT
WIS ORT DR A W CRRRE 24T ) Tk [12) 21 E
L7z, L22L, #ooFHEo vy PEgEICx L CHEA
BRI ZATH) T A DD 5.

2.2 REvIYEEFES 5T - BEHTE

Kinect 72 & DREY V3 % AW EE#RI D IE ST
W5, Preis 513 Kinect & FIVW 728255885 F [13] 2525

© 2019 Information Processing Society of Japan

L7z, EBIFIERE F 4 — 7L X2 O TARE
WA EAT) FHEERIREL, 9 NOWERE % w72 EERIZ X
D 91.0% DAL %2 o 72,

Igual 513, PREEt ¥ & H W 7-tEiHEe T [14] ¢4
KL, AFETIE, RCBOMDLYIZEEEL Y FIZLY
55 NGRS 2 T3 L 72 % % v CHERIHEE % 5
5. EBROER, ERRIT91.0%E ko7,

La OWE [5] T, BELYFICLDELNRCLE
% EOREI OB & O 3 RITHEEIT L, BRI O HEE< M
e L 36 HoFME T ER L, TNO 0RO
HEOREIERLE TS 2 LK VBN E T 72 AR
T, 10 A\OWEE %I\ TEER 1 0.25 Th o7z, KHF
212X, HMAHEEOATIBNINETHL L%
RL7z.

2.3 IEE, AELLYEFE > -SREAIFE

EDSIE, A= 7402727 77K IHE
FEt 2 2 B ATRIGET [15] 2R E L TWwa. 2D
DR OEEME % A DEEWFE I X 58 217>
7o, 15 B O#EE = WV CRIVEIIR KT 95.3% & 7>
7z. Mondal 51, HROREHE 8 it (WE, Wi, Wk,
EADREOMR) 12+ F %35 L, Neural Network
R HWTHBIT 5 Rk a R L7z, 30 AowERE % H
W, KT 100%DIEE TRkl 247 - 7.

Muaaz 5%, A<= s 7+ Y ONEEE Y » % 72 4F
NFEGET: 7] 2 REL TV D, Muaaz 5 OFETIE, K
v MIZAMNZ: Android ¥ K O NEEER % Frm & L
TBY, BIT1H A7 VG E1D0T7TL— L, TV
T — b EERERT 5. AR EhTho T T L —
e DTW B L, 50%0 L5 > 7FL—beD
DTW HigfEDSBELL T ChIUTAANEHEL TV 5.

2.4 HBHLSDOBEMEHEE

BWO5IE, RITOWMBT— 7 Z2H0TN—F 2V Vi
(PD) OZWi%E§ 2T [16] ZREL . AFHE, V=
T 77N o B HUT LI Ix LT AR — F RS
y—<3 v (SVM) 25D Z & TRESKE, B PD
B, EEPD BEEZHNL /-

2.5 DTW

DTW[17] &, HF@MN 2 IR S8 — &~
RYyFUTOFHETHL. REESORLRDL 2O00%R
7= OfEEr S 20Nz &, —8HO7F—5)
BELTW T, LIS TT— 7 08U
MAEIH T2, REN, # N, D2 DDA 7%
P=(p1,p2,...,pn,), Q= (q1,q2,---,qn,) ® DTW i
X d(P,Q) = f(Np,Ng) LD A. 72751, f(i,j) 1FKD
L) ICHIRIIZED S,

1540



EMIBFLH/TEE Vol.60 No.9 1538-1549 (Sep. 2019)

f(i,5 1),

J(,5) = llpi — g5l + min § £(i — 1, 5), (1)
fi—=1,5-1),

£(0,0) =0, f(i,0) = £(0,4) = oo. (2)

2.6 HHRICHTHLNTEL

Muaaz & D5 [7] T, % OMASZ AZITHY T 554
D%, BHETMALZENSNTLE D zero-effort attack
ENED, 510, FITHOH 2 A TEMMICEAS
minimal-effort attack (ZxF4 Z i % 50 L 72, zero-effort
attack T3 35 AD#ERF % H\» T EER=0.13, minimal-
effort attack TIE7 7% — A7 — VD% 5 NOWERH %
TR 1D T Tt A5 AZE False Acceptance Rate
(FAR)=0 L5HiiL T\ 5.

IRETTRRCRCARRCR N 7 EMM D A RFERE L 72 0, &
Eh oG LR E T RO E TH HATEINHS O
FHRHCTHNEAT) 720, MoFikE R TEMN % %
DT FELISFLTHETH S Z EATRENT.

3. BEF&E

AKWETIE, E—YarydFy I Fv—k oG
SN D 3 RICHREZHIE L, 1 557 DRERE 7 — %
O DTW JEREZ B §4 2 & 12X - THRAGEIZ4T9 . 12
ETFHEERDADDAT v T ok 5.

(1) A 270810 L
(2) BIEEAAE DA HEAEAL
(3) DTW HgEDOFH&

(4) RN

3.1 11780 HL

F RO ¢ OWEZ ¢ 1B 5 3 RICZ2 M Ol HEE %
ap(t) = (x,y,2) &3 5. 72720, BEIEE—arF v
F v OMEE TS, FIEHEIC BT 5 MO R
BINT = (ag(t1), ae(ts),...) ® ATV b ¥ 7= % LITA,

ATV Ny T=NOHEITO 1A 7 Vet T 5.
£9, KH t OGO RO IERE app(t), arp(t) 2°5,
TR OO A(t) = +|jagp(t) — apr(t)|| BT 5.
FHRDPHOL ZIHFFEIE, EEPHOL ZZALT 5.
KA, TRBOWHEE (At),...,Alty)) OFRHIT— %
27— e L, SRRSO 1/30 ORE K
BRSOARZFKLT, RV EZ0LTAH, bbb, m—X
ATANIT#NTHEIET/I AR %2BEL, FOE—27H
DNBOT—=5% 1A 7 VET 5,

VL E DU 24T o TR 727 4 )b 7 Fii i 00 T /2 5 B o
ZALER 1 IRy, SZTHAItIE, E—Yar¥dx S
FrOTL—LL— ML LR THL, 728 21,
Tl —AL—}30fps Dt I TIE, 1/30[s] DEIEZ R

© 2019 Information Processing Society of Japan

1.0

| m raw A(t)
u filtered A(t)

0.5

e

-0.5

1.0

— 1 cycle —
0 20 40 60 80
t

1 WEMOERE (R) L2ou— 1271 V5 %O (OR)
Fig. 1 Change of distance between feet (black) and that of low
pass filtered (red).
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Table 3 Num. of subjects for each of obstacle.
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Fig. 4 Sample obstacles.
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©5 1942 VDRTIV Y F—F a(t) DL
Fig. 5 Change of skeleton data a(t) in one cycle.
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& 4 DTW HEOHMG=
Table 4 Statistics of DTW distances.

EER  SD EER SD
ElbowLeft 0.10  0.62 | AnkleRight 0.13 1.64
ElbowRight 0.11  0.64 | HandRight 0.14 1.59
ShoulderRight | 0.11  0.38 | HipLeft 0.14 0.34
ShoulderLeft 0.12  0.40 | HandTipRight | 0.14 1.83
HandLeft 0.12  1.44 | WristRight 0.14 1.30
KneeRight 0.12 1.08 | Head 0.14 0.55
WristLeft 0.12  1.20 | KneeLeft 0.14 1.14
Neck 0.12  0.31 | FootLeft 0.14 1.80
HandTipLeft 0.13  1.67 | SpineBase 0.14 0.33
SpineShoulder | 0.13  0.23 | AnkleLeft 0.14 1.63
HipRight 0.13  0.36 | ThumbLeft 0.19 1.48
FootRight 0.13  1.79 | ThumbRight 0.19 1.57
© 7
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3
¥ ©
LL
L
2 |
S
©
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S
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Num. of Features ¢

9 EER CTEAMFITT %) 0 EER D551
Fig. 9 Distribution of EER of the scheme weighted by EER of

feature.
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Table 5 Average of EER of six methods for the number of

combined feature quantities c.

Vol.60 No.9 1538-1549 (Sep. 2019)

c Deuc Deer Dgq Deer_sa \ﬁjthlg Dy
1 0.136 0.136 0.136 0.136 0.134 0.210
10 0.087 0.082 0.063 0.061 0.066 0.093
20 0.082 0.078 0.058 0.056 0.058 0.074
24 0.077  0.080 0.060 0.054 0.055 0.070
SE¥) | 0.091  0.087  0.068 0.066 0.077 0.096
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Fig. 10 Change of EER of six methods wrt. num. of features.
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Fig. 11 FARs wrt. num. of subjects n.
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Fig. 13 Cumulative distribution of EER (¢ = 8).
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Fig. 14 ROC curves of errors of single and combined features.
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Table 6 EER with the representative joints.
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EER | 0.083 0.075 0.048
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=T MV LMEEOS V-
Table 7 Independent groups of joints.

TN—7 5] (ES
1 WristL HandL HandTipL ThumbL ElbowL ElbowL
2 HandR  HandTipR ElbowR WristR ThumbR ElbowR
3 FootLL AnkleLL KneeL, KneeR KneeR
4 AnkleR FootR FootR
5 HipR SpineBase  Shoulder. ~ ShoulderR Head Neck  SpineShoulder  HipL Neck
< B PR L7z, B E-NN SHBA R e L 72 & S OfE &R
° R F. best & k-NN %Il 2 &, MHFTH L OFTRTO
o HHELIZB W T A-NN I & ) BB R 266 L 7259 FRR
o s DUNE, T B, BT & S R
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o st 0.67 FTHA L7z $abb, REFKX (NN 2944
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Dim 1

15 MR O MDS 71 v b
Fig. 15 MDS plot of correlation coefficients.

R 8 24 MEINTEHWEOIE T LD FRR
Table 8 FRR for each disturbance when using all 24 joints.
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x99 IFHEHADOL XD FRR
Table 9 FRR of single features.

Neck Shoul.R ElbowR  WristR HandR HipR KneeR FootR  SpineShoul. best k-NN

k=1 k=11 k=140

normal 0.57 0.47 0.33 0.45 0.46 0.53 0.42 0.52 0.57 0.33 0.12
big 0.81 0.87 0.94 0.92 0.92 0.83 0.78 0.87 0.80 0.78 0.71
box 0.93 0.97 1.00 0.98 1.00 1.00 0.88 0.82 0.94 0.82 0.78
phone 0.82 0.92 0.99 0.96 0.94 0.85 0.60 0.74 0.83 0.60 0.52
mean 0.85 0.92 0.98 0.95 0.95 0.89 0.75 0.81 0.86 0.73 0.67
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