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Abstract

In this paper, we propose a target-tracking system for a mobile robot equipped with a stereo camera. Mobile service
robots with the ability to track a specific person in dynamic environments have been required. In such environments,
varying illumination and the presence of multiple people are challenges to carrying out target tracking. Color and location
information is used for the target’s features, that are useful for distinguishing a target from the other people. However,
color information is not resilient to illumination changes. On the other hand, location information might be infeasible
when non-target people present in the environments. Therefore, it is necessary to combine each information according to
the situations, in which either information is infeasible to use as the feature. In order to make the system robust to varying
illumination and presence of non-target people, a parameter of illumination changes is introduced in this paper. The
parameter is defined using automatically adjusted white balance. The color and location features are weighted based on
white-balance changes to determine a target. The effectiveness of the proposed system is verified through target-tracking
experiments in outdoor environments. It is demonstrated that the proposed method can successfully recognize a target in

the environments where the lighting condition changes extremely and non-target people present.
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L—=HL oV T7 74XV —X, lEREYRENSBLENDHERICER, BIRROREE LTEHATH S
Zrizkd. HFoNZEIFHRDAZHWVERNRERE it UAYEST 2175 FEBZBEINTWS (Doiet
al.,, 2001) (Kwon et al., 2005) (Calisi et al., 2007) (Tsalatsanis et al., 2007) . U» L, fiERIZBHAEORE %
ZIXT VD, IS OFHEIITBIARENAZT 2 RMICE W THUEMBARITEZ D 5 5MENH 5. @
FERD A ZE A WZAFZEIZN LT, Hu & (Huetal., 2007) (ZEBX RO ZEBFEHA L - FiEE2REL TV,
ZOWZETIE, ANYIRIRO Ty DR EBIHINROEFRE AT, Bf2FEHLTWS. X7, Chakravarty 5
(Chakravarty and Jarvis, 2006) X, L—¥L 2V 774 v XIZ& 2 NWIRHE L &F6iH X 5 558505 ifH
I UBHFEEBEL TWD. IS OMFRIZEWTIE, BB SO M O BRI BRI S v Tn
503, BB ORISR D K E R ZBEADM IS EH S TV,

Takemura © DF7% (Takemura et al., 2009) TlE, ATF VA NIAS L L —HFL UV T 7 VX EH, WHrd
BONDBEHHROFEHEMAGOEZT T —FnLohTWVwD. ZhiZkd, BAOREIZEVWTE AYE
MHREE o T WD, UL, KEEDORE HRINLRRIZE D ZEBREIZE T 2EHIZIEE > Ty, HED
oY e, BLRREE R HAGDE - FEIL, Fritsch & (Fritschetal., 2004) IZ& > THEBREIN TNV S,
ZOWEETIE, EHORE, ME, A, BLOEREZEEE LTwaA, Eifl WS XA ZITEWTIF&R %
MHETRERBREN KR E KR I NG Z e RHEE 2> T\WD., £/, 2MEON A T 2HEH L AYBEHa R Y b
DEIFEHITFHLNT WS (Cielniak et al., 2007) . AU CIIY —< IV X T 558505 BEG %2 AV, R
HEINZAPEIBIZBENT T —A A I D IBIAZENZ RN EERE2MET 5. ZOFETEA V-V a v
WS AUHEE FERIZIT D 7280, HEO NP ET 2EM LU ZBECEEBHPTRAS. LrL, Y—< 7
AT &2 N IR OBE KT T 5720, BINREAOEHIZHNEETH 5.

IS DEERE RIS Uz FIRIZ L, Satake & (Satake etal., 2013) i, FEEAZEIORME%Z ZHE U AIEHRDA
MEREE e U T AR, BRI EZTT D FEEZREL TS, FEEE T OYIKRD IR Z Bz AWkl
2TV, AYIDETWBRDOTY 1 958515 SIFT (Scale-Invariant Feature Transform) $H#E 12 & 0 B
RKREYNT 5. BEZENIHIG LU Z2FEL S50, HEBEMEPLV YA ML= 3 V281 2 0B S5E
TH5B. F7z, Petrovic 5 (Petrovicetal., 2013) 2L D, ATFLAHIATNL/LNDE 3 IRTTIHERD A %Z V-
FESREINTVS. BEHBREICET L0 3 ROGEHRIZ & b, BN DIIHZEI D H % B 5T AYa 525k
PHibNnTWa., LU, 3RTHEROAZBIHNROREE LTWE7d, HEOANYIFHET 2EFETOEH
FEIIhTOZR.

AT, BIHZE?H 0 @O NP FET 2BREICE T2, BEinKRy M2k A\YEHFiEEZIRET
5. AT VARATEZH, BSUH 7 —Eif e Z2EGZFH L CAYERZ7S5. RIZHIZL 0 THE
WEMBEBBERICEAD T2 UEFEEZBEE L, RELUZAY» SEBHNSR 2K 5. BABREEIZE T 5 ER
&0, REFIEE W BTN SR OMREZ G 5.

2. B B OF &

21 FEORN

ANVBBHORNZE X 1 1ZRT. FIERIZEATVAAATEZAVS. ZhiE, ATVLAAATH, FH—EETIC
BOVWTEISROREE UTHEMARN Z — e AL OFE L 212 < W 3 RGIFRE 2 FKICEES 5 2
EDTHETH Y, £0AFLHY I 2HAGDLELIGAE LV RIS 2 ZE T 2 BED L  HELAMGEF 72
ZOTHD. £3, ATVANATIOFONLEEERGZAMAL TAYRE 2175, Bl S =& ARz
HUT, AEHREM2IRT 3RO R Y EERATOMBENRZATET 5. TOIGE L 2B 50 fgH,
ANT YT A NVRERCTPHILZAEERE, ThZho A\YOSEHRE 2BE L, BINRE &AM OMHE
EEREHT 5. RARKOZLITHIRNT 572017, RIAZHIZL L CEIEROMEENDEAZ 2T TS, M
HENERNR A E Ry OE#E HAICEOWT, aRy MElEZITS. D EOMBEEZE 7 L — A8 DK
TZeT, BEOKRY ML S AYEEEFEHT 5.
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Fig. 2 Coordinate system of the proposed method

Fig. 1 Flow chart of the proposed system

22 WMERFRICHITIHEESR

Bl IngE T, kxR Rodh CRIFIEREO 2BV EHE & BE 2 BN RORE L U T AYLEN % 17
SFEEBELTE (Isobeetal,2014) . LA L, HBEAZEHO/NS REREIZE T 5B AJEE L 7 o 7248, UM
RIS ZAZIZHIGTETWARW, £/, M3 DL ICEKFMIZERT A NS U ADRKE L BT 585
ZEWTH, 7L —AMBTOENROM G RMD AW & DRIITREE L 725, FHIZEWT, X 3(a) DX
TL—LHH30b) THY, 7L —ARDOERZEIZH 0.06s TH 5.

E72, K74 MNT U ZADOEIT & B BN RN O EiEROZ M E B 4177, P THERIZ, ERFECE
\F % & ER O E L \VIBIIN RO AERE TOMAEL BN L0 OMEROMEEE 2 £, K, KEHETD
BHBBRP S DART A MNT U ADEEZRT. HHLUZAT LA A S (Bumblebee2, Point Grey Research)
WZEWT, RU7A MNT VR, ZNTN 1024 BREDRT A Ve FETX 4 VIc kK ifig g, xUA MNT VR
DOEAEIL, BHFBKEZE T L —LTDRTA CNRNTUVAD, TNFNDT AV OB{LEOIZE VARSI N
%, FAME RS —EGOHIE (B5) &0, RTA MNT U ADEADKE NG S IR 24063 B[ H
hdrrEZOLNS.

MEXD, BEFECBVTE, 74 MV AOZMIZ LD BIHEREEOZMNRIND LINET . T2
T, "74 MNNTUVADEALZBHLE 2 KT NTA—XE L THWS Z LT, e RIBIHREICE T 5B
FHEX .

2.3 A

REFEIZBEVWT, \OBREIZ22007 2 —=Ah574%5. 3RGTIERZ MM L C AWtz L, HE
Wi % W CTE-O T2 S AW ERET 5.

2-31 AYEFEES O

R IZAFET 2 VRO 2 M3 572012, IR L ZHZEEGICT LT, ElflGfte s A vyTF—ay
(Ubukata et al., 2010) Z#HAT 5. £9, HAEBEGEHOREBEORD 3 RiEH %2 NECEEHIZ 7oy g5, 20
DFECET %2 #62FH, 7uy bINZE&RNERENET 5. BREFECIBWT, &P FEEE X AMITEERHCS
WT AT U AT REZR &I, Y S Yoin~ Y m OHEIPHE LTEZ 5. X 6(a) DASEGIZHN LT, ok
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(a) The previous frame (b) The next frame

Fig. 3 Example of extreme white-balance changes. The interval of these frames is about 0.06 s. However, the
white balance extremely changes. It becomes difficult to detect a target based on color infomation.
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Fig. 4 The influence of white-balance changes on color information. The blue line shows degrees of dissimilarity
between the color information of a calculated target on each frame and that of a predetermined target, and
the changes in white balance are given as a red line. It is seen that, as the white-balance changes severely,
the dissimilarity tends to change as well.

(a) 62nd (c) 600th (d) 740th

(e) 934th (f) 1091st (g) 1150th (h) 1275th

Fig. 5 Varying illumination scenes. The frame numbers are corresponding to the values of the horizontal axis of Fig. 4

RIEH6(b) & LTRENE. I, HEEHZ 0.Imx 0.1 mEWIZHEL, S VIZEENEHE RO %
BT 2. &b, Z0rE, {RVIIHEINHEABUIHEED 2 RIZHAIT 2 EADIF 217\, HEEZSU- 1
YVIZEENDFBOBADEMMIET S, FERIVIZBTABEABOL AN T L %K 6(c) IZRT. FFE
BHRBNL L, FBVIRERBPDRWI L 2RT. HEABOZ VL2 T 572012, #EFH Eo&L
WA U TSI B 2 RIMEEE 217 5. B FH ECTHIEROB SBOMMEL Eov v afL, £h
SOV LT 8EHED IR VI &7, TIT, HEEOEMEKE T ORI S I VRS L,
— DD E ARINTUE S DEEGS72HIZ Mean-shift 7 7 A XV V7 %f#id. Mean-shift X7 bV % (1) D
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Fig. 6 Process of setting search regions. 3D infomation is given, simultaneously with a color image. The
infomation is project onto an overlooked plane (projected plane). By dividing the plane and calculating
projected points in each cell, the histogram of the points is executed. In (c), the more points a cell includes,
the closer to red the color becomes. In order to detect candidate regions of human, the cells which include
many points are extracted and labeled.

1KLL, FBFOEEDMOELIEZRKDTWL.

m(v) o Zcerectangle Pcp/(XC7YC) .
Zcerectangle P/ (X67 YC)

AP TvIFEMIEEZ, 7—3)V (BELFEZTOH) & UTHWS v ZHMLEE T 55 % rectangle & 3
T, F, EEOXN cITBIAMENRY MLE P 2L, ¥VhOREEEE p'(X,,Y.) LT 5. vOUEE&
LIV —RRIZEIE L, v =vV4+m(V) 28GR T2 22T, EMIEZRHL WL, BonZEMIE
R TS rectangle \IZ & D, DI E - 2#l%E UAERAK 6(d) THE. ARED, I ITFINAZE
WD S5, NFIRICHIST 2 DIF—EDREZT 2 /O LAbA5. FEAVHOKREE, KUKEIHIC
X9 2 YR D & S EHRIC B BIMELE &2 i3, PP LT X A%E G kb, Y FF%ZE C kL, @IICELT
i 1.3~19m ZRfEE UT, AYofeae z2aldzaitiss. 2 ot S -z Neaiside 35.

2:32 AR

S N7 BRI ISR 2 GG E 2 ik s Z & T, &Yk Ty hERETS. YTy b
DHARHIZ K 7123, ¥ 7(@) HTHEETRI NS BEAMEEIIN LT, SEERE O MEKROHEIE T 2580 A%
HEZEE LTEHLZEDA T(b) THSH. I D 2 HERZKMREIL, KREGEHGDOET, &INEE
NHAEBGDOE 7 VB ERT AN T L TNZTNERT S (K8). ud, EANTT LADIERIZIK, AW
DREPSBETOEHMEZANVS., AMOBEDMEIL, ELVHOAERDOELORFOEGIBHRLVERTS. Z0
HPACTE AN T LMEKZITD &, ANPOEFRDEI X LG LUz FEGOMI 2o, f7AMIZEL T,
(EAREEGO LA THENERD, FATHEIMES 25, 72, FIAMZELTE, WMEDHZ5Tlde X
N5 LOBEIFE L, TNUATIFBHEMES RINIEALR DD, Zh s OB A OREAERNT WS &
EZ, EBERW-HEHEZGEHT S, FANTEBEO NWEGEP SER L A NI T LADOFEEEEZEL L, B
PR RRE U 72 AIERID 53 6N B A N T T L L HIRT 5 Z & T, HEMifEL» o ANk z 5. &
EA LTI LADREIZIE, FUEX Q) ZHWS.

e))

N M
Rsap = Z,l|Ir(j)_Tr(].)|+ZT|IC(i)_TC(i)| (2)
Jj= i=
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(a) Input image (b) Binary image

Fig. 7 Example of extraction of person’s silhouette. A region which is enclosed by a red rectangle shows a
candidate region. In a disparity image, the pixels corresponding to a candidate region are showed as white,
and the other pixels are showed as black. Then, the executed binary image shows human silhouette.
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Fig. 8 Histograms extracted from low resolution binary image

EToT
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P

ZIZT, N, MIET, FIARMOEA NS S LOEEE, L(j), () FHEFELEZLA NS I L0&HAD j, i &H
DEFEOME, FRIZ T,(j), T.()1ET Y7V —F AN I LTOELATOEEREDOMHETHS. K (2) DEAH R
& 0B/ VRS E NS L T 5.

24 SEBIFERAYDHIB

iR & A EERE BN ROREE L, I N2 T O AYOENERE OMEEZET L, BIIYR
ANe s 5. MEERHOBRIZ, MPHZLEHIEU THEBRNOEAZZLIEDL LT, RUZRAEHIZEALT
LZEBEAOXNIREZX S, BIFRICIE, I hzAmorTy b (K 7(b) xRS 54 T — i O %
W5, FERFIREERIC, AWl OE#EiE%E RGB ZE[E ) 5 HSV (22 DEIZ R L, GHE FEIZEY
BEANTTLEMERT D, MRHINEZAYOEL AT T L FORGLUZBNRDOELE A N7 T L L DM
B Reoor 13, ATFORIZEVEZSNS.

Reoior = \/1 — ZZ \/Hmput h,s Htemplate(h S) )

Hinput (1,8), Hyompiare (h,8) X ZNENATEE, 7> TV — MERICB T B @ b, BE s TOERLS N7
ERT. 0B, L, BEs TN hyay BB, s BEBEOMEIZ D E L 72 E 2 BT 5.
F7z, MEHBREEBHSROFHE LTHWS. MEFRE LT, K2R uRy MEREZRDO X, YIZDW
aﬂﬂﬁ%:ﬁ5 EHNYIEROALE L, #rE (K 6(d) 1281 2RI T 2 2 VEFOBEMIEIZ L D RS
BRSO E E HEERELEHE LTAHLY Y 70 VR EFEHAL, 57 L —L0BHNROMED S
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D7V —LTOMEEZFHIT . d, AVIY TV EZOETIVICIFFEREREHET VEHVS. Ml X
nrzE N OAiEE, FHU BRI ROMEDOHER E 2IRACTEXT 5.

E=ky/(X,~ X + (Y~ V.)? )
(X, Ys) BV DALE, (X, Y.) 1 FEHHRAYOFHALEZRT. TIT, kIFE 2ROt 270D EHT
H5.

Reolor & E ZTNZTNEMEREALENERICE T 230G L § 5. 2o OFHlifi 2 BRIFZE)IZE U TEADIT L
MEE DIZ& D, BliE = A\ LB RAY OB Z1T 5.

4

D= (1 - a)Rcolor + ok ((X < ath)
E (otherwise)

D DEFIREFEFRICEMELIEZ L, FEROKDIAAZITS. BUEL D S D DEPN/NI WAV FET S L &, £
DOHTRBHMEDO/NS WVEEZ BN RAYOMERE 75, 72770, o JEHE#HZRTNTA—KXTHET A A
TVADEALE |W| ZHAWT a=p|W| LEDD. £/, plEEKT, 0<a<l&R2LIIEDOLNS. X (5)
T, oy XBIHZENC L B OERADEHEEOBETH S, K71 MNT U ADENKE L alffd KELE
hdeE, aldoa, AEDiiens. ak oy BLODOREEROEGEUTIZHRT S,
D) a< oy DFHE

BRTAINT UV ADOEMAZE U T, SiHMiEICEAD T 2175, 20k, BEZFEOEMIZED, @AFHRAD
BEENEATHZ &b, BAZEINS WL X, ABHRICE2EHRROHINIZTERTH 2503, ML
PEDRR 2 IZED BEREICBWTIE, AFRIZZORELZZII TV, MEHRIIEEHERICLDEZ NGO
IHOREIIZ T IZ WA, BMTHWS LI ROEREOEE) & FHIET VPR R 72 EL LN#I%K
A, koT, BEREMNERBRHROM LG EMAEDLETHNWSZ T, FEHREBEMTHVWEGEE LD EERE
B LBHEE R LIRS D HREE B,
Q) a> o, DBEE

RTA MNT U ADEADIGHIZKEWE &, BFRANOEHEEIIZFELERNTS. 20720, HEEZE
BHWOMZELDH5 R 5.

BB BB B B AE RO ZLICRIE T 572012, D DEINIWE EIZTF Y T L — FOMIERE
E%?é.@%,%77V~b®@%ﬁﬁﬁﬁém5t§,ﬁﬁ»%@7V~AT®$74FA7/Z%%ﬁ?
L BRRIE, BTV —ATORTA MNTUVREERINZHRT A SNRNT U ADET A v DAEDKEFNT &
|W|%:%3EBTZ> E7z, MBI NRVIREDY 1 L EfE L 72 & SITEHN R % JL o572 & AT, ES’%?HU

CERBIGEHR R S - AEE (X,,Y,) & LT, MEEZEHUHERIZT.

RELUAZFEZAVT, X5 OBRETEBINROMI 217 - 722G S N2 E&E D DEDOZ{b 2 9 1257
MDOELHIZH4 LFAKTHS. ZN&D, HIEE D DERKT A bNT 2V ADETKFET, BIAZLEHD H
LZEETHEWVMEEZI D OTIFoNTVWSE Z EAbnb

3. % i

31 #7514 VR

RETEOEHAM2BEET 572012, BAOBIPEZHN D 2BV TERZ2IT-72. £3, #FEFE (D,
BRERDOAZ AW AEE (0, 1D, (EESRE2OAZHWZHEE V), BEREALEBRIC - EDEAE

D HGEE (V, VI, VID OFNFIZ L2 EHMEOLKEZITS. £1ICEFMEZ2RT. TXRTOEKMIITE
WTC, &0 ACBIT2MMEIRRICMEE T3, £72, REFECBVTHWAEMEER ST A —XDfEEZE 2
R, 2 DFMTOEBENE2E UL ST, AERTIITORUE L ZEEIIN UEFEE2EHT 5. E
BRERBEIZB I 2B Y — 2R UZEOAK 11 THD. X, SIHEHBIAME, GBI TALEZ R
T EBRICHWREGRIE, STTOREDO Y EERT S L CBEHE Ry M EEELZBIZE Ry MIERD
AT VANATEODEREIND. F7 T4 TOBIRMRESFERE, FEBREEZBIAZRMIZIGL T DDV —
A, &Y — TR U R ERE R FMIiT 5. &Y — V TOEGOEEH % X 12 12, Mm% 31035
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Fig. 9 The influence of white-balance changes on the proposed method. The environments where the dissimilarity
is given are the same environments as shown in Fig. 4.

Table 1 Compared settings of features and dissimilarity equations

Feature Dissimilarity equation

I Color and Location Information (®)]

I Color Information (frequently updated) Reotor

11T Color Information (no updated) Reoior

1Y Location Information E

\" Color and Location Information 0.7R.p1or +0.3E
VI Color and Location Information 0.5R.p1or +0.5E
VII Color and Location Information 0.3Rco10r +0.7E

Table 2 Thresholds and parameters for experiments

The distance of a projection plane: Y,,i, and Yy Yiin: 1.5m, Y00 4.0 m
The threshold value of projected points in one cell which is extracted to be labeled 1000
The threshold of the width and depth of search regions: C, and C, C,: 8 cells, Cy: 5 cells
The numbers of the histogram of Fig. 8: N and M N:20,M: 10
The numbers of steps of a Hue-Saturation histogram: 7,4 and s, Niax: 20 steps, Smax: 16 steps
The constant k in (4) 1.0m™!
The threshold o, in (5) 0.25
The proportionality constant p between « and |W | 0.8

T F72, M3 KT V=L TOBEHRNRUNAD NYIO N (FHR) , A7 N—yavofs: (#Ea), KOk
TA4 MNTUADOZEN (R 2R, 2E, HEBIX 6.9 fps TSN, 1728 Mz FEBIZH W 5.

ARFZETIE, RIHEREIC X S TENREZEL <, MENICMHITSZ L 2HNELTWS. 22T, B4
PR D IERENE & MW S B AHIEifE & LT, BAEREHEEE, ROZOHREMFIITH S FHzrHVEROFTE
Miz47>. BaHifEIXLA T CEZINS.

2PR

A A
BA%P= . WBER= ., Fffi=
E irg arc TE=5 %
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(a) A frame (b) B frame (c) C frame

Fig. 10  Details of each frame that the evaluation values consist of. In A frames, a target is identified correctly. B
shows the frames that non-target is detected as a target. If no object is identified as a target despite target’s
presence, the frames are classified to C frames.

J ¥ Scene
Sun light . WS

Fig. 11 Path of the offline experiment. S and G show the starting and goal points, respectively.

A BB RAINRIEL SNz 7 L—280 (X 10(a))
B BEIRSR AL S iz 7 L — 280 (X 10(b))
C: BFRRAMBFEL T RS i -7z 7 L— 2058 (K 10(c))

A EHMEO B AR 2R T, Ad, RPOHIFHEEFE LD REOMEN 0122725 D%ERLT WS,
BRI, Y4y —V 6 UNTIIREFEEZAVEBIERIRLEWVETH S, £72, HHERCFHEE,
ETOY—VIZBWVWTREFIERICLZEP —FEV. HEE, HHERCTFHEOL2TOY—V2BELTOREEL
R LD, MAWICIREFETOEIHNROMHMENIRE R\ b hb.

9, HAERICELTERT L. ¥— v 4T, SHESEICERBLEZ7 L —LATHRERMTON, TOHD T
V—2IZBVWTHERHARZ o Tz, X 14 1IZHEBS B0 KK (K 14() &, TOHDEMEDORET (X 14(b))
ZRT. KA OGBS IR E RS, ZAIOBHNG AU N OFIKRDSEBIEL {fTbhd, HD
AN OFESS B NRERICEENTLE>TWES, 2O 7LV —ATHBEROEHFDTON T LE >, A
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Table 3  Details of offline experimental scenes. Condition means the lighting condition (e.g. back means back
lighting); Number of people shows how many the other people were present at a frame on average;
Occlusion presents the number of occlusion, the average number of occluded frames, and the maximum
number of occluded frames; Shadow indicates how often the shadow appeared.

Occlusion

Number of the number of Shadow

eople occlusion/
peop the average frames/

the maximum frames

5.0

Scene|| Condition

1 back 1.8 5 no appearance

11

2 direct 1.9 5 no appearance

3 side 1.1 4 no appearance

15

4 direct 1.1 7 no appearance

14

. continuous appearance
5 side 1.2 7 by buildings

12

14

6 direct 1.3 7 no appearance

17

LBEEEN TR >TLEST.

7, RETFEOHEENREMEN Y —2 6 TlE, AITHRIZIVHEEBERIGSNTRRE L REZ 20
Hotlz. FARIZAITHENRI > TWBEE, RTA NS 2D L Ei T OB D 5RO 26 A5 it
LTWARWRRE D o7z, TOHIZEK 15127RF. KR TIRERHNROANR T LV —LRIZFELELTWS, £/, 2
T L —ABTIRIROGIZEADRDEZ e ibrsb. UL, ZOLEEGETDOFRT A MAT Y ZADMIZZEIE T,
ZOGETIERRE 7 V=L L TR I >TWz, ZhE D, Rm7A4 dRT U 20ZLX, REIFREDO A L&
SERIZIEIGE L TWARWZ AW B,

32 FAUSq4UER

RETFHEOAMAMZBGEET 272012, B BRNOFEREICEWTBHIO R Y Mk 3 AYEHFERE 17T - 7-.
BEio Ry M2k Blackship (227 =4 Vv 8Y) %, AT LA 7 A F1Z1% Bumblebee2 (Point Grey Research)
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(d) Scene 4 (e) Scene 5 (f) Scene 6

Fig. 12 Offline experimental scenes. The scenes are classified according to illumination environments.
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Fig. 13 Details of the number of people excluding a target, occlusion and white-balance changes in offline
experimental environments. The blue line shows the number of people, and the period with occlusion
is shown as the orange line. The red line corresponds to the changes in white balance.

(a) Failure of the segmentation (b) Mis-detection caused by the
failure

Fig. 14 Example of mis-detection of the target region

A L. PID iz A, EBIFNR A EBEIa Ry b & O Y HAIZEC T, BEiaRy b oESE) A HH
U7-. 72, RETHEIZB T 28 EMEC AT A —XIIR2IRTHEE U2, PEOFMEIZIZ 3 1HTEEL/-#E
EREBFHE, FEZ2HVWS.

[DOI: 10.1299/transjsme.15-00368] © 2016 The Japan Society of Mechanical Engineers



Isobe, Masuyama and Umeda, Transactions of the JSME (in Japanese), Vol.82, N0.834 (2016)

Table 4 Results of precision and recall in offline experiments. I is the proposed method. II and III use only color
information. IV is depend on only location information. V, VI and VII are based on both color and location
information, with fixed weights. ~ The bold letters show the results, which well indicate the usefulness of

the proposed method.
‘ I ‘ 1T ‘ il ‘ v ‘ v ‘ VI ‘ VII H I ‘ I ‘ 1 ‘ v ‘ v ‘ VI ‘ vl ‘
Scene 1 (91 frames) Scene 4 (660 frames)
Precision [%] 100 80.0 | 81.6 | 100 | 100 | 100 | 100 || 99.6 | 0.0 | 0.0 | 99.8 | 99.6 | 99.6 | 99.6
Recall [%] 93.8 74.1 | 67.8 | 93.8 | 93.8 | 93.8 | 93.8 || 879 | 0.0 | 0.0 | 77.8 | 87.9 | 87.9 | 82.0

F —measure [%] 96.8 769 | 74.1 | 96.8 | 96.8 | 96.8 | 96.8 || 93.4 | 0.0 | 0.0 | 87.4 | 93.4 | 934 | 89.9

Scene 2 (78 frames) Scene 5 (347 frames)
Precision [%] 100 60.0 | 66.7 | 83.3 | 100 | 100 | 100 100 0 * 100 | 100 | 100 | 100
Recall [%] 88.3 16.1 | 6.8 | 53.6 | 733 | 73.3 | 733 || 73.0 | 0.0 | 0.0 | 72.3 | 73.0 | 72.7 | 73.0

F —measure [%] 93.8 | 254 | 123 | 652 | 84.6 | 84.6 | 84.6 || 844 | 0.0 | 0.0 | 839 | 844 | 842 | 844

Scene 3 (196 frames) Scene 6 (356 frames)
Precision [%] 100 16.7 | 75.8 | 89.6 | 100 | 100 | 100 98.9 * * 93.1 | 100 | 100 | 100
Recall [%] 93.8 6.6 | 639 | 784 | 93.8 | 93.8 | 93.8 || 67.0 | 0.0 | 0.0 | 58.5 | 59.8 | 594 | 59.4

F —measure [%] 96.8 94 | 69.3 | 83.6 | 96.8 | 96.8 | 96.8 || 79.9 | 0.0 | 0.0 | 71.8 | 74.8 | 745 | 74.5

Mean and standard deviation(SD)

I II I v v VI | VI

113\,45321%2 99.7 | 31.3 | 56.0 | 94.3 | 99.8 | 99.8 | 99.8

SD.of
poDof 104 | 328328 | 63 | 02| 02| 02

Mean of | 84.0 | 16.1 | 23.1 | 72.4 | 80.3 | 80.1 | 79.2

SD of
Recc?ll 10.0 | 26.6 | 304 | 133 | 12.5 | 12.7 | 12.2

pMeanof | 908 | 186 | 260 | 81.5 | 88.5 | 88.4 | 87.8

— measure

SD of
F Smeasure | 64 | 27.6 13271103 | 80 | 81 | 7.8

o

-n 113

(a) High saturation (b) Low saturation
value of target’s clothes value of target’s clothes

Fig. 15 Example of saturation changes not according to white balance

321 BHAER

B DBIAZEI N H 0 DO NIDFAET B ERET 151s DBz T-7-. nh, EBREBLUTEI6BOA 7))L —
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DT, BMHAZMIZE D V=V 32T o7, U—VIZBRD 4029 5.
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Fig. 16 Path of the online experiment
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White-balance changes

The number of people
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Fig. 17 Details of the number of people excluding a target, occlusion and white-balance changes in online
experimental environments. What each line shows is detailed in Fig. 13.
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Holz. TORMHDO 7L —L0HINT 52 2T, HIGEBHNROMNE TN RLECRD, RRHE R 5722
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(a) 392nd (Scene 1) (b) 567th (Scene 1) (d) 830th (Scene 1)

(g) 1209th (Scene 2) (h) 1343rd (Scene 2)

(i) 1401st (Scene 3) (j) 1466th (Scene 3) (k) 1699th (Scene 3) (1) 1818th (Scene 3)

(m) 1896th (Scene 4) (n) 1991st (Scene 4) (0) 2292nd (Scene 4) (p) 2500th (Scene 4)

Fig. 18 Outdoor experimental scenes. The scenes are classified according to illumination environments.

Table 5 Evaluation of results in outdoor scenes
Scene Nl%gmlmersof Precision [%] | Recall (%] | F-measure [%]

1 559 99.4 97.0 98.2

2 472 100 94.8 97.4

3 462 91.6 89.2 90.4

4 716 100 98.4 99.2
Table 6 Evaluation of results in indoor scenes

N%gltl)gsof Precision [%] | Recall (%] | F-measure [%]

791 96.7 81.0 88.1

322 ERER

Wiz, RBNEREIT 49 s OBHIER 2T - 72, BRI O bEX B -2, B, KPR S DA
W TRITUTWABREE 2 EERBRET Y U7z, EERZELU T, RIEPEED LWL Y72 25 CTIRIRENEL 72
D, ZOTHRVWEFRTIKBEMES 252 2T, BIAZERREL TV, 7L —LEHOEIRNRUND N, *
IN—T a v OFE, KOBHBEBEP»SDET A MNT U AOEH X 21 12K

FERERBEIZ BT 2B ORRT 2 ¥ 2212, BEFRROMEEI %X 23 1I2RF. BEOEHN ISR TR AICH
NTWz72®, RERTIEY— V270, EREERTOFMMEZEE T 5. FHIEOF HFEREZ R 6 1TR
9. EREARTETOMIEILX 0% EBA TS, £/, K24 DX 5 IZERRE (9 1.3~14s) TEIFFLRDRD
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(a) 392nd (Scene 1) (b) 567th (Scene 1) (c) 689th (Scene 1)

e

(e) 895th (Scene 2) (f) 1078th (Scene 2) (g) 1209th (Scene 2)

(j) 1466th (Scene 3) (k) 1699th (Scene 3) (1) 1818th (Scene 3)

(m) 1896th (Scene 4) (n) 1991st (Scene 4) (0) 2292nd (Scene 4) (p) 2500th (Scene 4)

Fig. 19  The results of the outdoor experiment. The regions enclosed by red rectangles show the target’s regions.
The red dots indicate the centroids of the white pixels of the binary images.

(a) 1467th (The first frame of mis-
tracking)

(c) 1489th (No-detection frame) (d) 1503rd (Re-detection frame)

Fig. 20 Failure of target tracking
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Fig. 21  Details of the number of people excluding, occlusion and white-balance changes in indoor experimental
environments. What each line shows is detailed in Fig. 13.

(a) 102nd (d) 406th

(e) 453rd (f) 508th (g) 635th (h) 730th

Fig. 22 Indoor experimental environment. In the environment, the luminance changed frequently by ceiling lights.

(b) 155th (c) 289th (d) 406th

(e) 453rd (f) 508th (g) 635th (h) 730th

Fig. 23 The results of the indoor experiment. The regions which are enclosed by red rectangles shows the target’s
regions. The red dots indicate the centroids of the white pixels of the binary images.

BRZTH L EIIBENWTH, BIAOZ(LIZADE THEBICEAZEL 22X, AEROER 217> 2 & TR
BENZONA MOEHMfTHONTW 22 2 8bh 5. L, M25 D& S ICHAEDBIZWS & &121%, #Th
MOBHAPFEIZRIT LT WA REE D, BN ROFET HEDOREMES THRT A MNT VY ANZE{LL
BNZEWHY, RBHEPEZ TV, SRITZO XS RERIZENIGT 572012, JED Y72 5 FH A IR
WHERIEEHRT A MNT UV ADATIE L, HBIZERIE LA A =X 2EBATEHEND L EEZOND.
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(a) 223rd (b) 244th (c) 266th (d) 488th

Fig. 24  Though the color of the target’s clothes was changed frequently, the target was identified correctly. It was
due to the weighting based on the changes in white balance and the updating.

v
[

(a) 519th (b) 560th (c) 611st

Fig. 25 The C frames caused by no change in white balance. When there was the target between lights from the
rooms, the luminance changed though white balance did not change.
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