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Measurement of range images using a fisheye stereo camera

by fusing binocular and motion stereo
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Abstract

This paper proposes a method that fuses two kinds of stereo measurements using a fisheye stereo camera. A stereo
measurement method can be divided into two types: binocular and motion stereo. Generally, the accuracy of long range
depends on the baseline of the camera. In case of the binocular stereo, the direction of the baseline is horizontal. Its size
is small due to the convenience of installation conditions. By contrast, in the case of the motion stereo, the direction of
the baseline changes depending on the direction of the camera motion. For example, the direction of the baseline is the
optical axis when a stereo camera is mounted on a vehicle or a mobile robot that drives in the forward direction. When the
speed is high such as in driving, its baseline becomes larger as it becomes the moving distance between frames. Therefore,
between the two stereo measurements there are differences in the magnitude of the baseline and the uncertainty of the
position in the image. In addition, the area-based approach is used for binocular stereo and the feature-based approach is
used for motion stereo at the time of corresponding point search. So, robustness against false matching is different. In this
paper, we try to fuse the two stereo measurements in order to realize more accurate range image generation. A method,
which restricts the disparity search range using the reference disparity map and a bilateral-like filter, which is a weighted
averaging are proposed for fusing the two stereo measurements. The proposed methods are verified by experiments in

indoor and outdoor environments.

Keywords : Fisheye stereo camera, Equirectangular image, Binocular stereo, Motion stereo, Reference disparity map,
Bilateral-like filter
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1. #

AR, MREEY VY & W BB OEIE TR Y AT A D7D DIFEFFELTERIZ R > TS (Perng et al., 2017)
(Sasaki et al., 2015) . REMARLV L LTI, ATFVLAHIRAS, L—HFLUIT7AVR VIF—RERDD.
UL, NS0 v I ORI PFHHIEEDEI L WS T AV Y S DEABFLELT VD
ZEeHMEE RS TWS, ZHUIH L, RIFETIIARAT LA NATIZEEHT 5. ARSI AT OHEMAIX 180 EDL
ETHY, TOV A ZENZIWZERSHERIHELTWE EEZEZ6NE., £, ATVLAIATEIATEZ2DOH
W3 Z I & 0 B EG AT REE 2B, Lo T, ARIATEZ2OHWTHIRAT L AN XS 2HELET
522K o TP DB IFHEEFHIA TTREL 72 5. FERMTEL U TUATRD & 5 58 23% 5. Abraham 5
(Abraham and Forstner, 2005) 1%, AT VA I X SIZAT VAL ZMHT A LICE>TAT VAT Y F
V7 % AL U7z, Moreau & (Moreau et al., 2013) 1%, SV AABREETIVOARBRAT VA IATEZHNVT, 3
WCBREE T 21T D THEEZMELZ. UL, ZOFERHEIA MDY REWOEETEY 257 AAD#AIZH
#<Td5. Hane 5 (Haneetal., 2014) &, plane-sweeping iE% H\WTY 7L XA L TO 3 RoeEBEGHIZ FB L
7=. ZDhiz%, UAV (Unmanned Aerial Vehicle) (Krombach et al., 2015) *Hi[j (Furgale et al., 2013) (Gehrig,
2005) (Kimetal., 2015) = EDEMMNLR T IV N T 4 —LIZABRIRA T2 HWZHLEET S, ZNSOHET
&, SRR & i HAL T 5 72 O IC FUIRER 2 BB EGICEH L TWb. L, ZHOBIZEGO FILE?
BlEMIXENE 72, FUEBRTOAT LAYy F U IDNH L 20, FTOAIREADE A & i U TR i »
PlipoTULES., ZOMBEIZHLT, KfES (Ohashietal., 2016) (Ohashi et al., 2017) & EJE & EiRA~ D2
HEFAWZARAT VA AATZRELTWS. FAREGZ HALA A L0 ¢ % K& i B0 72 B R
DG TdH 2 IEFEMFEEGIC AT 25 2 & THRIREGO LM EZ 5 SMIXT 2 L <, ARBEHRDOEADKH L
HISHEROBEHEALZ R LT WS, UL, W, MBI A — X DOFEFEDREI L DR~ v F v 7 P HHfk 4
FHEKE R IIREZ R L TWAS. 22T, AETIRE—T7 L —L0H&EEHED 2IBATFT LA IT TR, KRS
H{REHRSDE—a v AT UACEERTS. HRTHRONE N AT IEBEL TOSIRENL W20, KERHHE
BEAWZUMEA2EATEZ 2 I3RYTHE. —BRNIIHICAEROE, 2IBAT LA TREBR—A<yF T
N, E=Ya VAT UVATIERER—AT Yy F U IPHVONE Z LDBL V., FHBR—AT v F U JI3EE 2K
THEHNABERDTERT —ZANKE 250, HEAN—A<vF 7T, BEGEPORMORVEL 2 ban
DTHRT —R LN, By F Uy ITORRMIEIHS & VW72 2 Y v b FFET S (Jayanthi and Indu, 2016) .
7, HREEBRHITAZEDRRDBLVDT, E—Ya VAT LADOEBEORETI L AN 2BATF LA &R
Y, TNENOHEHEREE & FHIMEIZ LD A HENIDRERRD Z IR 5. FRIZZDOZ L 2FHL, 2lBAT L
FeE—Va VAT UVADHAZAAZFIELEFET S (M, 2010). UL2L, 2IBAT VA DFHIEED S
EEMPLENTITVARWL., 22T, AMETIHEITIEEO I 2MELZEE 2WATLALE—Va VAT L
FO@GEZRA, ARATUVAIATOEEE/E#RY Yy FrIOEDEHIET. BAEMIZIE, E—Ya vy AT
LAPSR/RONTHESTY T2 ) 77 LU AL T SEERRHIPHOMRE &, Z2M 0 & 242G I U TEA
SEIHLERITOBBINA T T INT AN R 2 D%RET L. BRAEFHOREIX, L OVEFHTEIETHREEZSH
UOoDEfEHH 24T S DT~y FUTIZANTH R L HF X oNE. EBRIZ, SHEREILPARERT Y VN0
WEZFEIZATVAGFHZ1TS ELAS L WS FEPREINTWS (Geigeretal., 2011) . ZOFIETIEERER
Ry F U EFER UM, CPUHBART | RO ZFEH L TWBEDTY 7V A LMELFRSGHOETY
5. Flz, BUNRAL T T INT 4V RIFNAL FT 5T 1)V A (Tomasi and Manduchi, 1998) [FlE, S{r] iR %
RREUZEZZDOFELTRETH 5. FUMEE LTI ST IV T7 0 VAT SND (KA, 2011). 20
FIETIE, BFRMZTHRL, ToF it V5B oNsHEHEE ) 7L 7 X 2R EAEIZINZ S Z 2T/
A ADREFCHID L TWB. KiFFETIE, ERL2 DDOEITHEDEZEZ ZFHICUAZFIET2IRAT VAL E—V 3
VAT UL DG ERAS.

AL OMERIILAT D@ TH B, 2HETIHBMFOTFIETHE2MBATLAIZDONVWT, 3ETIFE—Ya VAT
VAIZDWTHRS., ZUT, 4ETEH2EHEIHEDFHEREZMET 520D 2 DOREFEELRT. 2 OOREF
EORNEZH 1IZ&ART. #NT, 5ETHEIT- FEZBRIZOWTlNh, 6 ETHS 2R3,

(]
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Motion stereo
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(@) (b)

Fig. 1 Flow chart of the proposed method: (a) restricting search range and (b) bilateral-like filter.

2. BRATLAAASICHEITZ2BRATLA

ZDETIE, AT VA IATIZBITE 2BAT U AFHHTFIEZEI I 2 (Ohashi et al., 2016) (Ohashi et al.,
2017) .

21 ARAXZTETI

ARV > X0 ARNTIXERRS R, MARARE RN H S, ULirL, BUEERIIBWTHRETIHAE LD,
EBEO MR A A T IR R RITII bRV, T 2T, AL TIE Scaramuzza & (Scaramuzza et al., 2006)
PIREUZBREEFRBUZE2HMNAATETVER WS, Fovi—"X—2 %4 U7 AREGE2 Z8HNTH
AT DOWNENT A =R DBEHZITV, AIREGOEAZMET 5.

22 IEREFMREE &

FIRERDEAZIRE T 2 72 DI ERBYERIZERT 5 &, X 2(a)(b) 12T & S IZEGELEHAKRE <51 &
X TULES. IEMES N2 EEENES 2D, AT VLAY F UL 0itmzkd s 2 EAH
Hiz/e s, ZDD, KT AREGZ M 2c) IR ERMNEEGHICEBLTHrOo AT VA Y F U 7 %217
5. FAIREG D S ERRM A EGEAZ T 28X %2 X 3129 R G SRR & e x 6 A A 20 ¢
2 & o L E IR BRI T D720, BISMALPEADDLRVEGEZFERTE .

23 EFMABRERICBIIZRTLAYTYF VY

2 R CHEEEGHII 24T 5 121%, S2 ONEE FHIGRVEETH I BELNDH L. INEFITAT LA WD, FEBIC
I, &x ORI BHEISEEICIEEEIZR > TWRWED, AFVAEF LIz, TOoTAn%2EHEL, f
Ed5. 2LTC, 2BOYITAT VA &Ko THEBEHIZT S, AHOEGT» SIGMRERFRT 2 AT LA
RYFUTRITIBENDH S, ZOLE, WHFHOEM LTy F U IO D-HIZTER - DA%
BRI 5., 72, FHEMBEBEOTER—IFIIERRIZR 5. ARAADP0DL ZDOMME ¢ L Lz &, IEiE
FIfA G LD T ¥R — FROBBHIIRAD & 51272 5.

0] :tan_l(tanqbocosl) (D

o T, EFMAmEGICE VT, MR E2N 4 1IORTHRETITS. 208 &, V7L RA LMEEML,
fHR—AT v F oL Ty sy F o 2EmHAL, TOHbEL LT SAD (Sum of Absolute Difference)
WS, £z, YT IVEECTHERZHE T A-DIZEMER T 1v T ¢ >~ 72 (Shimizu and Okutomi, 2005)
#179.
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Fig. 2 Fisheye image transformations: (a) fisheye image, (b) perspective image, and (c) equirectangular image.

Equirectangular @
image

Fig. 3 Transformation from fisheye image to equirectangular image.

244 FRMARERICEITZRITYFVIBRE

AF VAR F U ATBENT, W - BT A — R OHEE R R RIS Y OERIZ X > TIEL /A
KESTHSZWNIEMNITZIToTLESI I DD D, ZhiFi~y F Uo7 eifidh, BEY QRS S ICEBE
ERIFTOT, SUEFERNAT ILELD D, AL TIE, UTFOE~Yy FUIREFEEZHAVS.

o Texture filter

TV 7V — MADORKBEEZN L & WERGEOBRIZE LTS OEME L 21T\, 727 AF ¥ OFFOESIEE
HROBEMTH Yy F U7 2RBI LT WD, YEHSOHELZEKT S I LTIy F Uy I7DRES KO0
oz s OFlkZE IE» 5.

e Peak filter
BAKINZ~y F o 7 U D SAD O ¥ — 27 L H#R L T 1 pixel 2DEAD AT T DEBED L EWMERTFEDEIZ
4R OFEEEE L 2 T 7\, Texture filter £ A TT 7 XA F ¥ DFWERTIZER).

e Minimum filter

BARINZ Y v F 2 7 U343 D SAD YU EWE K D K E WERIZEY 0 ORREER H 2 7 b7\, B 2R3 sz
G5

e Repetition filter
BAEIZ < v F v 7 U204 LRI SAD VNS WA % LRBR U THEH U & WE AR OB 352435 O IR H %
T, Ly AR TV AD LS 7%, BN DIRINTWE X — ECRIGHER 275>, ELWI Y F
v IRE I DEFFTE, SAD DBEFIEWEFRBHETETLE Y, vy F U222 0% T V. AFIETIE,
BREIL SAD & ZDWIZMR SAD Z L, ZBRDR WG DIRUL AR =V Th s L WL, B %
fThnwtne§5.

25 FHAME®D 3 RTAIE

WGP EFRATVAANA T DL LTHAATIPODa—2 )y NE#ZHWS. K519 &1, H
W% b, FAEAATOBETNAE AL, EARXTDPONEYETOLAM%Z A, HGHATPONEY E TOM
faz ¢, L35 &, FHHEEE D IZIRATHETES.
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Fig. 4 Epipolar line on equirectangular image. Fig. 5 Measurement of distance on equirectangular image.

D b cosA
~ sinAA cos ¢,

2

3. BRATLAAASICHITZE—YaVARTLA

ZDETIE, E—Y3a VAT VAL BEHERITEICZODWTHAT % EREM, 2018). 0 o& 213K
s, 3FEEOT Y F U, HASEHNRIA—ZDHE, BLIUO3IRTBEITDL4DDAT Yy FIZolirons,

31 FERHE

RIE A EER DB, RS TIXEHROH 2 X P RANEBI LB VDT, FHER—2A LD HRHER—A< v F
VINELTWAS, FIT, AWFETIX AKAZE (Alcantarilla et al., 2013) 12 & » THHUS #H 3 5. AKAZE
EER O [EEE, A7 —)b, BEEOZLICHEE B EOMHA AR TH Y, BEIT L0 AT 1S HFE L ZEHIC
HUTEMTHS. F72, AKAZE ZFEFKD T 1« > N ECREBM S OMME %2 R T 5720, HHEREGRE L
THIGFDALEIZ & 2 EEEEIDRVEEMABESRZHAWS ZEPHELTWEIEEZLND.

32 3@EOTYFUY

R —A~y F 7Tl BEHRBTORBOBO S UPFHL RN, BT —RIZh5. R TIE 421
THTHRARZ FIEOR, KliEOMERESZ AWM TRD 2720, HERATRBS2B0ER DS, £
ZT, M6IZRTLIIC2T7V—LDAT VAHBEDEG 4 OB DREL] 1 123 1T 5 45 1 fE i 2 g &
L3O~y F U7 %2175 28T, BBEL2ARCHEEE2EET 5.

33 AATEENIA—SIDEE

2EREITD A AT DHEENT A —RL, [FEEITHR LAHERT MLt TRINE., ZTNS5DNRT A—=&(%, SIM
(Structure from Motion) Z AW TKH B, BARHIZIE, 32 HiTH S NI EHE» S HAITHE 23HEL, E %
FRENETHZETREt BRDD. 72720, SIM TR T MLVOEBD AT — )L E2RKD B Z LI TER\.
AETIE, DATHPEHEZHELTWS Z & 2 FE X CTREEEHEEZ AWz A7 —)v&bd (1LhEft, 2005)
7S5, 1272L, AT =) EDLEEITS DIEX 6 D Patternl & 2 & U, Pattern3 ZEEMEZH WS Z TR —)L
AEMZMRET S, 28, 31 HiTHONIREERITERMAEEE (A, ¢) THBH720,
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Time

Left image at time #-1 Right image at time #-1

Fig. 6 Three types of matching of stereo image pair.

x tan A
y — tan ¢ (3)
Z

cosA

&0 BB (v, v, o) NEHLTHSIARITHE OFFEZITS. 32HiCHENMEAEHE3ME 25
DT, ZOFE%E 3D KRT.

34 3RTET
RS DR EERE (u, v) & 3IRTCEEE (X, Y, Z) DBfRIZH A T DIMEN T A — X THER S 1 5 B BATS
PEHWTIRATERYES.

i~ PX 4
7272 0L,
X
u P11 P12 P13 P14 ¥
v~ | Pup2pnpal | &)
1 31732 P33 Pl |

ZOLED ~ IFERMEEE LTEHELWIZ L E2RT. RO ITvy F U7 TES N 2 Mo MG L BT
AT 2L, UFRDLSICBAINS.

BX=b (6)
772U,
P31U— P11 p32u— P12 p3zu—pi3 % P14 — p3au
P31U— P21 p32u— P22 p33U—p23 P24 — D34V
o roo A ’ Y| = ’ ;o @)
P34 — P1y Py — Pip P33 — Pi3 7 Plg — P34U
P — phy Pyt — Py iz’ — phy Doy — Py

w,v) & @, V)2 MOmEBKRE Ty Fr oL THRONELDRBUSDBIETH L. p & p IZBLDHATD
BRBATHI P DBERTH B, ft->T, Bl 3 WREEX = (X,7,2) B TOR/N2 FEZ X > TROENS.

X=B"b ®)
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B"=(B'B)"'B' )

772U, BT XMW TH S, 32 HiTA NG REE 3 ME 0T, ZOHEEZIEKVIET. Z0
3 A TH UM (R4 1281 246 ERMEEG) 2 BTl T0WsDT, TOMREE —/HIZHKD.

3.5 EEEED SHREADEIH

34 i TE S NS OE TR ZRRIZE D 1A T DS OFEMIE Dy 12283 5.
_Zz

cos P cosA

712U, ZIFNESGIDEETH 5. IRIZ Daig & 2 AT L AIZEB 1T S EEEHR R (2) 2 W THZE Daisp ~ &%
35,

(10)

Dyist =

bsinW ) (11)

Dyisp = tan~! < =
=P Dyistcos ¢ —bcosW

W= (12)

Tu
w

7L, WIEEGOMIETH S, FREMEEGIIMAEICN L CTERBICBEUAEBETH Y, 180 EE2H GO
EIZabETVWEEHDR(12) DEDITkhB.

4. 2EBHEDRAT L AEHAREROME

ZOBETE, 2lATF LA E—Va VAT UAORIGERZ2MET 22 DOTFEE2REET L. b, 2200F
FHIXENTNHS U CTHEAINDS, T/, A2HiOR—AF2BAT VA, 43HOR—AFE—Ya VAT LA
o TEY, KigXiFZTDEWERKTAZZEBEELTWAS.

41 RFTLAEHAICE B RATE G

2ODAT VAFHIFEDER - MATO-K AR 1 ITRT. 2 DOFHIFEIZY Y F U T OFENRRLDT,
M~y FUZICHT B S A2 5 (Jayanthi and Indu, 2016) . £7z, HEEEOAME KEXERRLDT, F
TIALE I & B AHE» SRR E B R b Z LItk .

42 YT 7L YVADWET Y TICL B2 EERREEDRE

QIRAF LA BT BWIGAIERTIE, —RIcTF >y T — by F U BHWeNS. Ty T L — by F v
Tk, MREHEDH L EDMHEE UTHERT LI eRL V. 2o E, BHEXMGREIZL>TkEY Yy F U7
MREPTV., TIT, AIETEE—a VAT UARNSEONHEE N IGRBERD) 77 LV AT BT
ETHRYFUITERST.

421 V77 LVRADBET Y TOEK

DBy, E=va v AF VA RREAR—ATYyF 7L TED, HGETOREOIRN DA TUIEE
fToTVWEED2MAT VA LHRTE Ty FUI/BREIIISVWEZFZOND. £ T, AMFETIEIETHDS
NEREGRTOHEEZ 2IRAT VA THIRRRET IO 77 L VAL T5. ZOLE/ONILEITRITL
DHAETHZDT, TOEETIFRMEBIIN U THEREZTIHEBR—AI Yy FUZICHEHATER V. 22T, &
32 D J& FHIZ & 2 R 2 W, B3R R & DR d ITIG U TEA wy 2 52 72EAMN EFIT LD 2EHE

Table 1 Advantages and disadvantages of stereo measurement method.

Binocular stereo  Motion stereo
Matching method Area-based Feature-based
Measurement density High Low
Robustness against false matching Low High
Direction of baseline Horizon Optical axis
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W29 B EREEE 2 FH % (Yamano et al., 2018) . AU (ug, vi) OFEBEME Dy 7> S W (u, v) DIRHEE Dper 1
IWRD LD ITRE 5.

Yi—1 Wik - Daist

Dyer = 13
ref ZZZI Wi (13)

1 d;
= —expd ——& 14
b 2rno? P { 20} } (19
de =\ (g =) + (v — )2 (15)

HAN OGN ZK 7(a) 12RT. 22T, o ZEMANOEAZETH Y ANGAOEEFETHS. HH
W SE D% KD 2 F ORI, HEHEED? S UEWEdy A FOHEDOINE T5. nldZ D& & DRBUSD
BTH5. EHEZED?S L EWEMFOHPFICRBEDFEELRWES, TOBHZRDOBAEIAEL TS, D 2\
(11) ZHWTHEANERT L 2T, BRliA~xy T2ERT 5.

422 HERREBHORE

421 HTR O NIZERGEDEFHDATHIGRZERT D LTy vy F U 7 2. £72, BEREFH L
5D THUEIZ M OHIEB IR TE 5. BANGRERGEZM 8ITRT. 4E, 421 HTHON AL 4 15
SAUTEBBIEE Ulzdisp 2V 77 LV ADHEEE TS, HDE2TERE kLT 5L, HERREGRIZLLTOLD
12725,

o disp > k DIGH
disp~disp+k & disp~disp —k ZERHP LT 5. T35, X 8@a) DR, 2Z2EML, SAD D/IMNI WD
N R S =R B

o 0 <disp <k D&
disp~2disp & disp~0 ZRZEHFH L T 5. ThbE, X8b) DEE1, 2%2FEML, SAD D/NI\\FHO/ME%
HIGmE T 5.

o disp=0DGH
0~ 1pixel % HEZRHFIPH & U, SAD HE/IMED &2 MIiGm e 3 5.

7B, HAERSEMEMT v T IE VY TR VEETHESNS.

43 BUNASTIIT 1LY
2 ETITE M, 3ETIIREEI L OBRENBSNEDT, TD2O00HE% FFEKEAETEFELEZS.
FITEAMIIEZTEHEZE L FEOBEAE TOEMIZNA T, EHBEZEOHRZE & EHOREUROEZED 2T

®
f —
Feature point Feature point
Uk, Vi» Daist) (Ui Vies Daisp(my) P
o

(a) (b)

Fig. 7 Calculating weighted average based on: (a) reference disparity map and (b) bilateral-like filter.
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xy

|Search2 Search1

(i, J)

Epipolar line

(% y)

(i, )

Search2 Search1|

Epipolarline

|
| disp |

disp 2disp
(a) (b)

Fig. 8 Restricting corresponding points search range: (a) disp > k and (b) 0 < disp < k.

UCTFDFEERRETS. Zo0MIZE D, FHEINEZ TOHREIBEEORVWEDTHEDT, 2BAT L AT
FHIIE N T VWA EEETOHAEZZRL DD, MWEMARETHEEZRDD ZENTES. ZOFEEFANATT
Z )7 4 )V & (Tomasi and Manduchi, 1998) (ZBIT WA D THENAT T F N7 4 VR LIER, LWMBEDH AL,
ZDMFE (u, v) &JELORER (up, v) ETOERE 4, (X (15) &, HHEZEIZSITZ22BATVAPS/LN
E L ALDREARIZBII2E—Ya VAT UAROHBONZHEDEIIGU-EA w 2 52 EHITEVE
HE 5. Tabb, KEFEOHE Dyy 2IXATKD 5.

N ZZ: 1 Wdeisp(m)

Dgisp = ———— 16
disp ZZ:l Wi (16)

wr, =exp| — d—lz exp | — (DdiSp(b) _ DdisP(m))z 17
k=P 207 P 203

HAN S FHORERM %M 7(b) 1IZRS. 22T, Do) & 2 BAT VA THIZE, Dipm) FE—¥a AT
A TRIZEE, o FHEHADEAEZRT AV ANAOERERFAETH D, EHEFENS U E\WELLT OHIPHIZE
BEBFLELURVWEGES, TOHEZOHEZIAELT L. kdohHEL DX Q) 1oz kD 5.

5. £ B

51 E5iEER

AIRAT LV AHATD2EDAH A FIXFLIR 4#£0 Flea3, iRl > XX SPACE D TV1634M % i\ 7=, iR L
YV ADNERINT A — & X MATLAB @ OcamCalib Toolbox(Scaramuzza et al., 2006) ZF]JH L CHEE L7z, A AT D
FRARIZ 1% 1328 x 1048 pixel, FHEAREIL 52 mm, WA IZKFE S 165°, TEE M 132° THb. HIEAT LA 77 A
T DB X 9 1TRT.

Fig. 9 Fisheye stereo camera.
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52 EBHEER

FBNFEEBRIEAM 2 FHI R & U7z, FREERERE 2 30 2 (& 2 AP TR A 22X 10 (2R3, A E Tt
FHIEDEEEEN 1m TH Y, FBETEHALEZIIF LU TR 0) THELZAATLSD—2 ) v Nifi% Eif &
U7z, FAlIZ BOSCH#D V=¥ L VYT 74 Vv X TEHIL 7z, FRPETH A 72 D REIHE DS & 7z Bi32 1250 U
T, BEAEIZHT 520D & DABOE G CHEREE 2T L2, €E—Ya AT LA ATEN
HAFIZ 0I5 mBEISEZLED2 7L —L0MHGEH W, B, ENERETIE 3.3 Tl 72 F i b e € »°
TERW, BAIOBEIHHZ Wz, 2BBATFLAICBITS, T 7L — M XL 7 x 7 pixel, 7R
Fi% 48 pixel & U7z, £7z, 2lBRAT VA TIZ 24 ficHOKEY vy F U IREERIT-o 72, By FUIFEDOL
E WMl texture filter 1% 10, peak filter I% 5 %, minimum filter (& 5,000, repetition filter I% 50 % & U7z, 725, V
77 L A% N7 BRI IR T TIXE AT & o THERFFE N Z & L D texture filter DAFH N, £7z, 422
DN E D CHREPHDIRE 21T\, k=S5pixel 2 U7z, BUNA T T IV T4 VX TEETO#ET Y F 7
brExITo 7. HHER? SREURE CTOMRO U Ml & 22fA M, 2 AMOBEMERAEIXR2 O@b & L.
728, Condition1 13V 7 7 LV ADRRES Y T2 DL BEED/NT A —X&, Condition 2 1ZHFUNT T T IV 7 1)L
REHEATIEDNTA =R THS.

421 HTEREINY) 77 L ADRES Y T2 11(c) 12, WIS RERRHEPH O R IZ B 1T 5 FHEE4G o g
R I21RT. F72, 2MWBAT UV AIZ XD ELREEEGZX 11(a) 12, E—>a VAT VAT LRHEERI L DM
2R 11(b) 12, BENA T T INT 4 NV RITHB T A EHEGOLEREZ X 13 127R373. EREMNFHEiE LT, 2D
YRR 3, 412, HEEHEA BN 2B FEBIIN T 2RE DN MBOE G %2R S, 6 1TRT. HEGIZENT, K
AR 1 m DA Z R TW20T, FMHEICHEEDORLHEDIEHS P RET Yy F U7 2EKT 5. ¥
12 &0, EHPOMBEDMEHAMIL TWEENEL o TWE I s, HREFHEZRDZILIZLIETYF v
TOWDPHERTE S, 72, £5T0.5<error DEEHKIFIZIEDLTWBZ DSy F U IR N
HDZEDVHERTESL. LI, TNUNDOESIZKRERZIIENZ LS HEE 2 RETETWE LIRS
WEEW, IRIZ, B3 &0, BN ST IV T o VX2 & D EGROMhEDM T Yy F U O RBRETETE Y, £
TOMMEELWEINT VWS ZENDDD,. Z0IZ L&D, HER—ZAPET vy F 7L I560WEWVnSI AU w h
WEPEINT VB I NS, £6THEEYUNAL ST I T 4 VRIZEDIEEDEWEDOEE (0.05 < error < 0.1)

Table 2  Parameters for each experimental condition: Condition 1 is restricting corresponding points search range
and Condition 2 is a bilateral-like filter.

Parameter Condition 1  Condition 2
Distance threshold dy, [pixel] 30 20
Standard deviation o7 [pixel] 15 10
Standard deviation o, [pixel] / 10

Fig. 10 Experimental condition: a indoor environment.
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Table 3 Errors (restricting search range).

Experimental condition | Average error [m]  Standard deviation [m]
w/o restriction 0.52 5.01
w/ restriction -0.02 0.15

Table 4 Errors (bilateral-like filter).
Experimental condition | Average error [m] Standard deviation [m]

w/o bilateral-like filter 0.33 4.30
w/ bilateral-like filter 0.02 0.09

Table 5 Ratio of error range (restricting search range).

Error range [m] w/o restriction [%] | w/ restriction [%]

0 < error < 0.05 23.11 27.11

0.05 < error < 0.1 43.30 45.09
0.1 <error < 0.2 14.99 17.53

0.2 <error < 0.5 8.18 8.84
0.5 <error 10.41 1.42

Table 6 Ratio of error range (bilateral-like filter).

Error range [m] w/o filter [%] | w/ filter [%]
0 < error < 0.05 25.76 42.59
0.05 <error < 0.1 48.22 33.30
0.1 <error < 0.2 15.35 18.77
0.2 <error < 0.5 4.77 3.56
0.5 <error 591 0.02

NERLUTWE 1, EEOKRZVEDEE (0.5 <error) BB LU TWEDTHLWRETY Y F U TR REATET
WEZENphS, BLEED, 2BAF VAL E—Va VAT UADREIZIBWT, #BYyF U IOBRETIZ2D
DIREFHEOMTRELRZZIROSNGED 57D, E—Va VAT LU ATHEEERE2) 77 LV AL TAEDEE
A ETIIET T AP E—Y a VAT VA ORERPEHEE ICFSINTVWEZ LB a0 5.

BB, RFEBIZB U BRI 4-2-1 THOFIED 146533 ms, 4-3 HiDFEA 48540 ms TH o 72, BEFIE,
1 ZT2IF72 ELAS (Geigeretal., 2011) ® b VY 55517 4 L& (KAMH, 2011) & FEERIZY Y F 2 7O @kl
WER L 72hY, ELASD &L 57 TIVRA LIRIZEHTER P o7z, 2D LD B RBRRBBE L2 TWED
%, EANEEHOE, 2T AN TF—XEHEZT>TWEEOREEEZONS. TERDOATHRRELLHET
BFEEL LT, kdtree IEAEIT 5N S, kdtree % 4-2-1 HOFFEITEA U - 5ER, WML 5674 ms & 78— 7=,
U735 T, 43 HiOFIEE kdtree EIZ L 2 mHELBARETH D L ZEZAO5ND. £72, SHIE EEOFIEICMAT
GPU DilfifJHEIZ X 2 @d# b BT FETH 5.

53 BHEER
PREERS DM FEER 21T 5 72, BNEBRTIZEEMOADIMNTH - 723, AER TR SiEM £ T
FEAMG 24T > 72, FEBREREE & FHAIGE A 2 (R TR L 2l 2 X 14 109 FHIEEREE 1, 3, Sme L, FHADES
WHEOHKDO Ty VS e Uiz, GRS %K 141287 5 A& 22 a X502, ERIZEIN L CEHIlZ1T - 7=,
BEfEIZBOSCH DL —H L V7 714 VXA TEHIL 7z, BREEEHARE BRI, SR ARG TS U 7z 25 MY
CHEMERETIME L 72, E—Ya VAT UV ADRAYT —)UIE 33 Hi TR N AL Ri#EE CTRd 7. £/, EAMNE
SEIZBITBENRTA—=RIIERTOEY & L7, 78, Condition 1 13V 77 LV ADHES Y T2 DL B3O/
Z A —2&, Condition 2 IZHUNA T T IV T 4 VR EHEHATEIEDNNTA—RTHB. ZDMORMIIENER

[DOI: 10.1299/transjsme.19-00069] © 2019 The Japan Society of Mechanical Engineers



lida, Ji, Umeda, Ohashi, Fukuda, Kaneko, Murayama and Uchida,
Transactions of the JSME (in Japanese), Vol.85, No.875 (2019)

(b) (©

Fig. 11  Comparison of disparity maps based on: (a) binocular stereo, (b) motion stereo and (c) reference. Color
represents disparity values from 0 pixel (blue) to 24 pixel (red).

13

i

(b)

Fig. 12 Comparison of range images based on: (a) without restricting corresponding points search range and (b)
with restricting corresponding points search range. Color represents distance values from 0 m (red) to 10
m and above (blue).

(b)

Fig. 13 Comparison of range images based on: (a) without bilateral-like filter and (b) with bilateral-like filter.
Color represents distance values from 0 m (red) to 10 m and above (blue).

e HUTHB.
15 & 16 1 ZEGEFOOFHAEEME 1 m (2B 2 EEREE G 2 R 9. X 17~22 1[ZFHAEEHE DR L & BEEHE R 22 % # 1
5. Iab, Mz EREZEOIIES T 7 OmA N 14(b) DEHUERTIZHIEL TW5.
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Table 7 Parameters for each experimental condition: Condition 1 is restricting corresponding points search range
and Condition 2 is a bilateral-like filter.

Parameter Condition 1  Condition 2
Distance threshold dy, [pixel] 30 20
Standard deviation o7 [pixel] 15 10
Standard deviation o, [pixel] / 5

LG S

(b)

Fig. 14 Experimental conditions: (a) a outdoor environment and (b) measurement points.

M 15 &b, FAEEREFEOREIZL DEFDEILEHIZE T 2 HEEH OBV HRTE S, M17~19 &0, #
FPERE P DOPREIZ X B IEMEEOBEIRR SN o7z, £z, BENASTINVT 4 IVEZTEM 16 & b iES
DENVEHZ BT 2 OBMAVHERTE S, AT, M20~22 & 0 riflt CIXEEHEE OUGENR Sk
Moz, P CIXEERIE TRK 20 %R D o 7-i%EE 10 BRI Z SN TWE., ZHIX2IBAT L AITHA
T3IHEL HBE—Va VAT LUADEBENFELTVWEEEZTWS., 72, HEEKEOR EXY, HKiEE
HHEEIZE D AT —ILEDLELEWEETITONT WS WA S, —J, HE§RFLDIREERE X L d - 7-.
ik, E—Ya v AT UADOREREI AR TH Y, EEFMBEDFHIEENE L2 L VWO R E2ED
EEZTWVWD., U oT, 41 HiThRAR7ZFHMEIZ L2 A EPS 2ZRBLUZAMERSBOMEL VA 5.

6. &

AW T, 2HEOAT U AFHERZEAG U EEE G2 ES Uz, 2IBATF VA E—V 3 VATV
FAOEGEFEHTLHFELLT, E=—VavYATLADOHEEZY 77 LY AL LB RERRIFIORE &, 2504
M EREFANIR U TH Y ADEIHED BAM E LR TIBBNS T T IV T A NVRD 2 DEBERELZ. #
AERBPEOREIZE D, FHUIBEOSI 2L FTEU Yy F U T OWDDVHERTE 2, BT T TI1
TANZIZED, FHAEE DS S MR L7z RSO ER STy F U I DRENTE S Z L 23R
L7-.

SIE, BBROMEIZ XD AN I 2ZRBUZMEFEOEELR SN, =Y a VAT VATV S RHEUR
DSy F o 7 RE L WP OEEIZ L 24 Y 51 VL2175 TETH 5.

il
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(b)

Comparison of range images based on: (a) without restricting corresponding points search range and (b)

with restricting corresponding points search range. Color represents distance values from 0 m (red) to 10
m and above (blue).

Fig. 15

(b)

Fig. 16 Comparison of range images based on: (a) without bilateral-like filter and (b) with bilateral-like filter.
Color represents distance values from 0 m (red) to 10 m and above (blue).
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Fig. 17 Error and standard deviation of distance 1 m: (a) without restriction and (b) with restriction.
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Fig. 18 Error and standard deviation of distance 3 m: (a) without restriction and (b) with restriction.
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Fig. 19 Error and standard deviation of distance 5 m: (a) without restriction and (b) with restriction.
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Fig. 20 Error and standard deviation of distance 1 m: (a) without bilateral-like filter and (b) with bilateral-like filter.
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Fig. 21 Error and standard deviation of distance 3 m: (a) without bilateral-like filter and (b) with bilateral-like filter.
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Fig. 22 Error and standard deviation of distance 5 m: (a) without bilateral-like filter and (b) with bilateral-like filter.

X )

Abraham, S. and Forstner, W., Fish-eye stereo calibration and epipolar rectification, Journal of Photogrammetry and
Remote Sensing, Vol. 59, No. 5 (2005), pp. 278-288.

Alcantarilla, P. F., Nuevo, J. and Bartoli, A., Fast explicit diffusion for accelerated features in nonlinear scale spaces, in
Proceedings of British Machine Vision Conference (2013).

Furgale, P. et al., Toward automated driving in cities using close-tomarket sensors: An overview of the V-Charge Project,
in Proceedings of IEEE Intelligent Vehicles Symposium (IV) (2013), pp. 809-816.

Gehrig, S. K., Large-field-of-view stereo for automotive applications, in Proceedings of Workshop on Omnidirectional
Vision, Camera Networks and Non-classical cameras (2005).

Geiger, A., Roser, M. and Urtasun, R., Efficient large-scale stereo matching, in Proceedings of the 10th Asian Conference
on Computer (2011).

BREE —, IS, (1T, &8, “HRATLVALE—Ya VAT UVARMALELSNATVAIA T VAT
LT ED 3WIGEH, B R T ¢ 2 A - A J b1 =0 AGHREEEELE (2010), 1A2-E29.

Hane, C., Heng, L., Lee, G. H., Sizov, A. and Pellefeys, M., Real-time direct dense matching on fisheye images using
plane-sweeping stereo, in Proceedings of the 2014 2nd International Conference on 3D Vision (2014), pp. 57-64.

REH I B, LISk %, MEFRLRI 5, KRB, 4 FEACHE, 2 TR0, RO, W&, URA T LA A 5 DR T L
F HGR % U 72 PR GG, 26 24 Ml v > v T VIR YT A (2018), 1S3-09.

Jayanthi, N. and Indu, S., Comparison of image matching techniques, International Journal of Latest Trends in
Engineering and Technology, Vol. 7, Issue 3 (2016), pp. 396-401.

Kim, D., Choi, J., Yoo, H., Yang, U. and Sohn, K., Rear obstacle detection system with fisheye stereo camera using HCT,
Expert Systems With Applications, Vol. 42 (2015), pp. 6295-6305.

Krombach, N., Droeschel, D. and Behnke, S., Evaluation of stereo algorithms for obstacle detection with fisheye lenses,
in Proceedings of International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences
(2015), pp. 33-40.

Moreau, J., Ambellouis, S. and Ruichek, Y., Equisolid fisheye stereovision calibration and point cloud computation, in
Proceedings of International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences
(2013), pp. 167-172.

Ohashi, A., Tanaka, Y., Masuyama, G., Umeda, K., Fukuda, D., Ogata, T., Narita, T., Kaneko, S., Uchida, Y. and Irie
K., Fisheye stereo camera using equirectangular images, in Proceedings of the 2016 11th France-Japan congress on
Mechatronics 9th Europe-Asia congress on Mechatronics 17th International Conference on Research and Education
in Mechatronics (2016), pp. 284-289.

Ohashi, A., Yamano, F., Masuyama, G., Umeda, K., Fukuda, D., Irie, K., Kaneko, S., Murayama, J. and Uchida, Y.,

Stereo rectification for equirectangular images, in Proceedings of 2017 IEEE/SICE International Symposium on

[DOI: 10.1299/transjsme.19-00069] © 2019 The Japan Society of Mechanical Engineers



lida, Ji, Umeda, Ohashi, Fukuda, Kaneko, Murayama and Uchida,
Transactions of the JSME (in Japanese), Vol.85, No.875 (2019)

System Integration (2017).

KAMEL, BIGE, & FAE, BAJIM, Trilateral filter & Belief Propagation 7% Fi\ 7z BREE [ 5 D SE ¥R b B O R &
BB 16 M RT 1 7 AV VRY 7 #EFREE (2011), pp.1-7.

Perng, J. W., Liu, P. Y., Zhong, K. Q. and Hsu, Y. W., Front object recognition system for vehicles based on sensor fusion
using stereo vision and laser range finder, in Proceedings of 2017 IEEE International Conference on Consumer
Electronics (2017), pp. 261-262.

Sasaki, N., Iijima, N. and Uchiyama, D., Development of ranging method for inter-vehicle distance using visible light
communication and image processing, in Proceedings of 2015 15th International Conference on Control Automation
and Systems (2015), pp. 666-670.

Scaramuzza, D., Martinelli, A. and Sliegwart, R., A toolbox for easily calibrating omnidirectional cameras, in Proceedings
of 2006 IEEE/RSJ International Conference on Intelligent Robots and Systems (2006), pp. 5695-5701.

Shimizu, M. and Okutomi, M., Sub-pixel estimation error cancellation on area-based matching, International Journal of
Computer Vision, Vol.63, No.3 (2005), pp. 207-224.

Tomasi, C. and Manduchi, R., Bilateral filtering for gray and color images, in Proceedings of 1998 IEEE 6th International
Conference on Computer Vision (1998), pp. 839-846.

(LT 58— BB, Mg iss, =05k, iR X 12 & 2 s T O REYIRH, HRILHE 27 HR &, 2005-CVIM-
151(2005), pp. 69-76.

Yamano, F., lida, H., Umeda, K., Ohashi, A., Fukuda, D., Kaneko, S., Murayama, J. and Uchida, Y., Improving the
accuracy of a fisheye stereo camera with a disparity offset map, in Proceedings of 12th France-Japan and 10th
Europe-Asia Congress on Mechatronics (2018), pp. 88-91.

References

Abraham, S. and Forstner, W., Fish-eye stereo calibration and epipolar rectification, Journal of Photogrammetry and
Remote Sensing, Vol. 59, No. 5 (2005), pp. 278-288.

Alcantarilla, P. F., Nuevo, J. and Bartoli, A., Fast explicit diffusion for accelerated features in nonlinear scale spaces, in
Proceedings of British Machine Vision Conference (2013).

Furgale, P. et al., Toward automated driving in cities using close-tomarket sensors: An overview of the V-Charge Project,
in Proceedings of IEEE Intelligent Vehicles Symposium (IV) (2013), pp. 809-816.

Gehrig, S. K., Large-field-of-view stereo for automotive applications, in Proceedings of Workshop on Omnidirectional
Vision, Camera Networks and Non-classical cameras (2005).

Geiger, A., Roser, M. and Urtasun, R., Efficient large-scale stereo matching, in Proceedings of the 10th Asian Conference
on Computer (2011).

Goto, S., Kawanishi, R., Yamashita, A. and Kaneko, T., 3D measurement by omnidirectional stereo camera system using
binocular stereo together with motion stereo, in Proceedings of ROBOMECH?2010 (2010), 1A2-E29 (in Japanese).

Hane, C., Heng, L., Lee, G. H., Sizov, A. and Pellefeys, M., Real-time direct dense matching on fisheye images using
plane-sweeping stereo, in Proceedings of the 2014 2nd International Conference on 3D Vision (2014), pp. 57-64.

lida, H., Yamano, F.,, Umeda, K., Ohashi, A., Fukuda, D., Kaneko, S., Murayama, J. and Uchida, Y., Range images
measurement using multiple stereo image pairs of a fisheye stereo camera, in Proceedings of The 24th Symposium
on Sensing via Image Information (2018), IS3-09 (in Japanese).

Jayanthi, N. and Indu, S., Comparison of image matching techniques, International Journal of Latest Trends in
Engineering and Technology, Vol. 7, Issue 3 (2016), pp. 396-401.

Kim, D., Choi, J., Yoo, H., Yang, U. and Sohn, K., Rear obstacle detection system with fisheye stereo camera using HCT,
Expert Systems With Applications, Vol. 42 (2015), pp. 6295-6305.

Krombach, N., Droeschel, D. and Behnke, S., Evaluation of stereo algorithms for obstacle detection with fisheye lenses,
in Proceedings of International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences
(2015), pp. 33-40.

[DOI: 10.1299/transjsme.19-00069] © 2019 The Japan Society of Mechanical Engineers



lida, Ji, Umeda, Ohashi, Fukuda, Kaneko, Murayama and Uchida,
Transactions of the JSME (in Japanese), Vol.85, No.875 (2019)

Moreau, J., Ambellouis, S. and Ruichek, Y., Equisolid fisheye stereovision calibration and point cloud computation, in
Proceedings of International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences
(2013), pp. 167-172.

Ohashi, A., Tanaka, Y., Masuyama, G., Umeda, K., Fukuda, D., Ogata, T., Narita, T., Kaneko, S., Uchida, Y. and Irie
K., Fisheye stereo camera using equirectangular images, in Proceedings of the 2016 11th France-Japan congress on
Mechatronics 9th Europe-Asia congress on Mechatronics 17th International Conference on Research and Education
in Mechatronics (2016), pp. 284-289.

Ohashi, A., Yamano, F., Masuyama, G., Umeda, K., Fukuda, D., Irie, K., Kaneko, S., Murayama, J. and Uchida, Y.,
Stereo rectification for equirectangular images, in Proceedings of 2017 IEEE/SICE International Symposium on
System Integration (2017).

Oishi, S., Kurazume, R., Iwashita, Y. and Hasegawa, T., Smoothing and inpainting range image using trilateral filter and
belief propagation, in Proceedings of The 16th Robotics Symposia (2011), pp.1-7 (in Japanese).

Perng, J. W., Liu, P. Y., Zhong, K. Q. and Hsu, Y. W., Front object recognition system for vehicles based on sensor fusion
using stereo vision and laser range finder, in Proceedings of 2017 IEEE International Conference on Consumer
Electronics (2017), pp. 261-262.

Sasaki, N., Iijima, N. and Uchiyama, D., Development of ranging method for inter-vehicle distance using visible light
communication and image processing, in Proceedings of 2015 15th International Conference on Control Automation
and Systems (2015), pp. 666-670.

Scaramuzza, D., Martinelli, A. and Sliegwart, R., A toolbox for easily calibrating omnidirectional cameras, in Proceedings
of 2006 IEEE/RSJ International Conference on Intelligent Robots and Systems (2006), pp. 5695-5701.

Shimizu, M. and Okutomi, M., Sub-pixel estimation error cancellation on area-based matching, International Journal of
Computer Vision, Vol.63, No.3 (2005), pp. 207-224.

Tomasi, C. and Manduchi, R., Bilateral filtering for gray and color images, in Proceedings of 1998 IEEE 6th International
Conference on Computer Vision (1998), pp. 839-846.

Yamaguchi, K., Kato, T., Ninomiya, Y., Obstacle detection in road scene using monocular camera, IPSJ SIG Technical
Reports, 2005-CVIM-151(2005), pp. 69-76 (in Japanese).

Yamano, F., lida, H., Umeda, K., Ohashi, A., Fukuda, D., Kaneko, S., Murayama, J. and Uchida, Y., Improving the
accuracy of a fisheye stereo camera with a disparity offset map, in Proceedings of 12th France-Japan and 10th

Europe-Asia Congress on Mechatronics (2018), pp. 88-91.

[DOI: 10.1299/transjsme.19-00069] © 2019 The Japan Society of Mechanical Engineers





