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Obstacle Detection Method for In-Vehicle Narrow-Baseline Stereo Camera
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Fig.1 Relation among length of stereo camera base-
line, error of distance measurement and error

of correspondence matching.
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Fig.2 Disparity maps generated by (a) SGM and (b)
ELAS from the stereo image (upper: wide-
baseline setting, lower: narrow-baseline set-
tings).
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Fig.3 Mask generation using U-disparity image: (a)
left camera image, (b) disparity image, (c) U-
disparity image, (d) binarized U-disparity im-

age and (e) generated mask.
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Fig.4 Obstacle detection using equi-disparity clus-
tering: (a) depth image Z(u,v), (b) mask
image in the wvertical direction M, (u,v),
(c) mask image in the horizontal direction
M, (u,v), (d) integrated mask image M (u,v)
and (e) result of obstacle detection.
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Fig.5 Small computer (left) and stereo camera unit
(right) used in the experiment.
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Table 1 Computer environment.

CPU Intel Core i3-3217U (1.80GHz)

GPU Intel HD 4000 graphics
Memory DDR3 SO-DIMM 4GB

oS Winsows 7 (32bit)
Compiler Visual C++ 10.0 Compiler
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Table 2 Specification of stereo camera.

Camera PointGrey Scorpion
Focal length 6.5mm
Image size 1,280x 960 pixels
Color mode Grayscale
Frame rate 15fps

Baseline 120mm

(e) Scene 5

(f) Scene 6

6 ANEGE (B AT) LREEROREEY @ TRk
(10~40m: #%), HEEHE (40~70m: ), EHHE
(70~110m: 7#*)

Fig.6 Left camera images and target obsta-
cles: short distance (10~40m, green), mid-
dle distance (40~70m, blue, long distance

(70~110m, red).
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fEFEIN D 9 B & L7 5o 723838 % FalseNegative,
M sEI O 9 BRI L 725818 % FalsePositive,
fEFFIR & A SIS O 3@ FHIH % TruePositive & 3 5.
INSOFFOMR L E HWT, KA TEXLSNDH
B (recall) LA # (precision) ZFH T 5.

TruePositive

1l = 18
reca TruePositive + FalseNegative (18)

TruePositive
TruePositive 4+ FalsePositive

precision =

+ Ground Truth

J FIseNegative \ ‘——lm.-—m
Rk Ve

N
- L_ TruePositive

FalsePositive

Detected

7 FAEOREICH S LS FHI
Fig.7 Definition of FalseNegative, FalsePositive,
TruePositive regions for calculating F-measure.

B, BT ENSWRER CRILTE
MERFEL, BERE, EHEEE S bWz <
BICTE 2202 RKY. FAIE, CROOHFFSE L
TRATERENS.

2 - recall - precision
recall 4+ precision

FAEA 13T, BEY 2 mA R 2 < IERE R
TETWVWLZ L E/RT.

INFETE, BERTT, EEYICHRENES 5
TV 7b—L0&EEMmERE LTRHiiT2 2 &
B o716, LrL, ZOL9) BRIBEOATIE
Bt HOMERRE S 2RI L T2 v, £
D7z, FEEYBITEOBEMIE 2 EMEICEHIT 2 2
ERTE v, FAEZEHIfEREE LTHWA 2 LT,
R EP AR I DS A R 2 CIEFEICAT 2 TV 2 A % 5T
5T ENTED.

4.3 FRHIEE OFHI

FERTIE, AT VAMGIESTE s T2y ) v
D& F EERMAETITB W TEEW ML O R E % 5l
L, REFLEOFREERT.

AT LA WgOx ity & LT, Semi-Global
block Matching (SGM) [4], Efficient LArge-Scale
stereo matching (ELAS) [5], Normalized Cross-
Correlation (NCC) 1220 { Tk LR BT (POC)
2 4. SGM KU ELAS 13 KHH) 7 Fo#fbic 5
<P, NCC KU POC (Proposed) 1370y 7 < v
Fr ZICHED L TG E NS, SGM 1E, OpenCV
D475 [17] M5, ELAS i3 Geiger &A%
MLTWs7477Y 5] “lwab. NCCI, 2.2T
IRAZEAS T OWILT, POC % NCC I &2
72FETHAH. NCC &7z 77 2V HagoD

F-measure = (20)
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I

FATRB SIS, NIRRT T4y T4 v TR
5% [18]. NCC & POC &, C SfETHEET L. &b
LOFTHIIBWTYH, WEY I Iy FORELE 3 &
T5., BFEIL Y R0 A4 XL, NCC 2D T
FETIE 16 HW#E x15 94 » & L, POC 1230 Tk
TIE3R2WE X 15 74 &35, POC (230 (H
By F TR, NSy T ERHWLILETT—Y)
TR OB L B 5O RO B AW 2 T
Wh NV TETIE, B5ROPSVHEIRIC R 5
2Lk, POCIZAD CFEIIBWT 32x15 BiFED
74 Y FOIEENL R, oIt FET
AV 2 16x15 D™ 1 > R Il& T I
HBF 5. POCIZHED CHIBMITIZBWT, Lo
NI A= HHVD L, —64 ~ 64 BIEOHAEZESR
THIENTES, T, £2ITRTEETIZBW
T, FEZEM] 1T bm~ MERRE ICHIMN T 4. BHAEmGO
75 A% v 7%, V-disparity Wi{£1230 { F: (7]
BT (EHAEEO I A5 ) v ) BRIV,
V-disparity W% (2820 < FHE, FHEIRRKICZ S
I T A= 2 HET S,

F3, W Er IR VI DOETOME
T 5 FOFHZRT. ZhEhD 7L —L4LT
MR ETHEEY I LT FMHEEEHL, 4300 7
L—2 (50 7L —24 x6 ¥ — ) OFHEHET 5.
B, BEYERETE L P77 L—20 FHIZ0
ELTW5,

9, 7I7RA5 ) VI FHEICER LR EEET
5. BEEYE TOREER AT LA WG OIS R
2 & 6F, RETHI, V-disparity Wifgi2fko< 2
FGAZ) v TPHFEIZRT FEOFEEIRE W, §F
12, BREEATE C 2 B12oN T, FAEDOTHDEIKE
(o T0h, ZOZLhd, RETHEOIEEEY
ZIEMICHIRTETWAZ %0 s, $7-, M8,
POC TAE L2 HARZIZH LT, Z2hZhos T
AL v FRECTHEED BRI L ERO6 2R
V-disparity Wif%% H 7z Fikid, EHESEVZO
2, EEY LMD OHEE LD 5T 25 L <,
MEEYE KREREHE LTRBLTLE> TS, —
FT, REFEL, EEWLEARLR EMEICHET
ETHBY, FHEIRE,

RIC, BEAAFTICEH L CHREEET L. D
TCUE, RETFETHLHFHAHEBO I TR ) T
BHWBZ LTS, R3S, HEECLST, POC
THER LEENGE LWL 0% L FEFKE
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#3 FHOVH (LB (V) @ V-disparity BEi{£1235<
T, TB(P) LIRETH)
Table 3 Average of F-measure for each distance (V:
V-disparity, P: proposed).

Distance | Clustering | SGM | ELAS | NCC | Proposed
Short A% 0.7085 | 0.7659 | 0.5357 | 0.7207
10~40m P 0.7385| 0.6791 | 0.5916 | 0.8145
Middle A% 0.3448 | 0.3379 | 0.3920 | 0.3201
40~70m P 0.6848 | 0.6788 | 0.4743 | 0.8105
Long A% 0.2032| 0.1674 | 0.1364 | 0.1620
70~110m P 0.4189 | 0.4390 | 0.2143 | 0.5493

8 [EEWRE OH : (a) V-disparity BfRIZHD 7
FAEY 7, (b) ’EFE (MHHOTOHHEIZ,
FEEY $ COMiL FAEERT)

Fig.8 Example of obstacle detection result: (a) V-
disparity-based clustering and (b) proposed
clustering (values under the detected region
are distance between camera and obstacle and
F-measure).

(d)

9 REEWHHE OB (a) SGM, (b) ELAS, (c) NCC,
(d) Proposed (#ili#0 T O¥HIE, BEYETO
HigEE Pz R

Fig.9 Example of obstacle detection result: (a)

SGM, (b) ELAS, (¢) NCC and (d) Proposed
(values under the detected region are distance
between camera and obstacle and F-measure).

v, X912, FRENRDO AT L BEEEfH T TFET
FEEY 2 M LBl 2 Rm 9. RO REY O
RED DS, HilifEoREEY WML POC & Hwv
EEHNFEIRDREV, K10 12, K9 DEE
BV Em S % 79, POC 2 WA R L
7o, B ES A <, 40m ARJE O HhiEET
b EEYFEIROMAET RO L PICHEETE TV,
M 11 ICRETFEZ W2 L E OB REOB %R
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10 9 DRIIZH V2 EME [ (a) SGM, (b)
ELAS, (c) NCC, (d) Proposed
Fig. 10 Disparity image used to detect obstacled in
Fig. 9: (a) SGM, (b) ELAS, (c¢) NCC and
(d) Proposed.

(e) Scene 5

(f) Scene 6

11 REFEZHOZESEYHRB O (Bilifko T o
Bk, BEDE COWEEL FMERT)

Fig.11 Example of obstacle detection result using
the proposed method (values under the de-
tected region are distance between camera
and obstacle and F-measure).

F. DE2S, POC (2D Mg infl iy & S5
WD AL v TR AL IREFED
b IEHEICBEEY Z BRI CTETWD I LG 05,
4.4 AIRERS O FRAE
RETFEOUAMBEOFEMZELT, VTIVI AL
WHEOTRELEIZDOWTELE T 5. REFHE, defd
VT %479 FeE T ORI R ASKTE T AL B2,
BCiE T AR OMEZBICT A2 LT, ERTAH
FEMG A /NS L, MPRIRER 2 RIRIC AT 5 2 &A%
HECH D, —HT, BEBEINE L RDBIET,
BEEY OB AEEDS T T AN H 5. £ 412,
BAEBGEOY 4 X (RETOH) %E272L Z0RE

F 4 BEEEOY A X eZE2 T2 & & OULELIER
Table 4 Processing time of the proposed method
with changing the size of disparity image.

Size of disparity | Total | Correspondence | Clustering

image [pixel] [ms] matching [ms] [ms]

1,280x 960 36643.1 31122.9 5520.2

640 %480 8579.1 8076.4 502.7
427x320 3610.9 3496.6 114.3
320x240 2050.9 2001.6 49.3
256 x192 1339.9 1314.1 25.8
213x160 963.5 945.5 18.0
183x137 733.9 720.5 13.4
160x120 542.5 530.6 11.9
142x107 429.6 421.1 8.5
12896 360.0 352.3 7.7

F 5 BIEBGOVA X%z 7-L &0 FEOEAL
Table 5 F-measure of the proposed method with
changing the size of disparity image.

Size of disparity | Short Middle Long
image [pixel] 10~40m | 40~70m | 70~110m

1,280 %960 0.8145 0.8105 0.5493
640x480 0.7943 0.8215 0.5583
427x320 0.7843 0.7892 0.4893
320x240 0.7816 0.7462 0.4722
256x192 0.7491 0.7388 0.3566
213x160 0.7448 0.7118 0.2716
183x137 0.7079 0.6559 0.1624
160x120 0.6616 0.6280 0.0759
142x107 0.6253 0.5785 0.0310
128 %96 0.6286 0.5667 0.0272

FHO MM %R T, BRI O K EATA T LA i
BOMIEFIFTH Y, AT OEBEILAAT K TH
B EDGHH. AT LA TEOITITE, HEHE
T L IALBERATHT. L T CHEFLEE AT BE T 2 DT
Graphics Processing Unit (GPU) 2 & % il 59423
WMRTH D [19]. £ 512, WEMEOF A X242
7oL EOWETHO FHEEZRT. HEBEIVNS {2
5IIERIC FAEAVNE {22 555, Short & Middle
12T, Long DL TFAE L, Zhid, #VE
G L L7k &2, BUIEMR(E B COXSHER Ok
(B ) PAREL hoTLE W, SHEHEEO 7 5
AZ ) T VT HIEMICHET 2RI T E v
OTHA. 3 3 IR L7 V-disparity Bi{EIZED < 7
FGAL) v S FHE BT 5 &, HEEB{EOY A X8
213x160 M#E L A E e &3, BHEHC XS R%E
FHEOFDF EFFE. 2L, V-disparity Hif£12
KoLy T A5 v IFEEA, 1,280%x960 MiFEDOH A
W% EHNTWLOI4 LT, EFEIE, 213x160
WHEOMEM G TS EOMREEET S 2 & 2RT
DFY, HERTHELEBLT, 1/6 DA O
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G0 B FELL L ORE CREFEPHEME RN TE 2
CLERLTWVS., REFEIZBWT, V-disparity
FEIC DI s 925 ) 7 FEL DS FESE L
M0, b WHEBEOY A4 XAVNE VDI, 213x160
WHEOBREM G ER L -HETHL., ZOLEDR
HIREIE, £ 4 LV, 9635 ms THDH. KX Tk
FKLIWRLZZE)IE, WEEREN 7oy e Hva
Z LT, HLAAER IS WVEMESRED b & TRHMIi%
fToTwh, EFHERLY, T0m GoOBEY % M3
LI EFTEDLN, VTN A LTEEFIHIRT S
7o, FR T T OB A D S LB
®5. GPU ZFIH L7 FIIIC X 5 & k721 T
372K, TN RLDUEE GO T BOREL %
ToTI TNV A LA ERT 5 2 LASHOME
Thb.

5. © ¢ U

KEH LTI, EEEPECEH AT LA A T2
L7zBEmt P e R L7, IRETEE, (1)
HBREH B (Phase-Only Correlation: POC) (24
O EREE % AT VA WHEORISAT % v 7w
GOERE, (i) Mo HD  SEMEHEEO 7 5
A5 Y TR MAEbE DI LT, MEEYEE Y B
JE7e CIEREICHIIE T 2 2 LS RETH 5. MhReEEAME
BrzmEL T, EHEDEWAT LI AT RV E
X2, 100m SCoOEEY % EEICHRHBTE 52 &L 2R
L7z, KT, BHEPEWAT LA I XTI
HELTCGEmE L, BEEPRVWAT LI AT
THHE L2 12xF LT SGM ® ELAS % H v Tk
LM~y 71E, POC TIER L7z~ y 7L
FREORETH LD, FHAEIBIDO I, TAY ) v 7D
MK L, HAEDHEREICRE CMKIET 5729
LR~ Y THE S NAUE, IEREICH 2 M §
52 EWTEL. RENRVIGAL, FHEHEEO
75x7uyﬁf$ﬁ@m%ﬁ5& SGM,HA&
POC OWFNOBAETHHRBKES RV Z & & F25R
%sﬁmbfw%.éﬁd,EﬁZTViﬁX5ﬁH
O T FEERFT 5 £ 2 b2, KR AT L
F WG T — & = R &R L CRESRIY 72 M R S 525k
EIT)TETHA.
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