AVEL—FE v 84— 6
(1993. 7. 22)

CBETA—HAEGEAVWEI Y JRH & IEREHA

®E EL OBE AR ARl BT

T IR T IE R TR
LB ¥R ¥ —

FRILTIE, L LRV BT 2 ERES [ ORBRE LT, AATF07 +— A A%ERMICTLEELIOBEL

IEBBOER (FET + —H AER) EHRE LAWROKST V) X8 %RT. $ERD Depth from (De)Focus T

BEOBATHREICET Ry OFF FENZ CBR EN TV, FMETREET +— » AEEFBET 5 3 KT

EGEROREFEEL Y PEFMCESWTHLMIIL, Ty VHEOFRI BAP oLy VD2 RTEMNBEL4ET +—

HAME (3RTCHM) PERECRETELILERT. FRLTR, FTHATEFMCETOCESET +— D AH
BHMOBEZOMAIT E Ry DEFMEEFT S, RIS, FE7 +—H ABERICBI B2 HEIES% 7 #—H AWFEIC

AT L7 accumulated defocus BN F O 7 0AEE LTIy YEFREICHHTEA I L2RT. 2512, MBLES
Ty VRO 7 & — H ABHEO K r 25{b % 7 spatio-focal WiE#ME L, FOWMELTEET +— I ANBLER

BERDZLDOT VLY X0 RT. BB EOFRIESNTEREIT, RFEOFHUERIIT 5.

Edge and Depth from Focus

Naoki ASADA!  Hisanaga FUJIWARA!  Takashi MATSUYAMA!

"Department of Information Technology, Okayama University
!Industrial Research Center of Okayama

An important problem in computer vision is how to extract the reliable scene information from images deteriorated
by noise and distortion. We have been investigating integration methods of multiple images taken by systematically
varying camera parameters. Such integration enables us to extract the reliable information which cannot or hardly
be obtained from a single image. In this paper, we give deep consideration to the camera parameter focus based
on the optical geometry, and propose a new method for the stable edge detection and the reliable depth estimation
from multiple images taken with several different focuses, multi-focus images. The multi-focus images define the
three dimensional geometric space with the x-y image coordinates and the focus axis. This paper first discusses the
fundamental characteristics of the focusing: the pixel correspondence between the multi-focus images and the change
of blur according to the continuous modification of the focus. Then, the multi-focus images are analyzed along the
focus axis to yield two types of images representing integrated information; one is an accumulated defocus image whose
zero-crossings correspond to edges of the scene, and the other a spatio-focal image with which the depth of the edges
can be estimated. The quantitative evaluation of the experimental results shows that the proposed method realizes
both the stable edge detection and the reliable depth estimation.
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2. DTFO&REEEZTLEVEDOR (v, ws) T Ly, LM
FREFRFLLUSWEREL, Ml S AFERO%R
HERD D,

Ll &
Lol L & il

a)l:Lx—‘(s
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2RL, O<s<bzhara, 7, LawEREy,
o LWFERTIRw L ELOREEFOENEL 1 TOEZ 0
ohﬂﬁmfﬂquO%&%ﬁOT¥§1%0&%0
s

3. LB XU LAOMEERORRSE S DELRR K
AIHLT, BN 2REICL2 2HERAOH THOETY,
EOREERDE.

4. DEESLTOEEE, LROMEEHYET

5. R 07 6DETROLREOFHNE 2R, 0wk
BEELy VHEDAET A —HANEBvETS.

CDBET A —NANBHRET VLY X LTI

o HLEVEOMIZE o TR W ARAAREITH LTR
NIRETERLEDTIIDS

o WO LEWEDKTHALRL2
2RDD

TEitkoT, JAXOKELZF A RECHRE L EE
BHZERL TS, &8, ELEAVEOHICL>THLAL
REDMEBEOLEBEANT, BE 74— N ANEBLTFLy Y
NBORESLEFENICHEMET I LATES ().

ERORADFHYHLE

4  FER & AEEERTM

£8I2i2 RGB3 3\ CCD ¥'7 4% A J SONY DXC-325 B
XUV ¥ X Canon VCL-810BX % fl\vy, EFFEFET 1V ¥
MEL, BESERES Ey b, BERY (X512 x 480 MEDT 1
Ty NVERES. ERIZENTTV, BIEXIIEEIT A
L. 37, VO XOBSEER R LTHESOMEER
FEEBLDI, KD IFMAKRD 1412, X—AEBAD 80mm
KERFREELTHREL:.

COEBRETH AT XY YT V=Y a v Eff, AXT
BHEDNT A= LT, B—OL Yy XL LTOBIERR
433.7mm, EHEEMELTOREES (FOE) i (209,271), # X
SEFMOVY LB LERON AT LY XD MO

B (ML~ X) MO8 703.9mm, &\ ERE2 [14]

41 3E7+—H IEREAOWR
B4iRT &S, '

EESNSEE (M)  EIrE, FirE
EEMHSTEE (G)  ELXE, TirA

02 RORKLEE, FNEFNUN A5 LY XDOHWHEP 54 2.4m
L#5.9m OBMICE R, BEREPROMBED occluding edge &
2EHCMBLAE. RBEMNRFER, BBLEANEEE
AL BV, ‘

7 A=A AREREP S 1Sm TTT+— ARV AR
2L C 0.05radian & & KR L& ¢, £5T 31 KOERE
Role. BONLSET AN ATRDS 5, RERNRTES
SR BEMNREEANZAE L 2o ROBEREH 5ISRT

w = f(8 = 0) DWHE B(z,y, f) POEBEEICH LT, KK
B7:FOEDMEBL (2) X1 btEEN2EEDOIAE m ¥ H
WTHET 4 — A AEGEFOEEOMEAT 24T o7 B 4P
DIy T 4EHEOAERMS L URHEBAON R TEEICH
LT, 74— AMFHOBELRLEROZAERELE6ITRT,
FicAoiBAEERNIC, TISNoMERERMIcaN L,
EFRPNROMBOEE L REEREIRIL, KFRICLoTHE
La7 =N AMFEOBHEELHET S Brasetzown) (W)
XLTWE, ZORPLHMPB LI, 7+r— A AEICED

occluding edge

near far

4: |REATR

B 5 $E7 +—HAER

intensity
150

00 f v Wrnax

6 74— AMSEOHEELEL

RoT, el kS RBEENELTSY, FREME LR
NTSITIHRRAZET + — H ATREOFOBHE ) T (RA
B EIRETHS.

4.2 Iy THRHEER

WY LSBT+ — D AEE,S I2TESAT AT XA
12 & o TR L7 accumulated defocus Bif§ % & 7TISRT. v
T, ¥9 accumulated defocus WEP,H ¥ 7 0 X5
2FY, KICHEX¥D U ASOWMMUMTERETAFRLORKIREIE
FHAN, TOENLEVHEEBAZE YLy VRE L (B
8). 4ENEHTIX, ROSWEEIP LV y ¥ 2(H 4) BB
HTEBE9, LEWEeZBRELRS 28¥us0Xgo
KT, BEEOFSORERELAERMEAND 2 2% E
OZUREELTHRIELTWADT, Ty VIRTFY 2 BHEORE
¥HFOI LIRS,

Ty VERICBWTRI4NI Y ¥ 1, 3, 4, 5 IZIZIZREFICRE
SNTWEY, TyV2irTyPl, 3 0% 5 ETHAIR
BERTWEW, Shi, Ty Y 20WBTCIRBEZMIEA

Saccumulated defocus BRI FIEEFORKE TR ENI DT, cDE
Ry VDIV TR TRSET +— 7 ABROBIBOEFT 5.
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7: accumulated defocus MEif§

ERKEF LA HERIMATHIDIHLT, 2y P2
DLTHATRE4ANELBIVETORFABNEF B LI
LoTHELLKREREBELLNL Yy P 20@ICEBL, Ty
2ORYLHERLIRBCE LR R oI L MERTH 2.

=7, REMNRFELOT Y ¥ 5 DEHEBTL, occluding
edge IZEVc®, T v V5 DA (K 5KEH) 21 occluding
edge DK HEDHT % E, occluding edge DAHEF (B 5
BER) ISRy 5 HEWERY, LO7i—HAREBTHREL
THLTESPBRUER2HEHTHD, LiL, @8ho5h
25912, ) LABKEEEE{BORVEBIPL LTy
VEIFRBTAIEHTETVS, TOBHIRRO LI
oD, Ty V5 OERBATHE, Xy Y5 EROKESE
1bi2 occluding edge 2 & 2 K 2L ER L 22 BB EL/LAEM
ENABTEIIRB. LL, 32TARNLIy YRET LTY
XL, occluding edge 1= & 5 KX E{LHL v XRD
BIEEMIEICL > T) T (PR EN, v ¥ 5 XROFFE(L
¥ accumulated defocus Biffg & LTIRASGNLHR, v Vs
DEFRBALIEL Ty VRL LTHMBTELLEIONS.
BIZZHLAEBATOLy VRN T {wRIER 2V,
accumulated defocus Ei{% % IR T 2 ROBROKES 2 H =X
LXMEADEIH L CERRBHETIRICL TV 2 L it
LPThHS.

4T, Ty V4R y Y5 ERPLRIRICH B, Ty
V4ILEEENRTEHEEDOT Y Y CH D, occluding edge DA
i (R SER) LA L 220, SRBIICE-TREICTY
TR ERS. ‘ .

4.3 TEMEHAILIE

FEI+—-NANBERDLDIZ, I8 DET Y I HIC
# LT spatio-focal EZZER L. BT, w = fOH
% B(z,y, /) KBVWTZy VAR BLRIY VL EXT A S
icHE 16 BEOMRIT L WEL, FiLk spatio-focal TiRIZH
Jo2w=fCOEMEsOEE L. Shid, $EHBELL
accumulated defocus B{ICHEWT, ¥ 70 AEOWHPYTH
BEERENTAREVHELSUEL boTn 2,

SEMEEHIE: L L TR, 33 TRRAT VT X ALV, £
STAVS LEWEST A—F bix, LizLag) 16%, 23%, 30%D
JTEME LA H4Dx v ¥ 4 LD EICHT 3 spatio-focal B
#BOFIE, 16%D L EWETHON 2 ERERIITRT. &
DEDPLGPDEHIZ, ROL2EFORKEE LTH% ) IERE
RAET +—H ABAEEERTVS,

4.4 ¥EETE

EROREFML LT, K40 1255081y JicHt
LTROERDOFIMa L T REe, ® E LISRT, 727251
TvV 1,3, 4,5 REMRLY PEF VSR TAERES L,
Oy VOEEEZT HRBHHT TEHELA, =y Y,

9: spatio-focal B LDEHE T + —H AR

¥E% (mm)
2444 ................ i ..A.................................;..-}-t:r::i..'
ol
2409 | |
Iy¥1  occluding edge LONE xTv¥3

OB 10: MR RTE ORI T AH &

3, 4 DHERWME, =y VTR OBEEIKAE (K L5
PITXADT, EREEN SmmBELER I NEFICHRE
DEMETUI TR TH D LRSI, —F, TvT1,3,4
DIRERST TIIHRAED 2 ~ 3 HEITHAL TS, Thi, 18
DLy PERETIABATI, 74— ARFHOBERL
PEBLY VEFVERZ2TVBLDEEXLND, $it
TyV2BEUTYY 5 OEGRSOERIURRER, o
Ty VEERTRREL R TV EER, v Y2 30E:
2% { spatio-focal Wiz B} 2 BHELEALD S/N AHET L
TW3, Ty V5 REEIR(RAI LI o THRIEEEDG
AWHEL R D EROEMFRREIET LTV, 2D ThHBE
Exbhh, Ty T5 OEKESVERIITREL2oTVS
DIk, WEEFKEL, Lerbzy Vs 0Ky LRESEY
RYOEBAOR s PELII L2 TERZ Yy VET ML
HRESRL2PEELERT O EER birs,
LyP1,2 38,4006y XL EEESRFHBOERENT
1224m ThH B I ENFH 2, BEREIVNE L BRLEOR

£ EE#E%ﬁ!_MS LUy I B ORI

Tyd | xyY | B (mm) | U (@E)
5 =3 oy i | o,

1 (E#) 153 | 2412 | 5.4 | -0.29 | 0.56
1(T#) 57 | 2447 | 18.9 | 2.42 | 1.49
2 72 {2463 | 57.2 | 0.75 | 1.15
3 (L3R) 34 2429 6.2 |-1.50 | 0.50
3 (E#) 145 | 2441 | 3.5 | -0.63 | 0.62

4 (HR) 425 | 2431 5.1 | 0.11[0.71

4 (5¥) 20 | 2450 | 16.7 | 3.15 | 0.85
5 (E#) 282 | 5826 | 20.2 | -0.30 | 0.49
5 (55) 86 | 5346 | 787.6 | -1.33 | 0.88




VESEORAT Y U1, 3 OEKHAE & HIC 20 BERE
ORBIHT, EREFRORMAOTHERE L RERE L RD
72, BRI COTHIEM % F\ T occluding edge IZH o 7 ¥
OELERRLHER, B10CRT &) ICLEESRFEOL
BETHTRL Y X5 0OERICH 35mm OEHRH D L*
REN UL, EEMNSTEML  A0XMISH LTS
SEBHEETHLZL, DFMCBAVTVWLDEEILNS.

¥7:, £ v YV EICHIE L7 spatio-focal Elfg L TRDA 2
HESOXEOEHER s OXBERDZIEICLY, =y Vi
WX UEMEHIT V) XADRERLFMET 52 LATE
3. RO, £x v VAP 5RO spatio-focal BIfRICH
W, BR ot LEWHSTRD 2 2EEOXRADOERMER s
DO EFRERRD S, Ty VRIS L UEEEHIT VT X
LAHESICERICEHELTVWRIZ s Bz 0 L 25, H4
D1DS 50Ty VITHLTROZ s BEOTHMHs LR
REo, 2 R 10EMORISTRT. TOREDPS, RO EHE
x5,

o KOEMHCEREMOEP Ty V2, 5 bEOLT
RTOLY VI LT, s BEOFHME, T742bDb accu-
mulated defocus WEDET F D AHE LTRDILY Y
{78 & spatio-focal Bif§ LD 2 HMBDORHL LTRD
Iy VHEOTESMET 2 BXREE, ERESTLIE
FZUAIKINE o TWwaE., Tiud, Ty VBFEY2EE
ThaIbEEZL DL, accumulated defocus EigED+
Oy RAHICE o THEICEREIIT y JHBIRDS
NTnB I L EEHT S,

o s EEOERREEZ, spatio-focal Hif§ ETH 2ERNK
SREDREREFRLTEY, wFhoxy JicHl
néEﬁﬁEﬁ#ﬁL%é(iﬁk&ﬁﬁ*gféLM
BOHFPDB.

5 F&EH

KRL TR, $E7 +— A ATEIRET 5 3 RTHEIRER
OHRICDOVWTERL, 7= A AMFNOHERTICL T
REELy VREE L USREZ BRI TIETHEILE
ﬁtt.quu,$$E®%ﬁt¢&ma%Kowr%ﬁf
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(1) By EF N

ARRETIE, f#%f»&—&%&ﬂmmﬁvaﬁbm&t
LTHE7 + - W AEROHREHS ML, TOFUHD
DRANE 2R IADHEEX D L, accumulated defocus
Bfg kT 20 ERMES IR, R 20(FEERE) £H>
KWy ARECIZP ENAEFROERHBEL WA LI,
DOG(Difference of Gaussian) 7 4 V7 IS T2 EEILR
5. IR (15] TRIDEAFIETVT, SEMICRYLLE
REbLTPET LEREOEI LTy VRIEFTETHS
ZLERLTWA, AR TIRE L accumulated defocus
1213, EXORL 2 DOG 7 4 VF THLNALEREMEER
LbDilE L, EALwIFRRHIC/ 4 XHVRETH
bR BEREREICL o TEEML TV A ESFRERRETS
3
(2 EBRTy YETFN

KR L TRAT v THROBELRILEFOERLy VET NV E
#Zxf, LALEKRXCRELAT VT XA, HEIE
Bry STHRALEEOREZFOTy VTHY EXTHIE, E
LA Zv VRRBTAIENTEL, TOHSICIIHEESRD
thai® accumulated defocus HifgO ¥R 270 Af LY, =y
SEELTHRIBERBEZ ISR D, TREGE TRV Y Yioa
LTH, RICHEB~3 7 4 — 4 AMFEOFEM ZHBEEILRTIC
roT, ERRICHEHG L AR5 7 +— A AHEE KD, £0

HEATT VT XAZBATSZ LISk o TLy JRIBHFT
L RBEEZONS.

(3) 7 # —H AW O HELILIET

8 IZBWVT—E DLy VAMRHC & 2ho/zh, RUTRL
Xy VO—HTESHUNORENMET 501, =
TEDIC3OULOERIFEL, FNLCOFEIBEVCER
FTEIEICEoT7 #— A AMBHOREI P EILT 272
BTHD, ZOREEBRT BT, 74+—hAWEEOHEE
ZAL R M T2 LIk o T, KB THEI L 2HRT
BENAERLY VEFAINSTREL 7+ —h AREL KD
NiIZEv, EE, 8B TRHTE R o7y V20—
X, RERRETAT7A—HABEEZRYICEFETHILIC
FOBRETELEIICRAEEFHRLTVS,
ASHREARCTIREL AT MY X 40 L YRR
L ERR Y- Y AOBATREICOVWTREEMEA 2 FETH
3. BB, FRRO—BEICHEHEFRRM & (—RFFR
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SE

[1] BILET: SAOPEIFROKS, E%fﬁﬂﬂﬁ#ﬁﬁ Vol.74,
No.4, pp.349-353, 1991.

[2) RE&HL, WILET, ZAER: SERY 1 7 -BRORR, &
LTI SBEE, Vol.32, No.10, pp.1338-1348, 1991.

{3] Jarvis, R.A.: A perspective on range finding techniques for
computer vision, IEEE PAMI, Vol.5, No.2, pp.122-139, 1983.

14] Krotkov, E.: Facusing, LICV, Vol.1, No.3, pp.223-237, 1087.

[5] Darrell, T., Wohn, K: Pyramid based depth from focus,
CVPR, pp.504-509, 1988.

[6] Nair, H.N., Stewart, C.V.: Robust focus ranging, CVPR,
PP.309-31¢, 1092.

[7} Nayar, S.K.: Shape from focus system, CVPR, p.302-308,
1992.

[8] Grossmann, P.: Depth from focus, Pattern Recognition Let-
ters Vol.5, pp.63-69, 1987.

[0] Pentland; A.P.:' A new sense for depth of field, IEEE PAMI,
Vol.9, No.4, pp.523-531, 1987.

{10] Subbarao, M.: Parallel depth recovery by changing camera
parameters, ICCV, pp.149-155, 1988.

[t1] Lai, S.H., Fu, C.W., Chang, S.: A generalized depth estima-
tion algorithm with a single image, IEEE PAMI, Vol.14, No.4,
pp.405-411, 1992,

[12] Ens, J., Lawrence, P.: An investigation of methods for deter-
mining depth from focus, IEEE PAMI, Vol.15, No.2, pp.97-
108, 1993.

[13] Nguyen, T.C., Huang, T.S.: Image blurring effects due to
depth d:scontmuxtles Blurring that creates emergent image
details, ECCV, pp.347-362, 1992.

[14) BEHR, BILRTE: $ET +—F X0 7 —EROMAT, BRO
2 - MY RV Y A MIRU9?2, pp.1145-1152, 1992.

[15] Zhu, Q.M., Hung, Y.Y., Tang, H., Shi, D.H.: Edge extraction
by active defocusing, Spatial szmn, Vol.5, No.4, pp.253-267,
1991.



