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Real-time Depth Sensing from Multi-focus Images

TAKASHI MATSUYAMA' and GAKU TAKEMURA?

This paper first describes a novel algorithm for real-time 3D depth sensing from multi-focus
images (a set of images taken by systematically varying the camera focus). Whereas the for-
mer algorithm proposed in Ref. 5) required lots of defocused images, the proposed algorithm
can compute accurate 3D depth from only three defocused images. This improvement is as-
cribed to the use of the global symmetry constraint to evaluate the brightness distribution
in a spatio-focal image generated from the multi-focus images. Moreover, the introduction of
non-iterative optimization enables fast execution of the algorithm. In the latter half of the
paper, we develop a video camera system which can capture three defocused images simul-
taneously. Using this camera system, we evaluate the performance of the 3D depth sensing
method. Experiments show that while the accuracy of the method varies depending on camera

July 1998

parameters, 0.3% relative depth errors can be attained under optimal environments.
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Fig. 2 Multi-focus images of an ideal step edge.
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Fig. 4 Aligned spatio-focal image.
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Pjs : a3z + ba(s0 — jcooz (w2 — vo))
Pje : a3 + ba(so — jeooa(ws — vo))

b, ZOFR, R (24) OFEBEITKROL I

%h.

j=li=1

L+ 2
[{ 1; 2+j5“(li—bi(30+jCOUi(wi‘“'UO))}

nLi+I, . i ’
+{ 1‘; 2 _]5_a,-—bi(30~1000i(wi“vo))} }

(27)

3.6 m & &
X (27) EBMET B vo, s0, co IREITRYICKRD B
ZENTE, DTOXHich s,

4

3 3
E ogibiw; E bzw, E E ,2 ,2
vo = i=1 3: ;:
Z*me 2 i
i=1 i=1
“IQZ Z
a;b
< So= (28)
2
bi
i=1
3 3 3 3
E b?E oibiw;— Uib,'E b?wg
_ i=1 i=1 z=1 i=1
Co——é 3 3
E b?w?é b? E bzw,
i=1 =1

\
EXERDB L XL 01, 03, 03 ’i’zsﬁ(k LTw3
tb K9 DBAFITIZRDEIIZLTIHH. 458
BEIOWT, 2hEhK (28) R HVWTAETY Y
fiﬁ (vo,s0) 2ETE L, K@D S DEE®‘ADET
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LHODEMET S, REMIHELONLZ S O, B
DIFEZRLTWD,

753k aligned spatio-focal HEIE & 5 2> U & S
oLy VRl RLNERTABDTHE. Lz ->T,
HHEL Y VNE (vo, s0) FHEMM LG EIZIE aligned
spatio-focal W& Zefii Fiofr&E L, BT — &%
EFAPLTNEEH ELLTNS, DDA (28) T
S AN so DEHIE, COBEFOBEBIT LY
VIRINOREEEERL TwB I &Ik 5. FHlliT AT
L0, FEOTOT T ATIE SR so DIEE FVTHE
FIZL By VEOKE - BEEToTWA.

4. BET+—HAAATDREERE

DLEdRA7z7 VT ) R b v C SRR SER ] R
FHEAT ) I, 3SKDLET + — h AW§E FIRIC
BETENAT VAT INBELL L, 20200
FiEe L TARZETIE, 3CCD 4 A 50U Ex £ 2
7. 3CCD # A5, R, G, BO3IDODHEETZN
FRBDO CCD THET AN AT THDL., LI2E-T,
CCD D HHDAEF B2 S SR E
(74—HRA) HBEL, 74— ADER L 3HD
BEEARIRHCIRETE A, ZOBEBMB LU RIEL 2
ZETF—HNAHATOEE#K 10 [Z/RT.

4.1 ZBET7 3 —HAHATDEE

BRLI-ZETA—HAH AT HED 3CCD ¥
FAHRATERBLIDDT, WEETF 1/3 10 F
CCD, BFHEH : 768 x 494, KFMEE | 750TV K,
W RGB, <.l hoTwh, HENA
RGBYFAEFEEEH RCGBE T4 X v 7 F v —
FIiZkoTF A4V oM THILICEY, FNENN
640 x 480, 8 ¥ v b D 3IMDLE T + — F AWEL
Hmonhs,

GETA—NANATEHETLIZTROIEE
LEHE LT, 3HD CCD D2k EiE, 20
CCD 2T 6T HA. FLICTI POV
PEETA7ODOAT R RERSEAH T LX) YRy
2 CCD WO M@ BE S, RERE#ETNZ
ERTLOIMLERITTEYRESE S CCDOTR
DRESEFL, 3K CCD % 1mm BET DY
S kv v ERLFESD,

4.2 BEI+—HABASDXxvVITL— 3>

GET F—H AN AT % HOTHEEIET) )2
T, FHICEHIL TB2 R SR SR nh AT 8
A—=F L TRD6DOVH 5.

(1) K CCDDEET +—H ABFZEBANTD T +—
i A O E

7
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dichroic prism

10 ZET+—AAHRAT
Fig. 10 Multi-focus camera.

(2) & CCDDEHET +— 7 ABGEZEHNTOZEH
TR DAL E

(3) BEBICBTHBOIKE, P LOME

(4) WEEOBOREAEE, B

(5) # CCD 1237 5 ERM Ry &

(6) HCCDDTXAY, NAT A%

4.3 ZET +— H XA H AT OEREFHE

J:%B(Dﬂ% YT L= a v ikiTolztk, HHLER
AT STy VeI E R E L TERETY,
BEEEEHM O REE SR L 72, LT T, MR EToOl
¥4 u, R, G, BOCCDMWEEL L LEMR Fh
N ur, ug, up EBL. B, Fy YT -3
VB LUPT Tl 2 HEEEHEIZEER, - 3R FEAE 3
Bk 7) 2 BHL Tz &7z,

I~ X% Canon J6 x 11REA-IA-II X—24 L~
A (EEHEEE 69mm THEE) AV, BIFHK
(1:16) £L72. Ly X073 —H AHEY 607
FELzE EOWBENIREREE LT, B11 253560
. ouw=200cm & L7z & XORFIFEE RMS ©.5 —

AR 1 1 DTH BN, MR B AI10I3% CCD I
W BERW R IS RODULENDH L.
s up = 337cm, ug = 194cm, up = 137cm &% 57 4 —
=
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Fig. 11 Result of depth sensing.

T0.8%, u = 150cm ¥ L72% %12 0.64% & %> T
W5, up < u < up OXEEHTHEIEL, <D
KMzid¥hs e, MBEFEHICELLTYS,
LaL, CRIIEREMEL ROV, 2885,
VY ADEEERR 7 +— D AREZBILIZE ST
R, ug, up FEZDLIELNTEL () 720, B
ELIVEEICE o 7B EER 7 4 —h A% BUE
LV LTHA, F/2, u>225cm TRENEED K
ELBoTWAEY, TNIISHBOIATEY )T L—
YarORBIZINFRTETHL LEZTNDS,

—F, 74— AEBEE 220 IZ*REL, u=T5cm
& LUTHEMEH LR, HBRERRMS 25 —T
0.32%L %), REOBEI RN,

VVADT =T AREEGEILIZEoT, &
DY AT L THEESTEBHEHBERED L S 128D
%12 \RT. TR, BRI ROMET
FED BRLLT I % 2354, HESTHTETHS L L
TWa, HEiZL >y X0 7 +— 4 A B, #Eiies
FToOHEEERT. 4, Mbo3ROMBREAE
N ugr, ug, us ZRTY.

AELTREL:, BRAT Yy Ty VITBIT 51T
FEFVERIE L -EREENRE R, v—-rvhoxy
VHERTHRL kB L BET Y DOIRTENEVICER
DEEEESHRIASTE R D, 22C, Ty VHRSY
DOREE CTHIITEREHNI T TH 202 HFHD
729, FEEICH BOLEFE»S 2 2 HERETRH
& EFROKRESIBLIUFEHE COREMEZEILESE
BASOEEMETERE T2, FOKE, K12 24
DEVVADT 4 —H A% ) FLFAETHIZ, 200cm
BENn-FELECTTy DHEBEA Lom BEM EdHILTHE

* up =99cm, uc =82cm, up =73cm E%B T+ —HR

HE.
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Fig. 12 Range of measurable depth.
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5. b VI

KL T, SMOEET +—h AWEL S KEE
BefbPIEBEIC3ATERHET 7L TY
AL%ER L. F/2, SHOZET7 +— ) AEERFE
BICBRETELAIAT VAT AR ICCD I A5 %%k
ETHIEICEDERL, HHEIFRS 0.3% & &
N7-BEEEETAST a2 2 2 FEEL 72,

SBIEBDTORICOWTHRE, B+, £&
T A= AN AT % ERR 3 R %E
DERILZBERTFETH 5.

o EFTHICCD I AT . BENDEET+—HAA
ATTHE, BEOGHT VAL EFHNTWD D,
ASHAR, G, Bicaktash, EEHHINRA
Bt TR SN TVAEASICRER T2
ZNIZDWTIIHIE, RGBOX2TThEVEE
TA—HAN AT ZRE - BEL TV,

o FASEEIL I BB LN TWA T y VKM, st
HBEEIELCHREOV D DTIILL, B AT
Fr YT L—artEb¥dT7VITY LD
LAY REFILENDS.

o S L HAEDHEEE#1X, DEC ALPHA
(400MHz) 2HWTH 035 B2 doTHBY, ¥

AT, HRETOERELTL Y XD7 +— 5 A 2R
L, 3D CCD D)L, hikd GreenCCD 5% & 9 Y&
ERBENCTDB. 29T B L, 400cm BOMBFE2cm DLy
Y, 100cm DM 0.5cm DIy Tk wo B R 2 FEox
ROBEREIHN D,
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FAL— LB TETH R, LAL, 785
5 L DY H & DSP R FIRE ORI =& 2 id,
1/30 BUANTORE*RHICERATEL EER
TWwa, Bic, BELLFE7 V) XAPRE
HEZETT, RERMLICMBELITZ I LD
5, WA WEESEIC X 5 EFEZT o %
BHELEHRTES.

o Wl RASKEEGOLE  BEOHETELR
DEAGERIY, SRTHEMNEL Yy VERTHS.
S, 7200 EHEGRPEESEREE R VER
FTHETNVT)AL%EEL, L& DILHICH
HWRERTEREMEVHT I L 2R 20EDNDH 5.

o HEENOBEEEETH BB T A —AAH AT ERV
3XTCHEEHNOF S LT, BT 2%H
RISHHl, B—Hh A5 T AFLIZMZ, h AF/85
A— % OEFEIC L) BEEEHHER R ATERYIC
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