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Extension of the Depth of Field for Imaging Systems through Coding the Wavefront

and Digital Decoding

Paulo E. X. SILVEIRA, Satoru TACHIHARA*, Kenneth S. KUBALA and Edward R. DOWSKI

We introduce Wavefront Coding™ *! technology from an optical engineering point of view and
explain its many applications, with emphasis on its ability to extend the depth of field of imaging
systems. Next, we explain how the Wavefront Coding technology can benefit compact camera
modules such as those used in cell phone cameras. The benefits are derived from the Wavefront
Coded® *? module’s ability to capture high quality images with an extended depth of field without
the need for auto-focus, resulting in no shutter lag, small module size, high reliability and reduced
cost, making this solution ideal for mass production in a wide range of consumer applications. We
show sample images captured by Wavefront Coded compact camera modules and also show how

they can be applied to barcode reading.

Key words: extension of depth of field (focus), optically coded wavefront, digital decoding, image

reconstruction, computational imaging

Wavefront Coding B IZEFREGEAM & 7« ¥ & VHEH
B OEERMTh 5. K112, ZOM&ZRT.
JR B EARIERERIPRIC b 72 > ¢, BMEDEREES 2 &
MWTEDS, $bbWEREE, H2VWIEEAEEDIRW
VAT LAET B, FTHFEROEE () o
—MERfTbhs, ZOa—Fuc kb, HERTIT—MK
BN K & RINERT S S, ZEHETF LEOEFEHRIZ, M1
b)) eHreND X, BILLDERD, DONFHMBRII,
ZHBEFTLOZ N, REEFTINTZI YR 2—
Ya e H—RVTREMNG 7 4 vy — B (EE§RALEIC
£27a—F) ™Mb, K1(e) D&5RIFTDAW
V=7 ERICETTEINS, BRI L, KFROT
— Mt k> T, ZREABEDILNT 7 4 — 2 AFHIC D

720, bxo&, @REEED X D1, IXIFE—DIZIT 72
EELEVIETHL, k> T, H—Da>vRY 2
—vary e h—ANEACTEEBUEIZLD, KT 7 %
—H A D2, ¥ ¥ —TREEREBIETT SN, Licn
ST, BEDLEWY AT ARERENL Z LIRS,
Wavefront Coding £ 1l I%, Dowski & Cathey'? I X
> THHE N, %2 Kubala 5312 & - TEBANR L)L
WEThs ST, KEANE, HFEROWEFREE (F
HBEE) RILKT 2720 TR, BIGEOHIEY, YR
DI « AT CEEZEFFREOHEK, REREL L
TLHERMARY, Fi, KFRCBUT SV AR DIK
Wb BENTHY, FETEOHIKLIA N7 IcbK
SRR E BT 5T,

CDM Optics Inc. (4001 Discovery Dr., Suite 130, Boulder, CO 80303-7816, USA)

* E-mail: satoru.tachihara @cdm-optics.com

*1' Wavefront Coding™ 13, CDM Optics # O FitZ,
*2 Wavefront Coded® 1, CDM Optics D& sRpHtL,

340 (24)

7\5

$e



@ ®

1
St

© (d

1 Wavefront Coding Hefff OBEZE © 6% OB & MG L 21851, (a) JERRIEIC &
BRI, (b) IFU /6, (o) CMOS Z2HRFIC & 26MA, (d) BELE 7o v v ¥ —ic
L B2BDETT, (o) BmENly v =727 1+ ¥ F IVEIE,

Wavefront Coding Hiffiid, i % CIlZBEMEES L=
#Y  CIRILWASE CIDAB R SN Twb, 7z, KEHl
AW EHIFICD Iz > TIRAVARETH D, EIRIME
B0, ARSI, F 7 X EETHREIMTO N TWw 5,
51, KA P OBEREFAA AT EY 2 — 1Y, LK
FRESY AT L0910, N—2—F ) —F—, Ay Pz
FeTARTVA, 753 FYVTT7T7 4=V EZBWL
ThH, KEMOIGABN N ZENTETWS, T4 IV
ZGRRT L EREEA TS B L, AT EARSET
LICHWRETH D, BREFAROEK, /NL, Ka Xk
BREDHRREEZT LI ENTEDL, ZDLOICHLERT
L, FERB X UEGAER 2, FIRICH—IICREL
THIENTED, EVWSITETHS.

KR TIE, MEEFROFRG B L O bicBId 2 Ak
&, EEHER) 2 BRI O HEE 2 H 3 2 AN E &5
# L HE LT, Wavefront Coding Ffific D vy T D g %
79, BLLIETE, FTABEMEHVIY AT ARED &
12 L THRMEEET S picon Ty, 52 E T,
HFERDEEILR D 72 OARFANS ED & 5 (&S 5
ZREATL, HIETE, ABEH/NUAG AT EY 2 -2
HLTEDL D BfEE bl oToEBRN, 5 4FETEAR
i 2B L7z TrueFocus®™ 71 X 5 € ¥ o — )V TEERIC
WSy PVEGRE, N—a—F ) —F— DM
Bl ED TR, REBICHEBEERNS,

1. Wavefront Coded #&1%> X 7 L DERET

REAM 2 DI AEBRY AT A3, HEROEREE (X
=) LB RICB T 23R a—Ya Y — R
%, [ARFCREEZIT) itk > TEsNS, i bk
DAYy ML L TIE, BEORFEHFTICHVLNE D
D, BlzIE, SR E g EHE BT S MTF 07 7
F— N AR, NRE L D EREERE B U5 PSF
(RAVPF APV R eT7rryvay) OV A RXRLE,
TRV AT LAOHMNIG U, BlAE, SNREKDH

*3 TrueFocus® 1%, Ominivision Technologies #f- 0% &#pafE,

37& 65 (2008)

GARHEIFC B 5 S/N oW, BRIy X 7
L0190 B 5 Hamming JEEE®, H LW i/ N—a— R
— =B LEY b T KLY, bl

—F, mEtOXfRE L TE, FREEHASEVN
R, Bz 1%, BEMARPEHNOSE T 7 + =7 ADHE,
BIEDOFIED /- O W IFHEE OB, 50w, REZL
DEFBFPERD Tz D12 1E, WNROWEHPHL &, BETFo5N
3, BB Ea>RY) 2 —v a3 > h— 3R R REE
T2 EDRROFEIE, 5T 52 Lk THFHED
LOHMENEZ, Leh->T, fERkOREbETIIES
Nixhrotz k5%, [ROHIPHTORGHEOHERDIIEE & 7
5ZETH5. TD&DB— RNt aREL 785 Tz
Wz, EFEMOFSECLVENT X MT, FEFIS
TINEAYE 2 —F —INEZHHEZ 5 L5 k-7 2
£, TNICEERRODT 1 ¥ 5 VG % SR TG
TEL XK1 enFETFons,

B2 1%, A E AV GGy 2T AR T 5 70
YABRUICIAT 7L ThHD, Tuw A,
DY 7 o7 k)7 LikBoHwoNS, HHEEFED
By 7 v x7ickoTaryiu—nransd, Zhic
£, BREFE TR L ERALEER & [FREIC — R Rl
b3 2 Z e 8%, THA YORNIRO K 51Tk
5, 57, R=REBBVRAOHHE, Ekrofbh
TWEHEEFHY 7 bV =27 (Zemax 5 CODE V 72 &)
EHWTTI., 2OV Y RIZENGETH 2 LB X5 0DS,
BEHROHREPAZ K E S LIBE /e iz, &z ig
IGEWIRREIC 72> T B 2 EMNEE L, RIZ, SEHEERR
ZHWT, COVYRR LBy 2 2 v— a Y E0fE
h, 51T, ZOHBIE, SN ZHRTOVIERF:
HBzE, V—F /A X7y o )VE, BEEEYF,
TANT 77—, ZJAA =7, @ENNY—2 /14 X%
L) WEISWIBEETMCED, ) SN,
HUESTbN s, ZOBMMS BT T, FEBEoR
mETHES N2 0 LR CHNEOEGUENTTbNLL., IO

341 (25)



EROEIZ X, 73— N L2ETLHEIZILEAADT
L, ZNFRTOREENRY —> o /4 R, KV b
VR, @ﬁﬁ,ﬁ/vﬁm IV MZANEHE, )=
T X B A XEE, BORA =) > r, HIID 7 *
=RV T AT RENEENS.

bbb oA, ZOEHBUEONFR, TOYATLADIT—
WP > T, Thbb, 2, T4YINVART
DREHETHAIATEY 2 — LD L D12, HER ARM»H
TR2%6 &, n—n—FU—y—ﬁmewijwﬁw
e HHD ¥ AT A DBE , WRHER 5T %, &
55054 ,%ﬁ%ﬁ%ﬁ%ﬁ@mgmwﬂbkﬁ%@
OFMEZFHEE & L TR S & 51285 T 2 LEND
D, ZTOHMEZ, AT Lr2EOREKED A ) v b EIR
R T2 b DTH S,

ZOEIICLTAY y PEENERE S NI S, Kl
bicE 5. ZOB, B¥FROAHME (YD) 721320k
oV > XHEIZ, Wavefront Coded Hi ZEHT 5. 2D
Hix, BFEOV AR EEICELRET 2B TESL, %
1z, BT EREZHAL, ZIWXERTHILED
AEETH S, 0, HICERHEEZ 5 WHO2— bz
1795) 1D OFFALHEIE, BFHBEKELT, o0
BUERNCEFR T 2 Z EFRETH D, FEZ OHERIF 2
6hfw%.ﬁﬁk%®%ﬁ IR HERICB T 2K

, ERAERICB U 2LBTHEINS, KFERD
Wﬁi VAR 2 EER (HHEPEARY) &
Wavefront Coded MIDOBAERETH 2. ERUIEZDE

342 (26)

ﬂﬁsm%mw&umummﬁﬁmn%

CODE V, Zemax72 &

SRR

A EET

| kERoBmE
By

DR T O v R BRTIA T 7T A,

¥ix, 7a—FKDzHDarR)a—varh—32NigE
TH5.

FRROLI1E, N=RERBVIRT =50 SHG
HEOHEENEOND X5 R HFEREH (Wavefront
Coded HiZ &) & HGUIEALHOMAGLENIESN
5%, mfboV A 7V ERIT LIRS,

2. Wavefront Coding #if7iC & 2 B EREENILK

GERE UK T 2 72 D Wavefront Coding Hifitf O FHIC
DWTIE, BESE > THERI LT W5, W
FHNC W X, KEANE, B sk oNns T v EF
24 7 4 — (ambiguity) BH#, 77 1 —Hh X & 22 [
W ERT A= =1L, £ >at—1v > hOTF
(MTF) OMEREELRS Thb, LWIHECEITLTWL
5., bbby —F—HIicE T 2E50LHE » 5 4%
Ehiz, ZO7EXaAT 4 —BBERE»rS, TEF
24T 4—, MIZWZIET 7 5 —H ADBEETH S5 MTF
B, IRBUCIRT % &S FENAE U, BEBIC = REAHK
AIRIEE 2L € MTF 250 (L7zh3-> T MTF OfEE
HIIETT3), ZO®RT 4 VI NVAETa Y b T A+
(MTF) %1509 % & & CHRESLANERIETH S L »
2, BWLOTORRICOEN o, IMT20HE LT
X, ZOEXRBEERICE X, ZO®BREL OBBRIFE
INTwnb,

WRDFHEZ /T TIE, HFHREAEIZI AT LDHL S L
EOWAREWI N —RA 7 LERTZ RS, T&

ot F



bbb, MERIZEELZINRT 2 72 DI D i D A Te B
b, ZTOMR, BEIOET, EXETTOET EH
TWwiz, UL, AEfizHWzY A7 ATIE, BERESC
%D DAAHZ DN N2 7210 T, SEREII DR T 237 <,
I RBNCIRETIOERTHET B, 7272, a7 X

METLOMBRICBWT, ¥ — /4 XbHIEEN 2D
T, EBICR—RA L5V YRR TE OREEE 24k
RKEEDZPWEODVTE, 2O/ ARFA D ED ML —
Nt 7 Eh5,

BEEENL R HSHIRE & 72 2 FEL OBl & L, ]z 1X masked
aperture technique!®2” % light field camera® - 7z £ D,
WhbWEA YT TIN T x 8T T T 4 —DHEMEIZA D
MR S Tws, Wavefront Coding FEffin 7 7 + —
AR, TixbbBEBOMEICKREE T, ¥—bF R
BEHLED ET2EATCHLIOEL, 4T TN
7 x b7 7 4 —EATTIHRHEIC B T 2 HRRDIERD, £
DOHERTTHL, ABLLTHESNLIDT, BEOM
BIZBWT, ZRZNARTH2 %2 b ONEL L UAER
WO ERMS T, SESERPREBEMET L LN
T&5., PIZ2IX, ¥ AT LEFICIRE L THIFRIZ H % 23,
YR OGLE L N— AT T 4 TS5 %2H5 2
EXTE L, BEREAKSEERIZ, BEROVRE» S
DBEETC, BT ThonsdZicksd™, 20
O B kRElX, Lo Lanys, HHI NG N—FY
LT IMRELT, WL 22 8084EL, M fREE
bEM LS.

masked aperture technique Ti%, XA+ YV —, 72k
TVART =NV DEBRSAAI ~ A 7 DOCEEFICHA S
N, TOYAZIZL> OEPHRERREZZT S, L, <
A 7 DWFERDR D OB ICE» NI % 51, EEIENE
FAEZY, R TRETOBREIANET S NS, L
L, ZHIERAZICLZHDOuRB L OBERIIOET %
L. o BROAL, LI —RIERED, ZOFED
Wk —AEFEzohb, Fiz, ZRERAEENCHEEERDO
A7 BREGEFCECE L, Fonl i L GEFRT
T2 D EFEBEO~T B4 VB Z{TS 2 & T, it
DOALE, FAEBEHEIESNDH, ZHICDW»TOFEMI,
SCHR 18 &R S L7z,

—7, light field camera Tl¥, HEDOV > X, H 5
FEATOBEIRD LS5V A7 v A ZHWT, YHKZER
WS 2 EBOEGR Y, B2AEPSFRFICESZ 5,
AUgRER, MLV X7 VA ZBLT, b &OWRZER DAL
WIEHREFHETE 50T, MET VERbIEAMRE S
TWAEMTH 5. BATONAROAIE & MENTIEFI L

37% 675 (2008)

@ ®) ©

. ©

()] © ®
3 WEAREEREIC X 2 E{GAEE O PSF g, (a) K 2
T Y a—VERE, (b) A4 2T EY 2 — ViR, (o)
KHAZEY 2 —) Vi, (d) @EEH AT EY 22— VER
W, (e) BHH ATEY 2 — NVEHERE, () BEHATEY
2 — VAT FERE,

TWbDT, EEFEOMEIZ L > T, TEOYMAREIZ 7 +
—HABBDEIGEEDL I ENTREE R D, EEILAH
FHTEXH LD, LELRDS, 1 DOEGRE Y
— kg, ZoBEHOV >R & BEGBSEENLA TTES
5DT, 2OV XOMBUZKIEI L THEEMET T %
EWVWSREDD 5.

F7z, 50 OFFb, K Wavefront Coding H4ii T D
S/N X0 b IunizBsnzwn,

31z, 4% Wavefront Coding $ifii 2 i 72854 & Fiw
oG E O, PSFOREBEZRT, Ihold, BFROD
PSF iz, BEDT 4 VI NI RATEY 2 —VT{Tbh 3,
Y- NI EBY Y S, BIUOE1ETET
WU &S REGRUBEEH LY S 2 v —ya VERTH
3. Az VAT, 32— FMesnEREko 7 a
— N fTTb T3, (Lich> T, HH¥EMRERT
D PSF T <, ZNICEBALHEZMZ 72D [ B D %
EWRLTwsY, ZZTEEEL, PSFEXisy) &5,
ZOBNE, FEBICEGT, BEEShINEA AT EY 2 —)L
DbDOTH3., ZOd TrueFocus & LiIENBEY 2 — VI
DWW, RETHAT 2.

3 (a) 1%, & TrueFocus 1 X 7 €Y 2 — VD, #'E
PREEEEERR R 12 35 10 %5 PSF 289, K3 (d) O » A
TEY 2 —)VDPSF LR B L, MEBIEHICE SMT
W3, iFE Y PSFOZANAF -z a v b
FLEoTWwa, @EEY 2 —VONRFERTIE, HRET
HFMREDIRA M 2 EHBEFTEINLTWEDT, BARD
RTH S,

343 (27)



4 TrueFocus/NEH X5 €Y 2 — IV OIEEEH,

Riz, B3 (b) 12, HEBEAEERICE T E2KEY 2 —
VD PSF %9, ZOEREE, @EDEY 2 -V TH —
b7 x = A RAERGERWEE, BREGTICT - AR
bEIBOWERFEERAEEOEMTH L., KEY 2 —
V@D PSF 1%, #EREERD PSF & ZIZ[E—TH % Dixt
L, K3 (e) i@ EY 2 —NdD PSF &, Ko
Fb DD, FERED PSF LR EHLMICT 4 —h
ABTNTWDE LD SWVIZEN>TWn5,

B3 (c) 1I2id, THEEICB T 2EKEY 2 — V0D PSF %
Y. BRI ERE N — O — P O R EE Lk
HifEZ A T3, PSF I, Z OITHERET b SR P g
MR C BT 2 b D EIEFEIBTEB Y, MIREA D oI
HET, AI—D7a—F 7408 — (a>KRYa—va
Ve =) BPEHUETHD, Lad, muihEEtEe
BERENTVWEZERNbRS, —H, M3 () wrsh
LHEFEEY 2—VDPSF X, RELIEN->TED, HE
ELTIEERKIZT TnE bbb

ZDEIIE, KEY 2—)VTI, %%%@E%ﬁ@ﬂ—
FEB L CBREOBEBRILIE BT 2 72— FMuc kb, i
R 5 70 & AT BERE D N B GARBE BRI IC b 72 - T, 38H
EYV2—)VDNRA N7 53— AIEICEB I} S PSF £ 1%1ZF
FLUV~)DPSF #1582 2 &0, Thbblai{iikan
TeHEREERB/LENTE D,

3. TrueFocus 'NBAHAZEDa—Ib

A, T4 VN AT RHEHAATZERERNE R L
TETWELBET, IMUIZXATEY 2a—VOEHBE LUK
BEELVOBLE» S, REREERHASNDL, ZOK
FEOHERICE, K2 X Mo, NETHEMBERE, SHEEO
CMOS & > —0Fi%, hicfka A N CTREE ORE >
FAF v IV RORFEND S S, & 512, CMOS D
FEIT LD ST E RS — b BRI Z 5 L D
STETWLIHEELFEET 5. I ONFEHIN & BRI

344 (28)

OBV NV TORE IR, Y AT LARFZ oY —
W5z 35 wd BT, & Wavefront Coding Feffrd &
IKAVE AT =Y aFle 4 X— 2 TEIIKE %F]
WhEHLOTHDOTHS, #ig, NIARATEY 2 — L]
MoHDLE, KEMERATSZET, KDAVEELE
3, EWIFREERZIT B LIk D, FERY AT LADE
WEELOIEE, A= 7 x—h ARKBER DD L I,
LREBSELC Z ETIERW, MEOHHATE D KEH
WHMFOND Y LIS, FEARPNCIE, WEIEHS

5bDTHY, ZORITEBMH»/NEA X ZTEY 2 — NI

EoTC, HMLWHEERTOMREEEZRL TV bR S,
BEDZNFFICB T 2EHEE Y FOETIE, 4 X%

Va— Nt KERFIZERELO LTS EHEZONS, T
bbb, EYa2—LOREXS (K, EX) 2ERKIE5
R REFEBOMEMERRE L Tw5, T4 Y5
By AT ADEAEEE, (E72VE Y F)X(EERD
FFron—) THEzoNE0D, ZOWMENEALEANS
BB -T, WELBDYT LI i), [KOHERE
#HPHIC b7z > TRWREBRIER R T 2 - 01ix, —K1
WZIEA — N 7 4 — A A LIHE 2> TL 5.

UL, A= 73— AW, 1) NRERDHPEMEE
TOEMORHE, BXU2) ZOHEHAD 7 + — 7 X
D, PRV 2DODRAT v T EMLELT S, EBS5DA
Ty 7h, bAREORENLEDS 2, HERELCSLZ
EbHY, FRRCHEFHOT NS ATEEEL) Y —A
ThrENZHET S, FHEPLEE WS 2L, Ho7
WS, Ho e EERENT I Licb DML, 51,
F =P 7 =D AFEY 2a—LDITA MRV A ZDOHEKR%
A&, BEEDET2LBIGEYRDHL, 20X 5 LMK
Mo, BEY2—)VDIA MY A XREMITLT, iz
7B L DT OETEME DR WA D, RGP
Wbleo TRWIERER 2T T 270 DOFERELT, &
ATEY2a—NVIES TRIFEFICHL TR EEZ LN
5.

4 1%, CDM Optics ff: & Ominivision Technologies #:
THFEAFEI NN RATEY 2 —VDEETH S, =
DEY 2 —IF3AHFEZ )LD CMOS ¥ >4 —, [HiE
WISy 7, 2T T ATy 7BV Y X2 HERL Tw
%, VYRAD1HEE, ¥EEHOa— e oRBpNcEErS
NFEREI I NTE D, BEOT 32— FEGLE LD
MABDLET, BVWHEPHICD 7 2 B EREEILK %2 FEH L
Tw3, EYVa—NVY A X, 8X8X6 3V, VXDF
FUN—F2.8THY, HRESTH»S 10~12cmEED
TR E THREPHER SN TV 5,

ot F



5 TrueFocus /NlAH X5 FY 2 — NIz & 26 (BA).

4. BBV TNEN—O—F ) —=F 4T

INET, T4 VINVEBROERFMTIRELE LTS
FXERDDOMBEINTETCWEY, FPEROELREL
LTEAISNTWARERRVWE S CBbns, Lz
T, 22T, EBOA A TEY 2 — NV THEE I NI >
FIVEGRERT I EET D,

X5i%, BHAOY—>Ths, TROEK, FROEY
PROD LR, ZNCEYOKRS DHEWEELRE, IE
JRWEA 2 S O#IPH, [AWIHEEAROERERE, £ IcEE o
HIRNENEENTVE, BYOT Yy YR EF>EVH
HanTsY, ALIZLAL RV, HROBOEHIICET S
AR TARMBEW, 77, B Tw AEKOKED B
BLEBZBNRTWS,

M6 1%, ENOY—>Ths, BEOFTYH, KEY 2 —
VOB ZEN R L2 TWE I bbb LES,
HRBIHEATIE>EYLTEY, £/, 73— FEGHOLE
W2 &5 THRICEADELD, BHEBIFELLED, Lu
SZEbnn,

BRI, REY 2 —AN—a—FR ) —F 4 > 712 bff
FArREThb iR LIZWY, K7 (@) X, KEY 2—)
AW CIER TR SNz, Z“RICQR N—a2— FD
ThHs, M7 (M), (0)wwrashs, HROBEESS A

37 6% (2008)

6 TrueFocus/NlH X T EY 2 —NIZ & 26 (EN).

B 7 ZRICQR N—3— R O#R#EHl. (a) TrueFocus /NI
HNAZEYa—), (b) TIRAATD~v27vE—=F, (c) T
R A 7 O FTHEARE— R,

TDHARATEY 2= VTSR EHER, 32T
FEL, Y =TIy VOBRPELSRTVS, KT
b) 1F, TR ATEY 2 —NLD27aE—FT, (c)IF
WY GRIEEEEH) T—NThREshzboT, £55
LIZTTBY, ELLIEHRT 210+ Tirizwn, K
3ICPSF L LTRaNI & D, Ao T, JEH
WA BRI L CREWa >~ b7 A b LR ETINE
HENTBY, ZOBENT GEFERFCBIT 23 —a—F
flgFtx bAREE LT W05,

Wavefront Coding Hfifid, RIS NI FER L
T4 VY VEGIEEM OMAEDbE» S5 5, FrLna
YEaT—YaFr e A A=YV ITHENiTH D, KFET
&, ZOFREEHEICRL, EBOBETOFZ HETRL
7o, X OFEICOWTIE, XEkESRS v,

A IE, ITFEOT V7 bu=7 ADFEDBEICED
X, VAT LAEEEH—CRHELTE 2 HE (V7 Y
= 7) OFFI X VERFAVAREIC R -7 b DT, KEFEWC
HFROEEILRD 572 53, I « AL CRRAEFA R
WAEWIFREZ LIS L, SHICEEFDEZ/TZDOD
DZHHHHEZ 20T 5D TH 5,

345 (29)



ARETIE, KEMOEHABIE LT, TAaYINIATE
YVa— VR B, A— 17— AN E CERE
HIRE L, Yv v —F 7D\, Lhd LI R
Kbl THVWEENEONLE/INEEY 2 —VHEHTE
L5ZE%mRLIZ, WHIETHRL, ZnsofEE, o
WALEIHDT 4+ VI NERY AT L BIZIE, F2V 7T
4= A7, HHA X7, BEFNHEGELLE) WEZTE
2bDTH5, FlhERFKC, N—a— RN —¥—EEE [E
RAE E W ARFEEE S X T Ak CEESBTICB T 5T
4 IIVEIRY AT A HIGHBTE 5,

REAGD & D 75, JFHAT & ERUEEAN % Ju v oL
TRELIEZ R, 5%, SESERT 4 VY IVHEBGY
AT LBV, LERAAROLDERLZTHS .

X [

1) E. R. Dowski and W. T. Cathey: “Extended depth of field
through wavefront coding,” Appl. Opt., 34 (1995) 1859-
1866.

2) W. T. Cathey and E. R. Dowski: “A new paradigm for
imaging systems,” Appl. Opt., 41 (2002) 6080-6092.

3) K. Kubala, E. Dowski, J. Kobus and B. Brown: “Aberration
and error invariant space telescope systems,” Proc. SPIE,
5524 (2004) 54-65.

4) H. Wach, E. Dowski and W. T. Cathey: “Control of chro-
matic focal shift through wavefront coding,” Appl. Opt., 37
(1998) 5359-5367.

5) E. Dowski and K. Kubala: “Reducing size, weight and cost
in an LWIR imaging system with wavefront coding,” Proc.
SPIE, 5407 (2004) 67-73.

6) W.E.Ortyn, D. J. Perry, V. Venkatachalam, L. Liang, B. E.
Hall, K. Frost and D. A. Basiji: “Extended depth of field
imaging for high speed cell analysis,” Cytometry A, T1A
(2007) 215-231.

7) K. Kubala, H. Wach, V. Chumachenko and E. Dowski:
“Increasing the depth of field in an LWIR system for im-
proved object identification,” Proc. SPIE, 5784 (2005)
146-156.

8) E. Dowski and K. Kubala: “Phone enables instant image
capture,” Photonics Spectra, 41, No. 11 (2007) 62-65.

9) R. Narayanswamy, G. Johnson, P. E. X. Silveira and H.
Wach: “Extending the imaging volume for biometric iris
recognition,” Appl. Opt., 44 (2005) 701-712.

10) R. Narayanswamy, P. E. X. Silveira, H. Setty, V. P. Pauca
and J. van der Gracht: “Extended depth-of-field iris recogni-
tion system for a workstation environment,” Proc. SPIE,

346 (30)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

5779 (2005) 41-50.

E. Dowski, G. Johnson, K. Kubala and W. Cathey: “Litho-
graphic systems and methods with extended depth of
focus,” U.S. Patent No. 7088419 (2006).

P. E. X. Silveira and R. Narayanswamy: “Signal-to-noise
analysis of task-based imaging systems with defocus,”
Appl. Opt., 45 (2006) 2924-2934.

R. W. Hamming: “Error detecting and error correcting
codes,” Bell Syst. Tech. J., 26 (1950) 147-160.

E. J. Tremblay, J. Rutkowski, I. Tamayo, P. E. X. Silveira,
R. A. Stack, R. L. Morrison, M. A. Neifeld, Y. Fainman and
J. E. Ford: “Relaxing the alignment and fabrication toler-
ances of thin annular folded imaging systems using wave-
front coding,” Appl. Opt., 46 (2007) 6751-6758.

K. H. Brenner, A. W. Lohmann and J. Ojeda-Castafieda:
“The ambiguity function as a polar display of the OTF,”
Opt. Commun., 44 (1983) 323-326.

P. M. Woodward: Probability and Information Theory with
Applications to Radar (McGraw-Hill, New York, 1953).
J. H. Ritzerfeld: “Noise gain expressions for low noise
second-order digital filter structures,” IEEE Trans. Circuits
Syst., 52 (2005) 223-227.

A. Veeraghavan, R. Raskar, A. Agrawal, A. Mohan and J.
Tumblin: “Dappled photography: Mask enhanced cameras
for heterodyned light fields and coded aperture refocusing,”
ACM Transactions on Graphics, PROC SIGGRAPH, 26,
No. 3, Article 69, San Diego (2007) pp. 1-12.

A. Levin, R. Fergus, F. Durand and W. T. Freeman: “Image
and depth from a conventional camera with a coded aper-
ture,” ACM Transactions on Graphics, PROC SIGGRAPH ,
26, No. 3, Article 70, San Diego (2007) pp. 1-9.

A. Busboom, H. D. Schotten and H. Elders-Boll: “Coded
aperture imaging with multiple measurements,” J. Opt. Soc.
Am. A, 14 (1997) 1058-1065.

R. Ng, M. Levoy, M. Bredif, G. Duval, M. Horowitz and P.
Hanrahan: “Light field photography with a hand-held
plenoptic camera,” Stanford Tech. Report CTSR, 2005-02
(2005) 1-11.

P. Green, W. Sun, W. Matusik and F. Durand: “Multi-
aperture photography,” ACM Transactions on Graphics,
PROC SIGGRAPH , 26, No. 3, Article 68, San Diego (2007).
F. Okano, J. Arai, H. Hoshino and A. Yuyama: “Three-
dimensional video system based on integral photography,”
Opt. Eng., 38 (1999) 1072-1077.

G. Lippmann: “Epreuves reversible donnant la sensation du
relief,” J. Phys., 7 (1908) 821-825.

Bz 11X, W. J. Smith: Modern Optical Engineering, 3rd ed.
(McGraw-Hill, New York, 2000) 154-157.

(2008 /-1 H 11 H3Z#)





