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) ITRRES I(u) TH D,

fix)

/

B 1.1: 7—YIERNFER. [ L AOESIER., f(x): WKE
¥, I(u): 7— ) LBESA

COHETRERICEVESNZ I(u) K07 - TRIES A |F(u)| 2K, ZOF—
FEHEIZLTIYEa—4 E TR f(x) 2ROTOL, £F f(x) DHEBE go(x)
(M) 27— UIEHLIEHDE Golu) ET 5. RiZ. Go(u) ML TT—U IH
BMOFERELEZBEAL Gy(u) 2135, BERICIE. Go(u) DEERD |Go(u)| 27— T
RIENG |F(u)] EANIA 2D DOMN GY(u) THB. €L T, Gyu) ¥ 77— TEML
O gl(x) T 5, REIT gh(x) I U THERBER TORREHE L THR-FRAE
LIBROFARGEEEA L., JOMRERZBETHS, Mi3hWgarhehicD
WTH I B g1 (x) 2155, FRRICUTIEK g2(x) g3(x)... gr(x) &R, AR
BRNKTZETINERVIERT (K1.2 ORAARIIV—T28#<).

FT

g —» G

} Y

Satisfy Satisfy
Object Domain Fourier Domain
Constrains Constrains

} '

.g 'k <_—f———" G lk
1IFT

K1.2: V—7OkEIHIZBIZ 7Y IRET I
Y ZLDOERX, FT: 7—1U ILEH, IFT
M @7_ U I,}‘{\&o

IFTA EIRIEND HIEIE. gh(x) M5 gri1(x) ERDDBEBETD giy1(x) DEHEDHLS
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£1EFR 1.2. 7—UIREZ7INIVXADEFBEEETOFERE

DEVWICE VBRSNS D D, T5-UF a7 IY XL (Error Reduction
algorithm : AR ER) oNAT Uy R A>T b7 b7y h7)VT) XL (Hybrid Input
Output algorithm : LA HIO) FENZEDHITH %,

ERIZDWTHU LOHRNERATRT &, =T EEHIZBWTIEU FO LS5,

STEP1. Gr(u) = |Gr(u)| explidr(u)] = Flgr(x)]. (1.1)
1L N

STEP2. Gi(u) = ]Gk(u)|Gk(u) = |F(u)| expligr(u)]. (1.2)

STEP3. g} (x) = |gi.(x)| explibi(x)] = F~'[G}(w)]. (1.3)

heo L xgq. (L4a)

STEPA4. =
Gkt1(x) {0 ’ xer.

Ty 3R OMER M EHESRVWER TH S, £ HIO KDWTHEAT
RY &, STEPL. /05 STEP3. E CIXER DA E2<EMTH Y, STEPL. DAMNLLT
;RS STEPY. DX D25,

95 (%) . x¢r. (1.4b)

STEP4'. : =
gi+1(x) {gwm—ﬂ%u) . xeq.

fIIEBRDOERTH S,

RED EFBICBTZEERS2ENLHEREEE LTI, g (x) B4DIH. HRSE
HEFEZEIRNHODOHEEEL T Object error ( By, ) M, £2aEa—4¥2Ial—
2 alEOE/ITEI ST, B (ERME) »S0THOEEICHTHEGOEZEEE
LTRMSerror ( RMS; ) I8, ZNFNRDEDICEHRINT NS,

> gk (x)?

Ep= |=2 (1.5

DIPTSR )
\/Z |()k(x)—f)(x)|2/N

RMS, = 1= . (1.6)

27

CZTNRHEERTHS,
AREIZBWTIE. B CRKEIZHR) 287520 ER & HIO E2#AEDEET
NI XA E O AHREIE 2175,

1.2 7—UIREZFNIIILDEFEBEETORERE

IFTA (SFHERI R GEH L Object cxvor : Egp) DNKRTHETREZHOVIET, ERIZ
REZBVRTTEIT By DEBAICBRO L TO END T EMNEEEMIZEEHEINTED 2,
Z31H Error Reduction DL OHFEIZHE->TWAELEDbN S, UL, RICER

16



$£1E PR 1.3. HEEMAPEORECHT HEES

BB ORLEELTH (B — oo) BORU BT go (x) 16T L B IEROYIRBE R
Fx) T2 LIRS, ZOHBIE, Bt ME/ME GEAEH)IZIZ0) T <k/h
BIZHERLTLES T EICH D, ZOXIRBIGEEHHES N D,

COLILGENESERTAEDIC. INETICHEEOTIINT Y XLBERE SN
TWBM, HIO bEFZFINSETIINTIZLDIED—DTHS Y 5, HIOWLER &
6. BTLLRE LI By DNEHABDTEOI TR, LML, 2O ENH
I2 B BEMEICHEBAATLESOEP T LAV ERERRYT S I EAHRDLOT
H5

1.3 WHAAYMEORNECEITSHER

SRS LT MR T (K1.3) 2H0WEEE, 20759 08— 7 7 —Hfk
AL a—F—ItEo>THET B LM 1ADEDITRD, M 1.3(a) IZBNWT, BTk
AR THENTVADIREEEOESHSHDLTWS, £/, K1.3(b) DX DT T OAARR
FEBEBUFZILOES (P) £25&BLEONEOHS (Q) ZHEBLLZONILST,
h(n—1)/) DAABEZEAET S (L. h BB TORS =PQRMOBGE, n ZEHTH,
ANEBENDOWETH D). TOMMEN /4 (K 1.4 FTIIBRTRLUTHS) . A/32 ([
UEH) 5L 2N MELE, BFERIZEESBFL<dELE, BTN
HEBBKE (0OREHRE) M1 EB2EITHBRILELTH S,

(a) (b)

TTTT?TT?T

X 1.3 Bk E LU TRE L MM AHEF. (a) FHEK. (b) BT
ﬁo

M14E0bmh3EI. EESOBTHORTERNELVWOT, 7—UITH (T2
BREEEZER) FOFFRACAICE—7BRTWS, LML, TOE—JDERIARERE
RoTHBY. MES AR () ORI NCT —F OENH N, LENR->TID
AR OBEICBL ., ¥4 F Iy 7L PSS RIRGBEREA VRS, ZOXIBHR
EOHWT—yNkbNTUESHEENS D ZENbN5, K14 DT —F X DA
REDEE. BTl N (BBEROY(FIv 7L 2Y) L5 — (MHREDHE)
OEGEIIO Y Pa—F—TIal—a icdud& 1l K150L212720, ZORR
MO OS A F 2w 7 L 2 DHAUNE WE ENHEE OREIREE B Z Ebm5 8,
BB, A Fa—¥—3 32— a izBIaHEEO7 IV T X L&, HIO Z 200
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(a)
Weak(red), Not Weak(blue)
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Weak(red), Not Weak({blue)
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£1E FR 1.3. WEHEABEMEONEICET SMES

=1k
LAV | i E LAz
(bit) A/32 A/4

4 0.399068 | 0.412911
5 0.295830 | 0.362321
6 (0.288875 | 0.304337
7 0.250484 | 0.258893
8
9

0.211305 | 0.223345
0.191027 | 0.189127
10 0.170416 | 0.160796
11 0.153045 | 0.135283
12 0.132922 | 0.115437
13 0.115398 | 0.096466
14 0.095707 | 0.079222
15 0.073896 | 0.057497
16 0.048964 | 0.030127
17 0.031943 | 0.018497
18 0.020325 | 0.009509
19 0012687 | 0.005003
20 0.007493 | 0.002531
21 0.004523 | 0.001408
22 0.002937 | 0.000761
23 0.002142 | 0.000405
24 0.001883 | 0.000204

#11: BTEL XN vs TI5— (FD 1),

B#EEVRLUARICER 2 100 B¢ 0RLTH 5, HIO D 5 OfEIZ 0.5 TH D,

ZDAYEa—F—Ial—a TR, T—FIIBENR DOTHBHELT/AX
YOEKELTH D, LML, EBROEREEZ D58, HET —FId8T /1 ks
MEHSTLEIOTINEEZEE LRI TIRWIT WL, RIZ, BlETF—FICHAHEENES
TWbETHE, T—YIHEZLXBTREDRNBI LD BFNERTOLNBRKEN, D
FOT7—-UIERTIE. SAET—YOHMEEAET — L0 bEZEEXITH NI L
3%,
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1.3. WSEUEMEONECET IHEES

0.5 T T

0.45+

005 -

10 12 14 16 18 20 22 24
Quantization levels

M 1.5: BT EL XV vs TT— (£D 1), £ AHZEN/32, BEER

. {i*gﬁ A/4o
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F28 T—HORLE

FETHRAELSIZ, EBICERIVIEEINEZT—% I(u) (759 2FK—7 7—[Hif
) 1IN AR EEATWS, ERBEROT R, &&E. ®RITKD., HHHE/
A ZLNWEIZ D Z EFHERED, FNTH /A X0 OBANIREEED LT 501
RAlfETH B, LENRST, I(u) M5 |F(u)| ZRDZBERF IO E2ZBICATZS T
BoEN, FIT, MEF—Y%5202Fa—4—ELTUBTEIEIE>T /A ADEE
EBRRSHDVIERESE, JHCK THAREORELAM LIS ZE2AET 7Y,
WMEORNE ST, (1) BEREGOMNE. (2) B (CCD I AT) DEFET & DRE
OHIF. (3)Wiener optimal filter ¥ QA TH %,

21



B2 8 F—40OFjME 2.1. E¥REGOME

2.1 HFEHEREGONE

B (77— ) TRESN [(u) ZEBBONETSZEICED, /A ADRMTBERI N
5, BJHOBEBOOE, j&H (j=1,2,...,J) QK% I;(u) sl U I;(u) DIAX

J J
Isum(u) = Z [J(u) = z [IO(u) + Nj(u)]
=1

j= j=1
J
= JI,(u)+ > Nj(u). (2.1)
7=1

LB, EL. Lu) B/ A XE2EEHL0VWED (BED) BREMGTH D, E5RSIM
FREC T ITHBILTRELBZDIIML, /A XRAIEDT 2 F LEOEDIZIERD &
HRAWENTHBHL AW, JOEHBRITHFAL TRELALE 10, LEAST, Lym(u)
DS/NE, Li(w) (j=1,2,...,]) DS/NHLDOFHEELKT D&, QTEOHNERE
L0HKREN (22K),

(j/iﬁu)du | -%Si /GJu)du )
> [Ntwda [ d“‘
=1

K210k, REMESE (ZZTEREHCCD A AS) Fa Fa—4%— (2=
TV I—OAT—a ) WHEERESNTEY, BEIN-EHGIELXI > Ea—
Y~ ETMEEIND, ZOEDICELEROMENAEEIZ/R S,

2.2 BEFZERIEDOBREOHIE

HBHCCD NASDHFBI EDBREDENWEZEB L TINEMET S, BEILOBE
DEVIT, BREH—-ERAREINZRELREZOENOHEL TRDDZ ENHHKRS,

2.3 Wiener optimal filter

Wiener optimal filter EIZO—/NXAT A )F—D—FETHO, NTA—FDEEEZD
ZEWED T AN —OBREERICHATGTES, TOT4INIY—FEANDEIEIZLD,
EREEHETEORESHNVNTLE /M XOEEERBIBDLIENHKDIDOTH S,

IFTA TR 7—U TEIZBNWT, Gi(u) DIE |Gr(u)| 1 E I(w) KORDENT- |F(u)| &
BEHAOND (6 R—UBH), ZOEEHEE |F(u)]id

|F(w)] = [I(w)]? (2:3)
ELTEHEREINSA, Wicner optimal filter TIIEATO L DITKDH EN B,

[1 (e, 71)]”+%
[I(u,v) + ayu?™ + ayv?m2}¥
EL, (u,v)=uTdHO, £v, a1 ag. mp. ma 3NN TA—-FTH 5,

|F(u,v)| =

(2.4)

22



$£ 28 F—50mnE 2.4. RBHER

2.4 REER

21 R TERRCEIDAEEIN/ T —FI, EICBT A3 DOUEZ KL /Z&IC
FrKFEIEZ LR ER 2.2 10RT. BEMEIIRK13 DX IR EMEE T THE, K
1.3 TESEE h. BTFORBITE n IZFNTHN40nm, 146 THD, EANUTLRF
L —H—DEEIZ 633nm TH D, LEN->T, ANTIORTEEBLALEEIIET S
FARZEIIBEZE V32 ThH 5, MHEEO 7 ILTU XA, HIO % 200 R DR L 7Z&IC
ER % 100 F#EDE L=, HIO ® § DfEiid 0.5 TH D, /. EHROMEBEII 500 £,
Wiener optimal filter ©/%3T A—F —DOEIIZNEN. v = 0.5, o) = 0.02. oy = 0.1,
m; =10, my=10TH5, RO, ZIWXHTEUEOS S, EEERD
MEDAZERL -5 E OMBRIESEK 2.2(a) 10, ETORNEE KL =56 DA AEEE
%% 2.2(b) ITRT, £, K2.2(c) id. MEZHETOMSH AR > THREBZGITL
FHEEOWHENTH S, K2.2L0., AIUHEO D BRICEBROUHVPAEMNIZHINVTNS Z
EMMbh 5,

C-CCD

Mask
/

\
Object

(Phase grating)

EWS

| He-Ne ﬁ

ND

2.1: EB %, He-Ne : NUTLFRA YL —H—, ND : Neutral
Density 74 V¥ —. M: 25—, SF: 27 4 V5 —, L:
L > X, Object : _fESLHHETF. Mask : E>F—)L (HE
400pm). C-CCD : BHICCD h AZ, EWS: T2 =7 1)
U IT—=OAT—a,
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%2 8T -5 DRLE 2.4. REBER

Phase [r]
o
o

o
o

Pixel

K 2.2: AL & fE L R OMAHEERER. BB ML
BT (MHEBXT A/32), (2) ATLED DS, B
HEBROMEDHEKL ZHE. (b) 2 TORMLEZ i
L7238, (c) MEDETER, FK : (b) OBER. &
0 (a) OWIEHIK,
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£3F 7-UImEORIEIVEE

AETIIREMBOT —FEZHETDODHATEE LT, REOBBNES &350
AT TRET 2 HIEERET 5.
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$£ 38 7Y TEEOHEXAE 3.1. 9EIAE

3.1 SELAE

WHE, —DOIREREEES THIE (TRERRE O R/MEIZR CERF DERHEICEL > TRE S
N5, wzE. BLL X)L 8bit D CCD 1 AT THIET % Z EMHN D F/NEE ORI,
MU EGRPORKBEDMED 1/256 (23.91x1073) THb, LITAT, —RICHEHED
DTS5 h— T 7 —EHRIIBREDBNESDEROPLICEFLTWS, £ZT,
CORMEEEL. 790 K—T7 7 ROBEMRBOT —F ERET DD OH-
BAEBERET S, $hbb, BEOBVWERS EFNWEFZMT T, DE0PLED &5
B EMTTRIETDEVWD HETHS, J I THMAMEROICESEHEDT 5
CER—T 7 —EIRBOBEEFICED &L 1 REIFEOEEIL 0 XEHTED 0.0175 £, 2
KEFFE. 3 KEFHITFNENRU < 0.0042 %, 0.0016 ... TH O V. 8bit ® CCD
HASTILEEL 3 KEHEE EHICEIE T3 2 I3 EENICERTH S, LML, 546
BETHHEROBETIR., RITHLOITY U—F 4 A7 55 (0 KEHE) &ENLS
DERS # RN /NT THET B ZENRETH S ETH L, HETELNOBEDR/N
3 1 REHTYED 1/256. 725 0 REIHTHED 6.84 x 102 fF L7720, ZUIETILL
~NJb U4bit EIFEEETH S, DEIRFEOHEE LT, REBEIROY 1 FIv LD
ZEENCHEIRDZIETRBIDTH S,

3.2 SENATEDMR

SERBIE O R 2 BEMNICRIET B0, 77—V IBET—FDORTILL )L &L
FRIEORE (L5 —) OBRIZIDWT, JEa—¥—3Ial—a itk DN,
ZDAVEa—HT3ab—a B AMHRIEO 7 I TY XLBHE1FE 1.3 (T X—
) UL, HIO 2200 [ DR LZ%ICER % 100 B DR L TH S, HIOD D
BI205TH5, B (TI7—l) £2%3.1. K3.1ITRT, kS L TE K13 (7
R—) \RT AT (FiFHE XA/32. A4 D 23EV) ZREL.

A2Pa—F—3Ial—a  OEENS., SEIRET D0 XOREDN S DOALAER
BOHEN, RERXOHEENS DEEITHRTRIFRMHBIEERZFOND ZENDND,
BIAHZE A/32 DEHBIDONT, T —DETHKT DL, FIATETEL NI 8bit THE
RBE L RITE L)L 24bit TRERBEZE LAREREIZIEFEL WL, ZOEED
BIEHEROEREK 3.2 ITRT,

¥, HERPEETDHZEICEZTT—ORPDERE 31 ROLIITEZ. AEED
RIARZED N2 DBEE MNADHEL LK T D &, ATHIE87.2%. BEL54.5% &, 77
ZRXAEOYRIZFIEDOHNEL Y KELSENTWD, LMo T, TORFXFEDORR
I, BicHEeii R ER R ELEERICLDEEFCE NS EEA BN,

%%ﬁﬂﬁ@li—ﬁﬂ—ﬁ%ﬁﬂi@li—ﬁﬁx

WOH 1] = AR ED TS — 75

100 (3.1)
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$£3E J-)IEEONEAAE 3.2. SEIXAEDOIR

B2t Object Error
L)L fPrAHZE A /32 fArAEZE N /4
(bit) | #ERAXBE | 2ERXME | /WEXAE | 25X HE
4 0.399068 0.095458 0.412911 0.221063

5] 0.295830 0.073633 0.362321 0.185427
6 0.288875 0.048800 0.304337 0.164049
7 0.250484 0.031803 0.258893 0.134656
8
9

0.211305 0.020230 0.223345 0.114690
0.191027 0.012644 0.189127 0.097906
10 0.170416 0.007428 0.160796 0.086535
11 0.153045 0.004423 0.135283 0.049340
12 0.132922 0.002924 0.115437 0.028538
13 0.115398 0.002370 0.096466 0.017911
14 0.095707 0.002058 0.079222 0.010403
15 0.073896 0.001891 0.057497 0.004731
16 0.048964 0.001754 0.030127 0.002410
17 0.031943 0.002210 0.018497 0.001377
18 0.020325 0.001792 0.009509 0.000736
19 0.012687 0.001810 0.005003 0.000370
20 0.007493 0.001990 0.002531 0.000273
21 0.004523 0.001887 0.001408 0.000126
22 0.002937 0.001732 0.000761 0.000111
23 0.002142 0.001725 0.000405 0.000051
24 0.001883 0.001832 0.000204 0.000039

3.1 B LX)V vsITI— (FD2),
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# 38 7Y ITEEOHEINAE 3.2. FEIXMEDOMR

045 ! ' ! ! ? ' ! ' !

04l S TS S PETE SYPPPTIY PEPIRRIS: T R
0.35_\,7?.‘:..} ....... SO L R SR : N
gl 1y metnos N S WU N S S S

Error
v

o2k~ \\ R R T RETIPTEE LR PRIERE SR
015,_ \

ok Lo TR P PSRRI RIS NP

0051 - ) SN L \\ . L .. IERRRERE

0 New method, (/32) . . :
4 6 8 10 12 14 16 18 20 22 24
Quantization levels

K 3.1: BAHELNbvs TT— (2D 2), HERADHEZE Or-
dinary method. ZEIXDOHE % New method £T 5,
E# . (THZE )\/32 T New method. %R : fHHZE
A/32 T Ordinary method. %% : (7487 A/4 T New
method. =& : fI#HZ )\/4 T Ordinary method.

28



F3E 7-YIEEDONENAE 3.2. HEXMEDR

(a) Test object (b) Ordinary method (8bit)

(c) Ordinary method (18bit) (d) New method (8bit)

X 3.2: AAHZE \/32 OFEBEOH G OMMERER (32

Pa—#%—Ialb—Tar). (a) Bk, (b) /EK
RAE (BFEL IV 8bit) . (c) /WERRBE (BFL
LUV 18bit). (d) #EIRAE (BT )L 8bit).
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EI3ET7-VUIHEOHERXAE 3.3. ERER

3.3 RERIER

A2Ea—%33Ial—ra TRESEORINLET—-Y THBEOHERMETH S
N, IhEEBTIEOOERRER3.3(a) IRT. ZOEBRROFHRIL, H—0EAH
1B 3.3(b) RX (¢) IWRTE DR 2BHOT 4 NI —2HATDHIEICLD, BREDRN
B EFNRREMTTRETESLZETH S, K3.3(b) D7 47 —id. FRES (B
WERSY) MBIER 0%, FHLUADES (ANWERSY) BEBE 100%D T 4 IVY—TdH Y,
— 1K 3.3(c) DT 4 INVF—Iid (b) DT 4 NF—ETHIT, PRI (AWERS) NEEER
100%. ZHLUNDES (BWERD) BBEBE % ERBR>TNVD, RIZD) DT 4NV —%
HAL. BENBRAKTHZIHRESONENy M TR LK. AEO. BEBITHD
BENARRERDZDTHD, (b)) DT ANY—DEVWRZE (¢) DT 4 IIVF—DENWES
ORREVEEIZZELL, £ O) DT 4 NVY—DOAVERZ & (¢) DT 4 IV T —DERNE
BOBRENHEHBEDZELWY, LENST, ZOZDDT 4N —2RITHALTHREIN
OB EEMICELDOELEDDIE. ZORICTANI—2E<BEALLBMOL
BEOEGBEELY (INEXOFE) 12, ZZL, E—LARE T4 NY—X0b+H
IZ/hE N,

7= TREOREINTEMEI NI AR/ BT A T8 — (T T 2T 1
SHTICCCHAT) 2HANVTWVWS, T4 b AD - EXFRD, HKOBREEZLT
(74 b)) BALTEHITZZEMNNRDPIEHE TH S, MPORIBHRED, FEHEIC
FNAZEHDZEROMEICHEAIND ZENE N, SHOERIIBNTS., BEMITOR
KREFHERET DD T+ N ATy —2HWE, £z, EERIIE 2 E 2.4 8
TOEREFEU BB TFEFEHLE,
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EI3E JT-UIHEOHEXAE 3.3. RBER

Photon counter

Ly

Ohject
(Phase grating)

(b)

X 3.3: 7— ) THREOHEIRPED-DDERR. (a) EBR. He-
Ne : NUDTLRA > L—H—, ND : Neutral Density 7 4 )l
H—, SF: M7 4N¥—, Li: L>X1,. Ly: L X2,
Object : ZMAENMAHET. Mask : E>FR—)L (EE 200pm) .
Photon counter : 7 k> H >4 —, Filter iZ (b). (¢) iZ
K. (b)) EKEHAAY B ONTRR) T4 F—, (¢) &
REW KAy b (O—/XR) T AT —,
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£38 7-VIHEOSEAE 3.3. RRER

3.3 DERRBITED, EBICT—YTREQUEEITO/m. 74N AT F—DRN
AREZREDIREIL 102 ~ 10 Lux F2E 13) L8z, TS 2D ORI ik DB,
ND 74— (BF+BEET A NVLHBEOVYSF UHFET 4 IVF—) ZRWTHREDRE
Efiof. ND 74 NI — DK EBHBEKEOBBRIIR 32 ITRTHED THS 1,
¥, 7 U IREOHEREREM 341K, M3.4(a)ld. RICK 3.3(b) DEXEIHE
J1wv b T —ZBALIZBED, K3.4(b) 13K 3.3(c) DEREWEHAY T 4)VF—
AL EORIGRTH S, 28, K3.4(a). (b) DHERIZ 18000 7 L—L (1B
D30 7L—ALTI0M) OMEBEBKTHD. EBITHBEFIIT> T, iz, K
3.4(a) DIF O EX 3.4(b) DMEOBITHEHALZND 7 4L —DEREXIIITRT,

S| BCHRMGAK S| BGREMGK
0.1 1.25 0.9 8.0
0.2 1.5 1.0 10.0
0.3 2.0 1.2 16.0
0.4 2.5 1.5 32.0
0.5 3.0 1.8 64.0
0.6 4.0 2.0 100
0.7 5.0 3.0 1000
0.8 6.0 4.0 10000

%392 BETEET 4NVLAEND 7 4N Y—OFREBLABERK
D%

i AR

B | B3.4(a) | E3.4(b)
0.2
0.8
1.2
1.5
3.0
4.0

O = b = s
== O OO

% 3.3: ERICEHLAZND 745 —,
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3.4(b) DEG (FRREHFHZEA Y N LEEE) OREID X —)UEK 3.4(a) DEIR (X
EFHEH Y B LERE) 06945 THD,
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FoETIE, /M AOEEEZRBITDLIETHIRET Y2 L0 EHICHIET S &
WHBLENS, T— ORI ENWIBEEEALL, BRELTF Y ORILEIZLD
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FIETIE, FEMIIHIRET — Y OREERAEEICT 272010, 77— T#REDHE
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BNrZfeRET B,
o BIBOEBRTHEMUIZT 4 b2 AU F—Dihk 13,
o BE K [8] DAY GRA),

2 Rt fatiE PI-430C
iR 8530 360 ~ 650[nm] N 7I)LAH )
kg #E 1 CCD
AR R 1072 ~ 10? [Lux]
A A ik 12.7(H)x9.5(V) [mm)]
et 350TV &L 1
B & A 2%LLF
RENTWIRERS RIS 1.0Vp_p/75Q
ATTER AC 100/117/220/240 £10% (50/60Hz)
HEEN 30VALLF
i R PRI BER0~+30 &
DR T FE PHIR BE BE-10 ~+50 &
e SO%LATF (REETEL7IaNWZ &)
USRS
HAT~Nw R 100 x 120 x 305(£5)
LLa>bhoO—)baA=wy b | 232 x 74 x 308
(WxHxD)

% TN 427 ICCC 1 AT Dtttk
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o 2 Hl
KT AR T AT LERHT S
ri J A AH B4 B il B D A

HTHABARA DT AT LEHNTHED T 57 2 R—7 7 —ET 8 E A
WIAFIv I L DOTHRETDZHEIDNTRE L, SiO: BHAMIE % HK
BT U 72 S F O @R BT R B K et A A= 2 T AT A
THRERL. ZO®RIC ND 74 )y —THREZRDSETHICHEKELZFOXK
HH 2B U THETEHRT —F & Uiz, ZOHERE> THETSBEED Y 1 F 3
v 7L rT%, 1,000,000 BEIZETHLETE, FOHE, ERE 3 XKETTH
O FZEHTE DB D AR, T KETHEEIZ /- I=,

HTREARA=D LT AT LOSFEBD AR E > THRIEL =ET T — %
WX UTAAAHEEE Y LT X L% B U 72#%, HIO  (Hybrid Input Output) ¥
& ER (Error Reduction) JEOfM AR ZE AW REMMMEEE Y LT ZLANKE
%% 300 BETHARUCKAA SN, HBROMEEE IR EFAET S 2 &0
T&E/,
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F1E FR

AESCE. 74 b« £ A= 7 - 5 45 7 #—(Photon imaging detector : LA T PID & B&:D)
A T EHR U7 s A2 TG s LC, IROMHMNMEZRIET S Z 2 BiE T
Do AWSUESENDIeD, H1EIRNWT, Hik BIICOWTHR~NS, F2FIBNT, Mk
i~ A7 &t s PID (2 X 0t &nD 7 — Y cfadB /34 O O AR & 7 — U A8k
(Iterative Fourier transform algorithm : LLF IFTA &B&EOIZ K- T+ 5 HiEx bR ~5, &3
BEITRBWT, 32 50 1REDNHZEER b OB & FE LR 28~ 5, F4EIBNT,
PID % FHV N =3REEE D & OMARIIEIE O AlReME 2 B 2245, § 5 HEIZBWT, Mamzid 5,

1.1 HE

W ORI A A G2 J5ik & LT — Y =ik E R LR RO G980 b
TETWD, 77— = EEERIR U 7ADEERE -V TR & BRI OMmImE N bR S T
oo AW TIIERENC T D TREME 2R D~ BHEEMZED D,

1.1.1 XROGHESHEHR

WG DRI AN AR DSEHTE I ACBEED 3 TR 8 E DZ < DIFHANIR
SN (K1), ZorfEbe BREIEIRHCA T b Ly b =7 ZREYER EIZBN
CHEHEEE 2 R4 k1, SRR BHEIIE T 5 7o DI DR OSREEE DL TH B,
AN DRARS A 2 HITE T D 1= DI D O BTV S FIETH L TR 75 7 4
RECEBOWTH, B8E TS S 0NERH LD TFRVEHET Y | ALK L ToREN
22 EOREN LIERE IR SN D, SEOEE SRS ETIC L D RER OV 72V SR THAH
FRET D HED, LTSS 2 7 — Y i et AR 2R 5 5L TH D,

\ \

P
‘%w@
— o
N
AR N
(a) (b)

B 1 e,
WiE~DOAGEE (a)FEE, (b) KA
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1.1.2 7— I REEICK HA4EEHE

WED 7 — ) iER e & ORFEA HARNARZ kD 5 71k & UCIFTA 2 R fiBmlE ik
NS TWACHR2], 4 E TFORMCEERE: SR A2 ORI S TR, v Ialb—Y
2 AR ERE CORBEEL SN TE TS, A1, 1. 2HZBWCIEICHGm A R~5, £7
77—V THEFBREEMGIC OV T, KIC 7 — Y oMU ZBET ABERGHRIC DV T, &I TFTA (2o
Tik%, FRENZHOWTITH 1. 1. 3EIRWT 7 — ) m@@E ol a b~ 5,

77— T ERELT

77—V TSR0 A s H B R OB E K 2 1R T, ROT AR OIRIE A B R
fx) = | {x) | expli g¥)] &35 &, L XOEARIZEW THIE SN B HEESMG (WX D7 T v
kT pEfHR L 2B, 2O IR 27— BB LB O "%, 07—Vl
SRS CH D, [3,4]

LR (LR
a

S5 RE A

£ (x) 7~U:nz§?ﬁ> I(u)=|F(u) |2

9 T— U T EHFR
f o WAEAAR AR, 1 BEAESRE A,
F: {fov—YofH

B R
SHHIERC & D IRE R & IFTA O EHEROIFIZIW T, BB M X EBEEN O T
aNnb, B,y 7 — ) fED%E Flu,v)& 5 &

F(u, v) = |F(u, vl[exp(itp(u, v))]

= X%H 'VNZ‘;H fx, y)exp[— i 27r(“%/[ + v}%\, )] o

EJn AP

flx,y)=(MN)" u%:;ﬂ véﬂ Flu, v)exp[iZn(”xM + V% )], 2
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ThbH, BT — ) OB, M ENZ 2 0RFEME U CE 7 — Y =8+ T, 7—
Ui i — ) SO EER BT A E b AT D,

ARES T

AT BN TIARIEL 0% KD 5 7-DIZ TFTA 2 A5, IFTA 3. WikfEnk s 7 — Y ek
IZBWTENFNOWRRSEA R @A L b 77— 1) o5 L W24 0 3R LTV, BiRGrARS A
OISR S 25T 5, AFFUCBOTAMNT AREREM L1, WRRERIZEITT 29 R— h e
HRe7 — Y iz 57— EERES AWk ETH D,

IFTA %, X 31747 — Y ik —7 k [alH ORI, STEP 125 4 ONEIZE T
T5%, STEP 1128\ T, W—""kalH OPHMRIE SR ) (ZZC, A—71EIBIZBWTE %
5 HIMEETHD) 27—V EHLI-b0d Fr@E 3%, KIZSTEP 21280 T, Filw
(2 LT 77— o O GM2 A L FA@E55, 77— Y “HRomEE L1, Fiwo
FIEZ N OELNDHRNE L EfT 5, STEP3ICBWWT, FilwWiaifiv— VoL -H 0%
1 @ETD, STEP4IZENT, £ GITxt L THARE TRt & LTHR— MR Y
2 L, ZORE G2 A il SR WS FNEIU W THT- e HEERIE frv 1 R
2155, Fir®@Pk + 1EIHOAL—7OMEL 229 . FEEC L OER fre®, fies®... &R
D, FERT D E R BIEE T2 3 ORAGBNIA—T%2Hi<), FRIPEGEL TW DDA
T HIDHIT, PHABEIE A EAT S,

N S
7—Y T
fk Fk
T Step 1 > i
L LNTTE QD S-S LS 7 — ) zm RS
2 b S ZEHT 5

) Step 3 )

'k F k

RS EY 2

Step 4 Step 2

X 3 77—V =xfiEEL—7 kBB O
f : WiKEREES, F o 77—V S e s5Ah

IFTA (213, STEP4 (25T FA®MND fin(WE KD DEFETD fn QDEZRNDATTOHE N
X s S ok 2l, =51 #7373 Y X A(Error Reduction algorithm : LAF
ER EBGEDRNA 7Y v KA Ty v 70 87y b7 0= ) X A(Hybrid Input Output
algorithm : 2L F HIO ER&ED) S0 hiZeb ol LTHLA TV,
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ER & HIO OMFHK 312V CanBi L4 50 STEP 280 R +iEn 2 3-T IR T, F
. ER Clin—7kBEIBIZBWTUTORX 3~6 DL HickEns,

STEP1. F, (u)= |Fk(u1 exp[i(pk (u)]z F[fk(x)] .3
STEP2. F', (u)=!—g%Gk(u):lF(u)exp[i(pk (u)] .4
STEP3. f', (x)z |f'k (XX exp[i@k (x)]z F [F‘k (u)] )
STEP4. f,. (x)= {’; &) ” :: ;’ (ER) .6
STEP4. £, (x)={ " () . xey (HIO) T

fk(x)_ﬁf'k (x) » XE€ 7.
I LT ATHREE O R M i SRV TH B, F- HIO oW T B TRt L,
STEP1 7»% STEP3 & TIX ER DA L &< [FETH Y . STEP4 DA STEPA |1 L 9 124
HEHANDREE NT A—F AL LV IBETDEETRETS, ZZTRIOND 1 DIEEDEHK
T D,

K k [BIBIZ80) ARIE RS 230253 Ml & UClT, Wi £ @ OMEERND 5 B s
AT XN ONED ZREFOES L LT Object error (Eak) &% HU Ve,

7— U x REEOPURYE

HIO & ER #MAGOEIAAREHEIED, FHACRITD /A ARRE2 2B LIRS, 2hEM
ThbHEEND, HIO N—T%480 8T Z & CHIBHIE DT 1-%. ERV—T7 %20 R4 LT
FE~DULHE D FED, B S 2 L—2 3 B TR A FEEE SN T A gErs], 7—U
TEHESAOMES A F X v 7 LoV L EHEREEEIC OV TREED e SHTRRE). &0 @1
Ly 7 L TUTHRONET— Y TEERE AL ONABEEN X 0 [BHERE S B L AVRE L,

1.1.3 77— IEBRESHER

BIHFERI BT T — Y T BEDF A ) v 7 Lo PDORKE SHEHE S AN OFRSEE 8
BEE52 57 RBEE A, BN TEYENEAF 2 97 Ly DT TEHREE A % HIE
L. JIE L7727 — Y im0 S IFTA I L ARG 2 LV B CRET A - & 2 HISL
T&=, 7Y TissERMORERES & LT, CCD 5 4 77 # % i -#Fecik 5,71%0, CCD
T AT T B K EHEE L BIEN RTREZNHI CCD 5 4 7 2 & V-5 Caiks] iz S,

FREIL, BIES AT I o 7 LU PhsasORIEREEIKGE L T D00 %< . CCD F47 7
ZRGHENICCD 7 4 77 ¥ WA Tl 7 — U mERESHRIET — 2 B 0 e —2 L 1K
K —7 OHEEATTHLDIRLN TN Z ETHD, -, FHBEREOMREORRA G-
FAWBBENMMOE 728031 28X 1 2 8IZBHIVTV-,
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1.2 BHY

UULEOERAME 2, AR TIAT — Y SHRE AR 2L FRHEIC L 0 BB R R L, Gl S
N7 2 & TR AR 2 2 & T, 3 b OMHHEE DT L R REET 5 Z
EERBMET D, BT CT— ) mERES A AT D 2 LT 1IRK Y SIROERTE—2 28
AT AR A A E T Do BIE LIZHREES D 1 2 8 X 1 2 8L LD Y7 B ARDMEESS
iz L ViZL, 2OT—4 %24 LRI MZEET 5 2 L2 BiFT,
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F2F Ak

7 — V) TSR 2 AR L0 SRR S, T U i /34 A PID W L0 EHE
T L NERENERT D, HEEWIR L U T2 R SRS 35, 77—V ZHRSREM % 2
HEOHIETRET S, WG L7 — ) i8N f5 12X 1287807 —4 %1 &I
IFTA %t L, #EHEONAR A & [iE 5,

2.1 YiFELESH

FHIESR L UCHEFRZMAE L HWD 2 LT SRIOFESENENERGET 5, sHllEH
DAFRA L U TR 132 ROMABE 7 (X 4(2)) b bV, Bk~ A7 54t & UCRIR
DA HIBET A - DT 200 um D L F—L (K 4(b)) 2 HH0A, (A 18 B h—%
A&~ HRbE5 A (X 4(c)) 2MIRmEc s DRI 4 L 722 5,

ARSI 4(a IR IHEEE LT D, (AR T E L Si02 TH Y | YT n = 1.46 T
ESN TS, (S FO—miZiZMEd =40 i CTE & h = 40nm O8R5 72 LT
WD, BSOSy LM OEEAhIZ LY, He-Ne b— & 632nm BAAH L7Z &35
&L BT AR EEICEET AR 1/32 HROMMENEL D,

LR —/UX 4(b)EETR 200 wm OO OHIDEET D, T D B /RS
DR RO AS LT85 A, o h—/d T 2 R OBES T 2 SOHSI s sh
% BT 2 R o128 0 & . FOMIIZL ) ¥an L= B USROS 0 D T 5,
FIRO R 2 >OWS EMKEIZEB T 59 R — AL LTHWD Z L3 TE 5,

PRI AR DO 4(c R END, AIFESAAILERE 200 um ORFEOFIZMIERE
ONFEZE 1/32 BEOMERA 40 um IR THEZIE S, HEFMONARE L2072 < LiEE TR
RIOAABE N AAER L= B E, EHTROETE — 2 & —Ef EICER UG A 85123 5729 T

(a) (b) ©

4 kmAARSAn
(a)irfats+. (b)EFR 200 un B F—b, (¢ YWHREAAESS .
d =40 pm, h = 40nm, n = 1.46,
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2.2 XFEHT—) TERESHEA

WA Z 3 VIR AR 7 T 0 L —7 7 [alhtg (77— @554 & ATl
JEEHY D 72 2 FADIRIG T IE AR U, 7 — U i S M O A3 HERIGU OV Gl
Uiz, 2FBRORGTE HEIEEGIEL T 4 7 7 2B 7 MRIGIEIZ OV TER D,

2.2.1 XFHHIBG

7— Y IS A AL TR S, FHIS AT AORRE . VAT LIAHET S YT b
TS E YN FEHEGEHT D AR D, L0 BERE IR AR D 7ol FHAR
AT DO & AFDCRERE A 2, F5HHEROADOR~DNE S X EDLEHOTRY
15,

KT EERE

NIREE A atEdRtg 5 T E LT, 7+ =2 A% Intensified Charge Coupled
Device UL FI-CCD 5 4 77 #Z L@ AT L&D, [-CCD 7 4 77 ¥ AT L Tid Image
Intensifier (LLF LL & B&E0) 045 THAESETHE 2808 L, SHEHME L7 X% CCD 7 « 77 ¥ Tit
B, FHL-T— 2 2RIk L, SHE Ty 7 by =TI L VT — % 2R T
T 5,

I-CCD 7 4 77 # VAT hOSZIEHTONTIH 5 1A AT~ I CCOT AT I HVART
Aﬂﬁjﬁ:ﬁﬁ YT BIET 55N % 1-CCD 5 4 7 7 ¥ ORIFERNZ S 5 LLOSZ RIS
S5, LLIZL » TEREREME S, LLEF LG S et Sns, LLIZ K D8E
ODimfhme‘f“&S%‘EO)éﬁl;;Jr@fJ%nI EL D2 LI TV D, LIS SN s s 4%
EANT A b =2 24 CCD 5« 7 7 # C2400 (2 X 0 580 30 [lHHIE 2, dHll S 7585 o
TERD L AT MIBOAEHEI ik s b, FHEEICITT 208y 7 by =7 ARGUS-50 534
VA R=AENTEY ., mE SN HRE ARGUS 50 (2L W+ 25 Z & C, H8ED
SR FEIHR S 5 Bkl

ILLicXv@mHont CCDHATZHE

gn®
[EEPN B

X 5 [-CCD 7 47 7 #ZNHsr Of

L.L: image intensifier
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R BV O HRER B 5 72012, ARGUS50 I CEHESHE S Q0 A gt — N4
2 a DY) G photon counting mode AR5, ZOE—RIT7 L—A4A (V30F) ZT&IZCCD
T AT ZITHBAGF LTz, LTV EZENERL L, OO 03 A L7 L 3HRT 5 (XK 6),
A5 LR (% 11 EIZE0H) S0 7+ S BBEERETH-TH 1 H & SN 5,
Bl IEK 6(a) M) 1172 50 UL, BEEAS L1503 E S LD T8O
BHROBITH D, e EDOFEIL, PID OF{ 7 /MIBIFONXTER 0N THH % 1/30
TEDTL—ALTigk L, BLAEDLETN,

0 5 |0 2 0 1 0 1

50 |21 0 0 1 1 0 0

3 [123 | 1 77 1 1 1 1

2910 8 | 39 1 0 1 1
(a) (b)

6 30570 | S A LB T OH
() MIEFH (b) BHRSNBITH

FHEDT=NT, ARGUS-50 533 FE0% 8y NEUS RSB float DBEHERFLTRIFL T3, £0D7-
DIT, FHS 32768 X £ 570 & i, JEFES 32768 1ET HRMIEHIZ —EE 1L TR
T—F ERE LT HURHIZ T U, Bt 25107 — % 2017 7 A MR T T B L ER H D,
BEIZ, NHETFEOGE LTDE, HAEIEMIS T L—ADXIZER 1 74+ P OEETA
42848, 1R 10 74 by 1 9RIC 600 74 by 1EERNZ 36000 74+ o A5,
Lo TEHUDOEMEZIEIE 30 25 Z & IZ5HEZ —EFl LRI — % 2R F L T BE DR H B,
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TRBERE

e EEHS 5 Z LN TE D PID i KB TRIGICH WD 728, PID Omi{% @ HifE
(Image Intensifier Controller) DR (sensitivity) D O£ Tdh D HV DEREEMNETH D
10129°%, BUETHEARKIZT S & PID O CCD #yOfttRem B Bl Tt ad F -7 < AS
SHEARVREETEH PID TGS TWDIREEIZ 22D, ZD7z8, PID @A F-7-<
A EERVIREE TG SIVT, DA 2 EEHlllanD, &0 XY oMEESRET 5, H
fEZRET D HEE LT, argusb0 (23 T 24ii{b %47 5 #3fiE(discrimination level) % 10 71X
11 1ZRET 5,

NS IR

PID A5 RTHEZZ EHEREIT 10 2 ~10 9 Lux £ & 55V CER10), [T OBS. ASHEsE
23 PID O A RBENIIB I ED L5105, AFHEREL2HET5, AROFR T 1
T U—AIZO&E 1 7 B T EHBAROATEDART 5 L5 AGHERE 4558 5, AlaliE,
AFF D HAED—F LV E T BB TH, AN 1 7L —AZo% 1 B2 12
T4 MAUTOEETHHAIIIIND 74 NVZIL 0 A L—— 0208 LT,

AT L7V SIS 3043 PID S2RHENIAS L7aV REE T 5720 (072 / A b RET
LHED DD, MENFRONESNE PID SOCEA~DIAF A8 3B O T EEZ 4D, PID %
)‘LE}:%{ZFEV7<7 THHE L R—/LOE Liﬁj‘m}ﬁ CRODEHRBOE 2 RET (X 1), &71

FANNEONZ WD T & RIS 570, FHRBEDMEMEIES lem FUEOEHK TN,
HICFHR a3 DR R B IR %Eiﬁ’&?ﬁ&lﬁ& Lto

L PIDS: YT
NN TR

R
R 7 L ik A 2 RORE
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2.2.2 SEKiBE*%

SYBIAIRGIEE . BT RE DR E VD LSV D D L& REWERYDNL
B TR LS R MG RN X RS Te DB, T OoOBROBHEE BRI TEMT DiGIE LT
B, ZBHIZITGEERY B, £ HFEWRGIEC L0 2. 1HIC Lo LIk s et B 1-0ic
T 2R, RIS, BB L7 miitie i d et ZFOIc, Bl LI mgssE sy
iz A L0 BRLL, 10 O 7 T OMES A T3 v 7 Lo POBEED D 3 REITELL
LoEmKEYHEE—2 OB LR ERE R,

[ElrgsREE A BRDEFER

YHRENARSATD 7 T 7 L R—T 7 [EHTRIREE 5341 & S HHE A e Fm 2482 (X 8), X 8 %
W95, HeNe L—H— Lk 632.8nm OXEMAFHEIND L, HIND 7 4 /L Z L0 iRE
998 Lz, spatial filter |2 & 0 WHEINET BB, LS STREA L 2 X2 LY PID %%
HZERERESMIEIL, L XE PID 2 0ESES, L AE PID OFL XD H%FI2, ¥
K~ A7 L LTOE L R—L &, BkE L TONARE T O Z DOMRLEEH % AV NI S8 ()
&9 5, PID ZHHEOEATII filter 2MEH LD Z EMNH Y | filter (2 X 0 FHHI LAV WWHRE AT
%s PID {2 X 0 3 S S S I 7 L— L T8I0 a s B a —F Ik STV S
REBIRIND,

Mask  Filter

He-Ne ND SF Lens Object PID Computer
LASER
X 8 HEIRMELTHR
SF: spatial filter, PID: photon-imaging detector
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SEIEIHGIED B I, ND 7 4 VZ 2L B NIRRT L filter | X A EBREEHSHIBR TH 5 (X
9), L—HPF—R{ZIEILICHE SN ND 7 4 A2 (X 8Ick V. DEDHREMN PID 12X > T
P L EHITE MBI S D, SAROYEREN, K 9alZi T 0 IREFTEE— 7108
L=k iz, B 9BVt 1 RIEPTHEE—Z 12 L K& SIZRESNTOV D, B 9(b)
DX TREWTHEE— 271208 LK & SIOBRENFREIN TS &, 0 KEFTEEY—2 23 PID
DRIERREEZ HENNRH D, PID ORERREHZ 200 H D 0OME%, PID Gl
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Optical phase retrieval using the iterative Fourier transform algorithm has long been believed inadequate for the quantitative
imaging of weak phasc objects, but in this letter it is shown to be greatly improved by introducing the preprocess of Fourier
intensity data as well as by adopting a cooled charge coupled device (C-CCD) camera to record the data. The preprocess
consists of the addition of multiple data, the sensitivity correction of the C-CCD camera, and the modification of the Fourier
intensity data with a Wicner optimal filter. The phasc distribution of a very weak phase object ( maximum path difference of

A/32 ) is experimentally retrieved fairly well.

KEYWORDS: phase retrieval, laser microscope, optical measurements, information optics, image science

The iterative Fourier transform algorithm is a useful phase
retrieval method. With this method, the phase distribution of a
transparent object is retrieved from the measured intensity of
its Fraunhofer diffraction pattern | F (w)]?, where F(u) is the
Fourier transform of the amplitude transmittance f(x) of the
object. In each loop of this algorithm, an estimated amplitude
transmittance of the object is Fourier transformed and is im-
posed as the Fourier domain constraint, the obtained function
is then inverse Fourier transformed and is imposed as the ob-
ject domain constraint, and these procedures are iterated until
the algorithm converges."

In contrast with interferometric or holographic methods,
the phase retrieval method requires no reference wave, there-
fore the experimental setup can be considerably simplified,
and the accuracy of the measurement is not limited by the im-
perfectness (error) of the reference mirror. Furthermore, since
quantitative phase distributions can be obtained, this method
is also suitable for precise profile measurement.

However the phase retrieval method has long been believed
inadequate especially for the measurement of small phase dis-
tributions.? It has been shown that the accuracy of the re-
trieved phase distribution greatly depends on the dynamic
range of the measured Fourier intensity |F (w)|?, and that a
dynamic range of 8192 (13 bit) is needed to obtain an ac-
curacy of A/100 while ordinary 8 bit digitizing (256 levels)
gives a rather poor accuracy of A/5.%

Adopting a cooled charge coupled device (C-CCD) cam-
era, we actually obtained Fourier intensity data with such dy-
namic range. We succeeded in imaging a weak phase object
with a maximum path difference of A/32, but the retrieved
image was somewhat noisy.”

In this letter, we explain some additional processes intro-
duced to measure the phase distribution more accurately and
to obtain a quantitative image of the weak phase object.

The first process involves the summing up J frames of
Fourier intensity data. Assuming that the j-th measured
Fourier intensity data /;(u) consists of true Fourier intensity
I, (1) and additive noise N (u), the summed up Fourier inten-
sity data I, (1) is denoted as

J J
L =Y L= [U+N;w]

j=1 j=1

*E-mail address: kamura@opt.phys.waseda.ac.jp

J
=JLw+ Y N ey
j=1
The signal-to-noise ratio of I, (u) is larger than that of /; (1)
(for j =1,2,...,J) because of the randomness of N; ().
J / 1,(u)du / I, (u)du
> . (2)

7
Z[Nj(u)du }f N;(u)du
j=1

forj=1.2....J.

The second process involves the the correction of sensitiv-
ity of the C-CCD. Unevenness of the sensitivity coefficient is
corrected at each pixel.

The third process involves the adopting the Wiener optimal
filter (WOF).? Although the Fourier amplitude | F (1c)| used as
the Fourier domain constraint is usually related to the Fourier
intensity as

V)] = (1 @))?. (3)
in this letter we use the filtered form,
I(u,v v+y
|Fu, v)] = U, V)] )

[1(“. v) + aIUZmI + agvz’"Z]” :
where (i, v) denotes u, and a;, @, my, m> and v are ad-
justable parameters.

(a)

Fig. 1. (a) Phase grating used as an object. d = 40um, n = 1.46 and
i = 40nm. (b) Experimental setup of a phase retrieval microscope; EWS:
engineering workstation, C-CCD: cooled CCD camera, SF: spatial filter,
ND: ND filter. Recorded multiple Fourier intensity data is directly saved
in EWS.
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Fig. 2. Theimages of the retrieved phase from type A amplitude are shown -
in (a) and (b). The images of the retrieved phase from type B amplitude -

are shown in (c) and (d). (a) and (c) are plane images, (b) and (d) are bird’s
eye view images. o

Figure 1(a) shows a profile of a part of the phase grating
used as an object, whose pitch d, refractive index n, and thick-
ness h are 40 um, 1.46, and about 40 nm respectively. Ac-
cordingly, when a light wave (wavelength: 1) passes through
this grating, a path difference of about A /32 (phase difference
0.067) is generated. Figure 1(b) shows an experimental setup
of the present phase retrieval microscope. A pinhole, of di-
ameter 400 pm, is used as a mask to limit the extent of the
object field. The Fraunhofer diffraction pattern of the object
is recorded with the C-CCD, and the recorded data digitized
in 12 bits are transferred to and saved in the engineering work-
station (EWS).

The Fourier amplitude | F ()| obtained by the three above-
mentioned processes is used as the Fourier constraint for the
combined phase retrieval algorithm of the hybrid input output
(HIO) and the error reduction (ER), which is known to be
very effective.” In this study, we adopt a combination of 350
iterations of HIO and 150 iterations of ER.

With this experimental setup, we measured 500 Fourier in-
tensity data values, from which we obtained two types of pre-
processed Fourier amplitudes, i.e., the amplitude obtained by
the first above-mentioned process only (we call this type A
amplitude) and the amplitude obtained by all the three above-
mentioned processes (type B amplitude).

Typical experimental results are shown in Figs. 2 and 3.
Figures 2(a) and 2(b) are the plane and bird’s eye view im-
ages, respectively, of the phase distribution retrieved from the
type A amplitude. In Fig. 2(a), vertical lines of the grating can
be obscurely recognized. Figures 2(c) and 2(d) are the exper-

Y. KAMURA and S. KOMATSU 6019

Phase [r]

400
Position [um]

Fig. 3. Profile images of retrieved phases. Broken line: from type A, solid
line: from type B.

imental results obtained from the type B amplitude with the
adjustable parameters of WOF, m; = m; = 1.0, o; = 0.02,
oy = 0.1 and v = 0.5. In Figs. 2(c) and 2(d) , ten periods
of the grating structure are clearly seen in the object field in
accordance with the fact that the pitch of the grating is 40 m
and the diameter of the field-limiting pinhole is 400 um. The
improvement is due to the adopting of the WOF and the sen-
sitivity correction of C-CCD. For a quantitative comparison,
the profile of the retrieved phase distributions are shown in
Fig. 3, where the broken line and the solid line are the profiles
along the horizontal lines in Figs. 2(a) and 2(c), respectively.
Apparently the solid line obtained from the type B amplitude
sufficiently recovers the phase difference due to the thickness
variation of the phase grating, although there exists some in-
clination and the rectangular profile is rounded off. We con-
sider that the roundness is caused by the finite extent of the
C-CCD which is not sufficient to record high-frequency com-
ponents of the Fraunhofer diffraction pattern.

The authors thank M. Hattori for the help with the exper-
iment. This study was partly supported by a High-Tech Re-
search Center Project as well as by a Grant-in-Aid for Sci-
entific Research (10450029) from the Ministry of Education,
Science, Sports, and Culture.

1) W. O. Saxton: Computer Technique for Image Processing Electron Mi-
croscopy (Academic Press, New York, 1978).

2) S.Komatsu and J. C. Dainty: Appl. Opt. Dig. (1990) 293.

3) H. Koyanagi, K. Higuma and S. Komatsu: Kogaku 25 (1996) 416 [in
Japanese]

4) V. V. Kotlyar, P. G. Seraphimovich and V. A. Soifer: Optik 94 (1993)
96.

5) J.R.Fienup: Appl. Opt. 21 (1982) 96.

79



80



&R 2:
S. Ohno and S. Komatsu: Image Restoration and Object Distance Evaluation from a

Defocused Photon Image, Proc. SPIE, Vol. 4416, 412-415 (2001), 2001 4¢ 6 H

81



Image Restoration and Object Distance Evaluation

from a Defocused Photon Image

Shinya Ono? and Shinichi Komatsu2?®

sDepartment of Applied Physics, School of Science and Engineering
Waseda University, 3-4-1, Okubo, Shinjuku, Tokyo, 169-8555, Japan

bMaterial Research Laboratory for Bioscience and Photonics
Waseda University, 3-4-1, Okubo, Shinjuku, Tokyo, 169-8555, Japan

phone number : +81-3-5286-3224 e-mail : ohno@opt.phys.waseda.ac.jp

ABSTRACT

Previously we developed the filter bank method that enables to extract from a defocused image the
information on the amount of defocus. In this paper, we apply this method to a defocused image with
extremely low intensity detectable only with a photon counting camera. Experimental results show that
the information of the defocus amount can be extracted from such a blurred photon image and

simultaneously the original object is successfully restored.

Keywords: Image restoration, Range-finding, Photon image, Semi-blind deconvolution

1. INTRODUCTION

The field of image processing has been expanded along with the development of computer technologies.
Various researches have been carried out so far on the image restoration from a blurred image. There are
various causes for image blurring, however in the case of defocusing, the blurred image can be usually
represented as the convolution of the original object and the point spread function (PSF) of the blur.
Therefore, if the PSF of the blur is known, the original object can be restored by deconvolution procedure.

Previously we proposed the filter bank method for image restoration in which a given blurred image is
deconvolved with a set of deconvolution filters, each element filter of which corresponds to a different
amount of defocus. The amount of defocus was determined by finding the extreme of the cost function, e.g.,

the sum of negative pixel values contained in each deconvolved image. We confirmed the feasibility of the

Optical Engineering for Sensing and Nanotechnology (ICOSN 2001 ), Koichi lwata, Editor,
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The array size of the defocused image was 256X 256 pixels, and the maximum number of photon in a
pixel was 479, and 481, while the total number of photon in the image 7.5X 105 and 1.4X 105, for the
object 1 and I, respectively.

It is seen from Fig.3 that £, is minimal at D = 1m , i.e., the correct object distance can be determined for
both objects (a solid line : object I, a broken line : object II). The restored images obtained by applying the
Wiener filter for D=1m is shown in Fig.2(c).

0.06 'y
' N —&—— object |
FS} 005 ) - -8 -- objectO
5
g 004
=
=
<3
% 003
Q
T Th
0‘02 1 | 1 1 I

085 09 095 1 105 11 1.15
Object Distance (m)

Fig.3. The cost function Envs. D
4. SUMMARY
The filter bank method for image restoration was applied to a defocused image with extremely

low-intensity light level. In the experiments conducted using a photon counting camera, the information

on the amount of defocus was extracted and the original object was successfully restored.
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2.2 Cost Function

If the blurred image is deconvolved with inappropriate filters that do not correspond to the correct PSF
used for the recording, negative values generally arise in the deconvolved images that never happen in case
of the correct PSF. Therefore by examining the negative values contained in the deconvolved image, we
can expect to find an appropriate PSF to restore the object. Therefore the cost function £ is defined as

follows

@

where M, is a pixel value in the nth deconvolved image, and m,, a negative value appearing in the
same image. The summation in the numerator is taken over negative pixels while it is taken for all pixels
in the denominator. Considering the fact mentioned above, it is expected that smaller values of £, will be

accompanied with better restoration.
3. EXPERIMENTAL RESULTS

Being translated along the optical axis, a yellow LED with a pinhole used as the point light source was
taken pictures with a photon counting camera in order to prepare a filter bank. The distance of the LED
was varied between 0.85m and 1.15m at the interval of 0.05m, while the TV lens ¢ =12 mm/F2.8) was
always kept focused at infinity. The light emitted from the LED was attenuated with a diffuser directly in
front of the LED, and the exposure time for each frame was 20 seconds. A black pattern printed on a sheet
of white paper was used as the object. The sheet was illuminated with the LED and the reflected light
was imaged with the photon counting camera. Typical objects Iand Ilare shown in Fig.2(a), and their

defocused images in Fig.2(b). The object was placed at the distance of 1 m in front of the camera.

i D gﬂ
)

- ] Bl &

(a) b (©
Fig.2. (a)Object  (b)Defocused image  (c)Restored image
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proposed method by computer simulation!!} as well as by experiments using a cooled CCD cameral2.

In the present study, we apply this method to the processing of a defocused image of extremely
low-intensity light level that can be recorded only with a photon counting camera. The restoration of such
a photon image will be experimentally carried out as well as the simultaneously achieved range-finding of

the object.

2. THE PRINCIPLE OF THE FILTER BANK METHOD

Prior to the recording of the object with a defocused

lens, the PSFs of the lens were measured
_ Defocused Image

I

experimentally for various amounts of defocus in

order to prepare a filter bank, ie, a set of Decomvolution filter bank
deconvolution filter each of which is calculated with t t

. PSF (1) PSF (5) PSF@y f..... PSF vy
the corresponding measured PSF. Then a defocused
image is recorded with the lens and is fed into this Cost Function
filter bank. The cost function £, which is defined

) En(yy £ng) Lagy |..... Eagyy

here to be proportional to the root mean square of the

: ' ! !

Determining the minimal value of fn
1

negative pixel values appearing in the nth

deconvolved image, is calculated for all the element

deconvolution filters. Ideally, £, falls to zero if the l
. R . Image Restoration and
blurred image is deconvolved with the appropriate Object Distance

filter which corresponds to the true PSF. Therefore

by searching the minimal value of 5, the appropriate Fig.1 Filter Bank Method for
element filter can be found Accordingly Defocus Amount Evaluation
appropriately restored object can be obtained along

with the information on the object distance.

2.1 Deconvolution Filter
In the present study, the Wiener filter W,(v,,V,) is adopted as the deconvolution filter

H (v.,v,)
IH,, (vx,vy)|2 +I'(v_,v)

Xy

w,(v,,v,)= (0

where H,(v,,v,) is the Optical Transfer Function(OTF) corresponding to the nth PSF, and a constant is

used for I" appearing in the denominator that is defined by taking account of the ratio between the

spectral power of the noise and that of the original object.
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Phase retrieval was achieved with higher accuracy than ever from the Fraunhofer
diffraction pattern that was measured with a photon imaging detector up to higher
diffraction orders.

1. Introduction
Iterative algorithms for phase retrieval have been studied numerically and

experimentally for more than two decades.[1] The phase distribution ¢ @) of a
transparent object can be recovered from the Fraunhofer diffraction pattern [F(u)/z,
where F(u) is the Fourier transform of the amplitude transmittance of the object f(u).
Each loop of the Fourier iterative algorithm mainly consists of four steps as described in
Fig.1,: 1) f@1) is Fourier transformed, 2) the Fourier domain constraint including /F(u)/
is imposed on, 3) F) is inverse Fourier transformed, 4) the object domain constraint is
imposed on, and these procedures are iterated until the algorithm converges. It has

been numerically demonstrated that the accuracy of the retrieved distribution is affected

by the dynamic range of [F)/2[2] The

retrieved phase distribution may be unstable in f k .._—F—T—-p F k

the presence of small noise perturbations in # +
measurement. The diffraction pattern measured Satisfy Satisfy
experimentally by a cooled charge coupled device Obéi:ncsl r[i)!()ill:lasill FO‘églnesr“aD{’gg 1
to as high order as the first order of [F(u)/? [3] +

and that measured by a photon imaging detector f ’ F ’
(PID) to the third order were combined together, k IFT k
and the resultant data was processed with the Fig.1 The k th loop of the Fourier
combination of two algorithms [4]; 250 times Iterative algorithm.
Hybrid Input Output algorithm (HIO) before 50 FT: Fourier transform

times Error Reduction algorithm (ER). For the IFT: inverse Fourier transform
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purpose of monitoring the degree of convergence, the object-domain errors E is
introduced.; NS presents the domain out of the support domain.

e =[Sl 6l [l 6y

XENS

In this paper, more accurate retrieval is aimed for. To accomplish this aim, [F(u)/?is

measured accurately with a PID, and the HIO are applied more effectively to the data

2. Experiment
Fig.2 describes an experimental setup of a phase retrieval microscope. The

diffracted light wave (wavelength: 633nm) which is measured with the PID travels
through a spatial filter, lens, phase object, pinhole. The ND filter included in the spatial
filter reduces the intensity of the wave so that no more than one photon is measured by
one pixel of PID per 1/30 seconds. The lens is placed at the position where the light
wave forms the Fraunhofer diffraction pattern of the object at the PID. The pinhole, of

diameter 200 1 m, is used as a mask to limit the extent of object field.

He-Ne LASER "2 ST |

Fig.2 Experimental setup. The filter was placed in front of the PID to attenuate

the lower order diffraction spots. ND: ND filter, SF: spatial filter,
Mask: pinhole (diameter: 200 f£tm) PID: Photon Imaging Detector

Fig.3 describes a profile of a part of the phase grating used as an object, whose pitch d,
refractive index n, and thickness h are 40 1 m, 1.46, and 40 nm, respectively. The

optical path difference of about A /32 (phase difference 0.06 ) is generated by the

grating.

Fig. 3. Phase grating used as an object.
d=40 g m, h=40 nm, and n = 1.46.
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For precise measurement, two types of diffraction pattern were measured. A pattern
including the zero order diffraction spot contains about 100,000 photons forming the
zero order diffraction spot, and about 1,000 photons for the first order diffraction spot
(Fig.4 (a)). The other pattern whose bwer order diffraction pattern is attenuated by a
filter, and whose higher order diffraction pattern is intensified contains about 5,000
photons for the second order diffraction spot, and 1,000 photons for third order diffraction
spot (Fig.4 (b)).

On workstation, the two measured intensity distributions are combined to produce a
very wide dynamic range diffraction pattern data that effectively contains about
11,000,000 photons (Fig.4 (c)). Around the central point at which the diffracted
intensity is the highest in the combined pattern, the square region containing 384 X 384
pixels is extracted. The array size of the extracted data was then reduced to 128 X128
elements by designating the sum of 3 X 3 pixels to each element
After normalizing intensities of the pattern, the phase retrieval algorithm was applied

to the prepared data.
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3. Phase Retrieval
The phase retrieval algorithm, 1.e., 2500 times HIO (feedback parameter: 0.50 ) before

500 times ER, was applied to the normalized data. As the algorithm proceeds, the error
E decreases to less than 0.01 (Fig.5), and the object phase distribution was retrieved

fairly well as shown in Fig. 6.

08 -

0.5

retrieved phase

03

02

0.1

‘&\Mﬂw“\ﬁ,w--ﬁ‘.‘vw\-‘\\

% so0 om0 1500 2000 2500 3000 %R % e
iteration number

Fig.5 Transition of the error E. Fig.6 Retrieved phase.
Section of line 100.

4. Conclusion
Measuring a Fraunhofer diffraction pattern including higher order diffraction spots by

photon imaging detector, we retrieve the phase of the weak phase object more faithfully
than ever.

This study has been partly supported by a Grantin-Aid for Scientific Research
(10450029) from the Ministry of Education, Culture, Sports, Science and Technology.
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Image Restoration and Object Distance Evaluation from a Defocused
Photon Image
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In our laboratory the filter bank method has been developed, which enables to
extract the defocus amount from a defocused image. In this paper, we élpply this
method to the extremely low intensity defocused image which can be imaged only
with a photon counting camera. Experimental results show the information of the

defocus amount is extracted and the original object is successfully restored.

1. LB
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Phase Retrieval Microscope Using Photon Imaging Detector
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Phase distribution of transparent object can be recovered from a measured Fraunhofer
diffraction pattern by using the Fourier iterative algorithms. In order to achieve phase
restoraton accurately, we applied a photon imaging detector which enables to detect the
Fraunhofer diffraction pattern to higher orders.
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