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Fig. 1.1 Schematic diagram of the image acquisition based on conventional imaging and compu-

tational imaging.
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PRICIZER LAl B AR 2 N LT 5 5, FHEBES / A4 XMMEMRGED2 6 H % ) EHNT
v, 207, BIENIITEMIEZ RIICKD 2 856083% ., FlZ2I1X, XD 3k
IV i/ MU RTRE 2 BRI 2 & CHiEEOERIRE 2 RD 5 2 L3 TE S,

fzm%mmg—HfW- (1.5)
ZZT PRIV LERT, RZ LD R VL ||z|]? RN TERI NG,
][ =) ai. (1.6)

2T, z; 3z i FHOUEFZ 2R, X () om/MUFEZE 72 ichkc 7L
DALPRESIN TS, BIZITR S A AEED 7L Y AL TH % el METIE
ROFHRIC & Y (3) 27 < .

ﬁ=aﬂ4+2HTQr<Hﬁ4). (1.7)

22T, RERE, filiBHOKBEICE T aHEREEEET. £ IMEBICRETE
LU EFRT. HDHWIE, RADRLEZELS 2 L THHRTEDEREZ kD 5 2 &3
TE 3,

~

f= arg;naxﬁ[glﬂ- (1.8)

22T, L[] FuEREETH 5. A (V) 134 2 1F Richardson-Lucy % (RL %) 2 Hw T
R 2 EMTED ),

fi=fiaH" (g/ <Hf1—1>) : (1.9)

IIT, J3ERTEOBRREEERT.
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DEDZ EDD, CLIZMAFEDA X =Y v 7R E L TL D HRHEDE W AT 4
Rt ERT 2B TH D LA B, 2D, ERYBINCHRE N Thif A=Y
TOMWRR ORI T 2R T vy VERLTRE LR 5, HlZE, RRE, #5
FRUREE, 05, fRfGOHEE, BUEPEHRORTTHE BT, BHEDA A=Y v TRz
LMREEFBILE S,

1.3 &3k
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FCERICE Db NRETR Ik Dy 7Y v r3ng, fFelifiiziEs
B & D HIDOEAERICE IS, DUT, CIDREITH S5 5% D
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MIEZEE DN R A EH T 5 2 & T, iRz HEITE 2, WMEX% Fig. [2(a]
RT, BERKITIEA X =Y v Iy AT AL L, Wik, BEE, REOARICK DK
JREND L L7z, Fig. [2@) 34 A= v 7B W TUMRRNICER DN Z 5 1T 2 fREE
ZR LT3,

BOEEIRBNZ, BHEDOA A —2 v 7 27 A TRIGTE R AR ER2 ST 5 7
DIES S NT L REIMTTH 5. ZXRTTMERICH L T2 B L 72856, RS
Y — VI ERTTIERICIG L 72 BA B 07T 7 43— AR D PEL B, Thbb, =X
TLERPR R LIS, COWHERALL, My —v2 7Ly bORFICHED

SROTEHIEM R E I N TS, E 7, HEEGIIPIAREES 1< 22 R RS & fH 59
22 LICbHVoN, RRFRONEE ST X =5 #EER, AN A 7 ORISR O E S
bEOREIER FIC B ToNT WS ™ ZRoulEiE, —MaeFIremE 2 i 2 4
ARSI T2 2 L THMELTE 2. BEORL 2 EROMIRGD & = XotE
WzetE59 %2 LT, MERIPROEMRERZAS ZLBTESL, In2lIdT5IL
T, VRO 2 ZROCIERZ 2 2 EBTE S, ZOFRIIRESEZ T LA LR
nz 5,

HGELARIN 2 A5 2 602 0E, EEZ Oy & FRIE SRRy (RIR57) ANRAE L T
5. Fxvh—nRY—EORGENE GRS % 2S¢ 50 S EERIRE L 7254,
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Modulation Modulation
Object Pupil  Image Object Pupil  Image
plane plane  plane plane plane  plane
(a) (b)
Modulation ¢ | 'Scan
Object Pupil  Image Object Pupil  Image
plane plane  plane plane plane  plane
(c) (d)
Object Unconventional
plane optics

Fig. 1.2 Classification of realizations of optical modulation for CI. Optical information is

by object-plane coding, [b] pupil-plane coding, image-plane coding, [d] mechanical scan of an

arbitral plane, and [€] unconventional optics.
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Exit pupil

(X, ¥,)

b |[deal image point
W(Xp, Yp)

'\Actual wavefront

w_ Gaussian
reference sphere

Pupil plane Image plane
(xpa yp) (x5 7)

Fig. 1.3 Geometrical representation of aberration function.

EEE ST IS IS OB LTS 508, RSB BELEE DB X D SR
ZILEL 20O L R\v, D), EEKRRS 22T itE s, ZoWE
ZHIHS 2 2 & THELAR 2 B L 70060 S BRI 2 77T &, BELERETF IS ©
&5 W, ZOBZTIFHOCETTHEICDIEHTE 2, HUCWEION L QR ZEM Lo
FAW RT3 % 28 2. 70 D3 & BRI 2 WU L 72356, JESOERIT ISR 9 2 S 13 I
T U TS 2238, BOGHTIONIET 5 RKEDBIZEM L 2 2 LIS TW» 5 *),
D DHOURS AL TE, BUBICK ) IhzsaicE s ™,

Ay b 7B A A ARG IZA X = v T AT A RE L CEENICIZE]
ETE v, —J, ZOX) LGSR 2 A 5 2 £ T, HulliiE & OHA
EHDSET7 LMiZREIE LI EDTES, Thbb, by b4 7 MBS 2 2 il
iz 2y + 4 7 B E T2 €7 LIS SLTE 2. COETLIZM@ITT 2 2L
T, Mok 2 B ICBIEE T 2 C LSRR L I B, C OBIRRA X — ¥ v R IR RELL
M BB (SIM: Structured Ilumination Microscopy) & FEIE#LT 2% %2,
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1.3.2 [HmZEH

Fig. [.2(b] D & 9 Bt 2z EEm ¢ EETE 2. i EoEHOEoRim ok
1z, —MLBERIE P, Z VW CRBIE NS D, —BLIERIEICH o N ERDER
% Fig. [3ITRT, Py, FHEAIICE W TRATEIN S,

iy
0y

Pyen(Tp, yp) = P(xp,yp) exp[jEW (1, yp)]. (1.10)

ZI2T, (zp,yp) FHUISERER, PIIRIEEIE, k3BT H 2. W ISIERIE & W
Eh, CREOMAEEEICE )2, HEGREAEERT 2 ¥ (17 A2 L EZBEO R
EDORRRERGERZR T, WX, BEH OSSN OE Z MENIcRE L Tns L
HHIEVDTES, PEEBIE W I, HRERIC X ) fie ONGEREEOME L TRBITE
%9, ZONEIZT 7 4 —h ACHINGER G, JER O UK O E 2
[ L 7254 TH > TOYRE (2o, Yo, 20) ERIENIE (21, y5, z1) WRFEL TELT 2 &
W25, Fl, kW IIPBRIIIZAAHZZICHYS 2, 2070, S W 22HT 5
T EFPIAHZSER LR D,

HEFRDA V7OV A B IR DRI L > Tl T %, mEo % (PSF: Point
Spread Function) &M%, A v ak—L v MERICEWT, —BYLER% P,., &£ PSF A
FEXRADBIREZ DY),

R, 45) = | F[Peen (@p, yp)][*- (1.11)
ZIT, FlJWEk7—VvxZ&azrkd, oFh, WHTERCEZLERNT S LI, PSFz%
7=V XM ETLHL 0 I EICHBT S, fvat—L Vv MHRTHR NG
FEIXJEER OB & PSF OBHEQDEEHEDICTEBITE S, 207%®, PSFI3A A=Y v 7
VAT L OFEGRREEZ F2EM L RIS 2 EEABKTH L LR B, Fik, HERDE
EERIECT B 2 HAEERISL (OTF: Optical Transfer Function) H (& PSF & XA DBR %
R,

H(fx: fy) = Flh(zi, y1)). (1.12)
I, (fx, fy) B3RS 2R, X () £ X (T2) X Y, OTF ix—MAkiEBI%K
DHCHBIICHIGT 2 2 L2025, %D, BEZMIZ OTF OLMICHHNT 5.
ROZEMIAREMNRE TE B854, OTF I IR DS A BR T34 A =P v 7o A
TLAZBLTENEZEBEINIDOEIGZRLTVS, 2070, |NCRBEBHEISICE
VT OTF H2MEZ FRF> 2 L iF, BEEICHEICB W TEETH S, U, FEEAHDHE
ke, HRiE P OZH LA KW OIS TEIHT 5.,
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R LB I 22 [MDEZ8 3% (SLM: Spatial Light Modulator) 1 & 1 [ DR DR
g P22 TE2. Herry It URIBLZRIGE C oSN TE Y, #IAR
XfEHWIe sy 7 B L PSFOY A Fu—7H Y, fiHA =20 7 @) 5%
), OTF OJEHEAL ™), 77 # — % A OTF OJAHHEAL ™ FIcHH ST 3,

C DIRMEATHIBAMNE, CIOHIEICT WTHRILTS 2 EWTE S, RIELH D R
FHC kD, T7 4 A ABREZEHECHEBT 2 FiE ™ L, EEOENEGE SR
Bt % HE7E 9 2 B4fi (DFD: Depth From Defocus) % FifgE LT 2 Fik ™) gL I Tw»
%, £, W CTOIRBLEFIC L D HDEEMAKLEZFT LT 5 2 LH3TE, JERfEST (LF:
Light Field) ™ DHf5 ™ 2805 [AHGELIT S5 4GBI%L (RF: Reflectance Field, & % \»
IZ BSSRDF: Bidirectional Scattering Surface Reflectance Distribution Function) ™ ®F}
W BIEH SN T 5, LF % RF OBEELIOH B 2 36ill1d 22 ficid~ 2. ik
R 2 TR L2 9228 2354103, RO DIRMREIRICE 2 28 IR 2 4
VINEIID B,

P2

MEIA AT AR T2 AT 2 2 LT, BEoMHE kW 2HlficE s, T4
bbb, WNDEZETTE S, fMERIMMEERZINZ 256, 4745 —AAXPSF 2
T TIIL 2720, BBRoOEHEEIZIRONS, L L, REBEOESUIEE T
WELZGA, WEOME & il U TN - it % R $ PSF 2K T & 254708
b5,

ZD &) BB Z I LR A A =2 > 7%, WEAFEE (WFC: Wavefront
Coding) % & WHEN 2 PHEFUREIEIRIE D LERTEA A=V v 7 W), 74 8 VIR
EWHEN DY Y 7 v T IRREEOSGEETE ) FIBH SN T 2, Bl T2 ficRd
Y F AR DR AR 2 2 Rio 7 o, MAHZATRIZRMDEANIC 13ROI
WA DTS T 5. MHEHIZ, SLM MWK, 7V X4, BRSO MAIC X
DFEEIND, Fi, fHRL Y AARLMHERCERTTH L0, Ly RE—KMLL
7oA AHZEFRRRE D FEEE L VHECTH 5.
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A=YV 7% FHT % Focal plane coding & FHEN 2 HMiMREI T2 5 fillcd

BHORRIN Y A 2 v 7%/ 53T 252 LT, €= a7 7—PSF ORBEEREZIA

WL TE, HERHELFSUREDPFEITELZ LMo TS ™),

1.3.4 &

T7 & = A\KATH, W, S oM AN R ERRICKEL TS s o
DT h % BRSO M B % 2 £ T, WFC LFIBRIC, PSFDT 7 % —

ANMRAE L 722 %YL T& %, MR % Fig. [2(d) 1< d. KIORANL, HiHOFE
Wi ER 2R, WO X 9 ICBIENR 2 REDOWKRRICEE T 2> A T L0855
TN O WRTE 2 il RIS R T 5 2 8T, Z DAL PSF 29T E 5 9,
FIRRIC, Ly X% 8 e vy ) 2l LERT 2 2 & CHIEHERA PSF 293 T& %,
NS DFTETE S NI, MIEROERCK S TH D 7 4 V& THEBIEICTZ S
72, WEFFHIERA A=Y v 72 EBTE S, i, EH/ICXD T 74— R LK
WKE—2av77—b8LTELILVHIGNTED, ZERTFEANREZICH)IGHTE
32 EDHSNT VS B,

7, MEGEEEEE B L 20 S EEIIERG L, 55 nligite o SRR e M L —
KOBEBRIHET 2 2 & TOHEGERFEEORCERZIIFTE 2. Z OEMIZERAK
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I

()

Fig. 1.4 Classification of compound-eye optics. Apposition compound-eye optics, optics in
[b] TOMBO and plenoptic camera, [d] multiscale lens design, and superposition compound-eye

optics.

DEM e AERZ AT 2 2 LT OB ZXOtEHREZEILTE 2. ZOFER
Structure from Motion (SfM) ¥5 & MFIEI, R ANDHIFID DL W=RJpA A =2 v 7
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1.3.5 IRIB DO PIREE

¥, BEFoRiGR2EIC LT, Wik, BN, KOBITR L THSZIC 251 2
2B FEERFAL 72, —JEF, EOCERZ DL DRFEET 5 2 LI X ) 5kl
BE2FEHT 2 CLEMOIBEIN TV 3, &A% Fig. [2(e)] IcR T, — M2 K5EEY
RGOl & v OMIC X DRI B 28, 2 2 TIdZ DIEARN 2 RERL (R D5k
gxnzg, LT, BENEFZRT.

Bk

HIRZH T 2EWZ, SHEDEL 10um 2> 5 80um FEEDOMMIFEGRIC X D IRZHEEK L
T3 I EPRSNT S B = AW oI % T 20 L 72 CLEMMIAE % 1%
INTED, PLFT7RA=F 2 A X=Y JHELRIN TS W), EHIRGER TGS
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TV T T4y AR 3B ERENIRE LTLFA X =Y Yy JIBHE NG, —7H,
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DREINTED, SV F AT =N LY XATFHA v ) LEERTW» 5, 5% Fig.
ICRY. ZONHRRGHE I FICIAGET - BREA X =Y v IS Tn 5 5,

R RIR % B L 72 ]I 2R % Fig. g, RN & B D RN
BEEEIC X D EEI LTy, IEVRERL Y X7 LA IS X D EEO L v XHSk oo
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DYPIIEDI[RE L 72 5203, COLAIRENGEDIMEE 5, F— VL v AT LA
YR A FLE U ORI Z /i U, S IRz 8 3 2 T ™ 2, B0 X
DERIAINGE 2 bR 2T 2 T3 59 00 PREEIN T D, T, HIEAR %R
FREMT 5 TS REIN T,
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%, HHFEIC X 28508, JEREOEMSA AR L CHER T2 2 LITHY T 2, Kol
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%5,

1.4 GEBIH
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IV B D PSF Zikitd 256030 5. HUSHHEO SRR IS § 2 BFEMIZ Kb 503,
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52 ETHWERREZILRTE 2703, ZOLANEIRRECIH 2 S0k L 72 5. WifiT#E
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IPmmmgmedmb

of confusion

Depth-of-field Sensor

Object space Image space

Fig. 1.5 Definition of depth-of-field.

IZHED  FERE L ™) TOWEFIEE OV IR Z LR T E 553, PRI & a2 R

PRI L T2 B,

Dowski & 1 WFC EFFIEN 2 CIEMIC XD ZOREZ V7 ™, WFC &K
% Fig. IBIRT, KIZREIN5 X9, WFC CTIREmIC = RMMERZFAT S 2 &
TPSF D7 7 4 — 7 AREZ SRIFEAICN U CAZILT 5. = RAAHAROAA DA ¢
R TRIND.

A(p, yp) = @) +yp)- (1.13)

2T, alZERTH D, BRSBTS PSF BEMAZETH 2586, WEIEWIA L PSF
DAVAR) 22— a3V TERHATERILEDPHONTWE D, F7, avR)a—vavii
7 =) M LOBEEMTHETE 3. 20k, WFC T 5 112 I x L ¢,
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FICAE LR EIIGTE 2 9, 7L, WFC TIREIZHNEIC X 2 PSF Z{b iz
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Imaging with depth-invariant PSF Deconvolution filtering

(a)

Imaging with highly depth-variant PSF Depth estimation

(b)

Imaging with PSF including
sub-pixel structure

()

Image reconstruction

Fig. 1.6 CI based on phase modulation. Extended depth-of-field imaging, [b] three-dimensional
imaging, and digital-superresolution imaging

20



1.4. 948G

“RICA A= VT

WFC Diin# 277 & LT, MAHZFNIC XD RGO 2§25 2 L TE
2. VIAREEEZ IO U CRIRICEILT % PSF &, ERER =i X =2 v JIc%ar
T3 ENTE S, W% Fig. LML) ISR T, MIZAHEFEER & BBk E 0L D
HAGRIHED K ZRTCA A=YV TV AT L2 RT, YR =ZouERIE, 774 =7
AL DRI N TIRIGR CTHIS SN %, DFD IETIEHEEEIERD S PSF DT 7 4+ — 4
AREHET 2 2 LT, NRO=ZXuEWREES T2 ™), @EOMERICE T % PSF &
T7A—ARAIBCTHIBICAT =) v 7 $5, JAZZEZNUE, T74—ARHT 25
PSF Z{t0f3eTh D, 242577 +— 4 X PSF FL-oE2E . 2 OB %
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Fig. 1.7 Parameter definition for expressing [a] four-dimensional LF and eight-dimensional RF.
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— J
Image reconstruction

-

Imaging with array optics

Fig. 1.8 Schematic diagram of LF imaging.
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Original signal

?

Measured Linear system
signal

Non-zero elements

?

Basis matrix Transformed
signal

Fig. 1.9 Vector-matrix representation of sensing of a natural image.

Thb, NRVAREGRTH 256, ©ICHEBa YA VAT = — 7Ly P&
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B = argmin|| ]|,
B (1.16)
subject to g = ©0.
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1/p
||][, = (jijlxﬂp> : (1.17)

2T, 23z DiHHOERK, pldFEHTH 5.
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VERES EOfRIZANR—ART b LTH BT, CSDHiZ#M7T. —J, Fig. [LI0(b] D
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g=0p g=0s3
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> B, ////— > B,

18, 181,

(a) (b)

Fig. 1.10 Reconstruction of a vector with minimization of l; and l2 norm.
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Optical modulation
for each channnel Sparse

+ _ reconstruction
Integration >

Original signal
with multi-channel Measured signal Reconstructed signal

(v, 2z, 8,2, ...)

Fig. 1.11 Compressive sensing of multi-dimensional optical information.
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2 fificli%, CIORKRNRBEFENEE LT, WEREERRA A=V T, 94 74—
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1.6. %3

Cl for extended depth-of-field (DOF)
and field-of-view (FOV)

Chapter 2, 3:
Superposition imaging for extended DOF and FOV

Related methods:

+ Superposition compound eye imaging (Sec. 1.3.5)
« Monocentric optics (Sec. 1.3.5)

+ Computational DOF extension (Sec. 1.4.1)

Chapter 4:
LF imaging for computational phase modulation

Related methods:

* LF imaging (Sec. 1.4.2)

+ LF imager, especially compound-eye optics (Sec. 1.3.5)
« Phase modulation (Sec. 1.3.2)

Chapter 5:
Imaging with a designed disordered medium
for wide FOV

Related methods:
* Lensless imaging with a disordered medium (Sec. 1.3.5)
« Graded-index medium

Fig. 1.12 Structure of this dissertation and related methods introduced by this chapter.
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J .l * . = -

Original image Space-invariant PSF Captured image

TFT'1

¢FT ¢FT
.= -\..

Fig. 2.1 Schematic diagram of deblurring by deconvolution and space-invariant PSF.
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TOHLIPEERTE S, V4 =747 )75 ik, X (Z3) O#i7 415 v
TRRAICEZHZ 5,

f=r"

HQX——fﬂi—i. (2.6)

7R+ 55

27T, F & Fl) oEFELEZERT. Fln]/Ff] 137 —V 222 L TOEFFMEE
H: (SNR: Signal to Noise Ratio) DM T 2720, —RNZT 4 F—7 405 v
7 I3 FE HIIC SNR DOEE %2 #E L TRAZFET 3,

A _ _ F*lh
fmflk@x—T%LT’
‘ [hH + s R (2,7)
pfF

22T, PY, P a7 —Y 22 ETORET RO A XOMEDITECTH %, PSF 2

AT DMTAITEIT 2561038, A (23) 13RO X ) ICHIT 3.
1 -1

. 1 t

fN(HH+SMJ)_Hg

s (2.8)

SNR = L.

22T, TIFHATH, P8, PSIZEZEMETORESKIO ) 4 XOMEDOIRTH 5.
T4 F =7 4NF ) I TROoNSMIL, BEANIEE (03) O/ IR L O
ICHYS S 5,

DX H1Z, PSF OZEMAEEDRE TE UL, FEREOEE CHE RESRE252 2
EWTES, —J7, MATA (3) X () OmEfbiiEz AENICHE 2 LT, HE
PRNMEEEZ RO L LA TH S, HEMRE PSFOa Y RY 2 — a v LHUFHEIER
D7 % /MU T % FiE3 Tterative Back Projection (IBP) i & FEIEL % ™) [h#& 112
D3, ThbLbLMEMORE L RT3 Fikid 2 flicib 7 RLIBICHY T2, A
= AMERIEANSE, WRICBIT 2 e AR E 2 2 FREIBNICIRIEE LTHINTE 57
O, L ERESEGRETIMTZ S WY, —J, KE7LVIY) ALz w27 a R
MY 3,

2D i TR 7z Xk 912, Z RO L >~ X5, Mz ER 2 v
7 BRBEAZ PSF ORIREBREIN TS, ZO L) gkt T7arR)a—vay
BHAET LT, WEREEIRIRA X =Y v IRERTE 5, $72, SN2 %2 H
W5 I & THIAMAZ PSF 2 HEETE, MBI A X —2 v I0EBITE 5, — T

34



2.3. HBA AT IO P RIRE - S ONIIER

Images with different focusing points

Different focusing distances

7
Object *
(point sources) o
©
®©
Q
a
o
=
o
Q2
a

N .,

Deconvolved Superposed
image image

Fig. 2.2 Schematic diagram of computational superposition imaging.
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Fig. 2.3 Setup for experimental verification of computational superposition imaging with mechanical

scanning.
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Fig. 2.4 Results of experimental verification. [a] A single captured image focusing on a frontal object.
Examples of captured images during the scan of [b] focusing distance and optical axis. [d] A su-
perposed image of 58 captured images after registration, and a deconvolved image of the superposed

image.
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Fig. 2.5 Schematic diagram of single-shot computational superposition imaging based on spherical su-

perposition compound eyes with [&] positive and [b] negative curvatures.
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Fig. 2.6 Parameters definition of the imaging with spherical superposition compound-eye using a spher-

ical array of ideal erect lenses.
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Fig. 2.7 Geometrical relation between the pitches of the erect lenses and detectors.
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Table 2.1 System parameters in simulations.

Parameter Value
R 40 [mm]
Zo 200 [mm)]
2 18.2 [mm]
A 550 [nm]

Table 2.2 Parameters of GRIN lenses in simulations.

Parameter Value
Diameter 80 [pm]
Length 400 [pm]
no 1.680146
Na2 —52.17832
N4 1.324279 x103
N6 —3.153335 x10*
N1 0.106156
Ny —1.597248
N,3 5.202791

ial—vavIitHwEY AT LT X —F % Table ZIITRT, T TAREEZ
Y., B> 2 21— 3 v TR OTF Z25HIICE R Ww®, b DI OTF OffiitiEc
b % 28R RIS (MTF: Modulation Transfer Function) Z5HHl4 %, oL v X7 1L
A DMTIF D77 4+ —h ARitE%, KEHITR D, T4bb P F/# 2227206 1S
5. Y OREREIR 20mm & L7,

P22l —y3avrTlE, GRINLYRDEITRGAEZRATETMLL 7%,

n = ng + naad® + naad* + nagd® + nyz + nyoz? 4+ nys2d. (2.19)
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LCi7. mdfbTid, a2 PEBZEIFA FAINEDORE S L ARy RO FREES
BRICKORERL, hzi/MEL 7, PBREELZUEL, BITROHDY 9 21z 1.6 26
1.8 DINCHHR L 72, 156 17 %8 % Table 2212789, GRIN L ¥ ADEEEIE, Table 21
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Fig. 2.8 MTFs of GRIN lens arrays with different diameters.
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(b) (c)

Fig. 2.9 Ray-trace of a spherical GRIN lens array. Overview, [b] rays passing through GRIN lenses,
and [[c] rays near sensor surface.
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Fig. 2.10 Defocused MTFs. MTFs of ideal single lens with a diameter of 20 mm. MTFs of ideal
erect lens arrays with [b] D = 5 mm, [c] D = 10 mm, and [d] D = 20 mm. MTFs of GRIN lens arrays
with [e] D =5 mm, [f] D = 10 mm, and [g] D = 20 mm.
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Fig. 2.11  Performance verification with Lenna image. Images captured by the ideal single lens and

[b] the GRIN lens array without noise. Deconvolution results of images captured by the GRIN lens array
with and [d] without additional Gaussian noise.
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Fig. 2.12 PSNRs of the final images shown in Fig. EZT1. Note that the PSNR of the GRIN lens array

at ¥ = 0 without noise is co dB.
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Fig. 3.1 Schematics of [a] computational cameras and [b] computational projectors.
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Optical imagin Deconvolution with
.p g. g —p A/D conversion —Pp . )
with modulation space-invariant PSF
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Pre-deconvolution with Optical imagin
, _ —p D/A conversion —Pp .p g. 9
space-invariant PSF with modulation

(b)

Fig. 3.2 Schematics of computational superposition camera and [b] computational superposition

projector.
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Fig. 3.3 Implementations of a superposition projector. Mechanical scanning, [b] an array of projec-

tors, and [c] an array of erect imaging optics.
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Fig. 3.4 Optical setup of the experimental verification of a superposition projector.
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Fig. 3.5 Experimental results. [a] A target image and [b) the deconvolved image. The output images
without and [d] with superposition of the target image. The output image with superposition of

the deconvolved image.
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Fig. 3.6 Experimental results. The output images of the deconvolved input image without scanning,
[b] with scanning of three focusing distances, and with additional scanning of optical axis of [c] three,

[d] five, and [€] seven directions, respectively.
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Fig. 4.1 Parameters definition for LF and [b] schematics of LF imaging.
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Fig. 4.2 Schematic diagram of computational imaging based on phase modulation.
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Fig. 4.3 Schematic diagram of phase-modulated LF camera.
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Fig. 4.4 Definitions of system parameters.
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DTN X D, HINETFIC X 2R AR 228 2, B L 4 2 HWFLRD
Yl m(s) IFXRD K I ITKE 3,

m(s) = Pem — Pin- (41)

Gin & Qo (FMERZHAEL U ZOERA A L HHHAZRT. din & dom 1T A TIVDIEA] X
DRD LI ICHETE 3,

¢ = arctan (di—f>> , (4.2)
Gem = arcsin (nsin (¢i,)) - (4.3)

Fig. IB[0] 1425 2 MR OMA R RT. o(s) DREFEEA S £T, EIEORMLN
W T R I T X 5,

4.4 AT ILDEEEAE

7 LA NFERTIFEE AR KL OEEIHRDOIEZ FF> 7 ®, LF BRI > 7Y
Y7ENG, LFOY 7Y v IEM AT X 7T LA NFEREEE L R UE, LEA
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Fig. 4.5 Designs for implementing phase modulation in virtual optics. Phase modulation by using a
phase plate, and tilting the optical axes of virtual elemental optics for achieving modulation equivalent

to that of a phase plate.
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ARXR=L VTV AT LOIRREE, YT DEFEL Y F 721 T L PR IESE AN
WL Lo THHIRING., DX ) BN PENDRIEE Aa EEREL, £V HITK DY
T TaRREE Au ETEFRT B, T4 Y OVEBIRMRBEZ R L LG, 7Y
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P IVEIER T, ] v OFEIEZ I U OliFEE L D /NS CEREL, JERNERR
ZINBEZEREECHE T LTy ) v RMGE R A L35, DT 4 ¥ ILVIEBIRE
B0y 7 v o ERE ou 2 RATERT 5.

su = 2% (4.4)

nSI‘

ZIT, ng 3HREDR FEGW (BREGATR) 28T, 7272L, ng>0TH 5. n, D
HERAY BIRIZEFDCAROMEB N TH 5. L LBIENICIE, MBEIEIZCEDRIE A
Lo THHIRIND 720, ng 1IN LXD/NS K2 ™, RMEE Ao DVIREGE F —
W= 7)) v 7T 5 7-H121%, Nyquist-Shannon D> 7Y v FEH X D) R D5 % i
TN D 5

A
max(Aa, du) < 70. (4.5)

—HRICA A=V TV AT LTI du>Aa &85, ZDBE, EvydoliEEy F
Au D3N 72 TR EEFIEIRA TR ENTE 3,

A
Au = ngou < nSYTO. (4.6)

BPENAYLRTDFTFAFAIEY F

PIAHZT LE A X =Y Y JICB I 2 EENERDTA XA P E Y FRRET 5. —#HY
WCLF A A=Y v 7 TlE, HENLFROE Y FI3A A=YV 7ICET B HEDMWHEE X D
INE L 22 X REHT 2B H B ), &R, MHETLE A X — v ZICiEH]
TESLHBERT 5.

LF OFERAIECIE, B LF 7 — & 3R SRE OB X DI s, A
JEClE, Fig BBITRY &9 IC, R & ARG R O XIGRIR 2 BATeAm
ICEMET 2 2 & ORI R T 2. 22T, IKEBRE o RILIEED S R 7Y v
&M ERMET 2. KEITIE, olEDS By 7Y v 7S hLEiEs 5 H
YU TEMGERERITE 2 LB XD, sWICHIET 2 k BHOBEENARH 5K
WA T 2 2 LT, RIEKRO P LDEEIZEE o, DEFED S HE L 26221 3
55, ug IFRMDEEMICRATRE 5.

Usg (s(k), 2y, M (s)) = ftan (bray + Omoa) - (4.7)
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k—th elemental optics

y

Virtual lens array

Virtual image plane

Fig. 4.6 Geometrical relation between pixels on a sensor and pixels on a virtual image plane in virtual

space.
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Fig. 4.7 Geometrical representation of the disparity.
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22T, Fig. ERIIRT &9 1T,

5k

Oray = arctan (—> : (4.8)

2%

Onod = M (s(k)) , (4.9)

L5, ZIT, 2 3G EEEFEROBRETH B, O, FHEE sH DL X
Z I8 T 5 HRD B, Opoq (FOLAHZETID 72 D12 F22E I U7 ARRABLFEAE R DOk
DEFf%FT, £ v i L WIRREZEORMBERIE, R @) D 2, 2WIKH & B35
PRI 2o (BT 5 L TRETE S, 2L, EEM ETIRMHIEEAT I AT
"\l m(s)=0%,7% %,

COTHE d 2, FEEMOBEERCERMICE T 2 Z0HEO Rt EEA &, A
R OB EE AR B T 2 ZNHED DI EEZ DM 2L L TERT S, &%
JCHE D JRI T ERR ue 133X (B00) 225 3K 5. MIGEIRZ Fig. B2 1SR, #A2 A7 AHZE
FHom(s) ICHIRIEL TELT 5. kBHKYk + 1 BHHOEENARICB T 282 d 13X
A CEHRTE 3,

d (s(k), AS, 2o, 2y, M (3)) = |wo — wy| . (4.10)

22T, Fig. Eland &91g,

Wo = Us (S(k), Zos O) — Uy (s(k_l), Zos 0) , (4.11)
Wy = Usg (s(k), Zv, m(s)) — Ug (s(k_l), zv,m(s)) , (4.12)
As = s — sk, (4.13)

LD, w, I3FEREMD O DEFICER D THFEER v, D7, w, [FAEZEH D)5
PR B, As ZHEFNFROE Y FTH S, kFHOEINAROUAE diX, w, &
wy DRERIZEE L TERI NS,

TULANARICBI 274 XA Ey FEHOLOIC, FIHAE d 2R TERT 2.

N
3 d (k)7A » Y0y MV
d(AS,ZO,ZV,m<S)) _ Zk:Z (8 lez z m(S))

(4.14)

LF 24 —N—=% 7)) v 7§ 5702, VFGZEPHRELT & 7 5 X 5 BEEERD
Yy F2ikitd 5., ZOFRMFIEIRATEINS.

A(As, 2, 2,m (5)) < 2

= bu. (4.15)
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HONRIXA—FEREEZHOT U IRRRXATEINS.

wA? 1 1 1
=T (o nw) )
22T, 2T 74— AR VITHRT AEEEERE, \TEE, A7 LAERe
HROEL, fip TREEROESNEHAZRT, AL fir 3XATEZON 3,
A=(N—1)As, (4.17)
1
Jur = —% I (4.18)

AL TIRIRAD X9 i2, RGO A >~ 7 + — A AEEE 2070 2 ViRt 2, & [F—IC
%% %9 EEKT S,

220 = 4. (4.19)
Table AT D> AT L8 7 XA —% %X (B2) ITRAL TR 72, KGR LEZED LF
F=F DY TV IRy =% Fig BRICRT, ¥ I alb—Y 3 v T, #HEFREENR
KRIHGED 72 ORAERIAIFERE 2, 2 2SI €7, £/, A (T18) OFGHEMEOF %2 WEE

78, WENERE Y F As 28K 2, ICBEWTELE ¥, MHEHO L \WERKD LF A
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Fig. 4.8 Sampling patterns of LF data and PSFs in the systems without and [b}-{d] with phase
modulation. The modulations were designed by emulating [b] a cubic phase plate (CPP), spherical

optics, and [d] a radially symmetric kinoform diffuser.
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Table 4.1 System parameters used in simulations.

Parameter Input value

Refractive index of phase plate n 1.6
Free-space wavelength A 550 [nm]
Diameter of whole array-based optics A 100 [mm]
Distance of object image plane Zo 00
Focal length of elemental optics f 0.26 [mm]
Number of pixels of elemental optics - 256 x 256
Pitch of pixels Au 1 [pm]
Pitch of elemental optics As variable
Distance of virtual image plane 2y variable

BUREER, X/ 7 4 — LSRR % KA I L 2 BR o v 7Y v oy —
> % Fig. E8(b} Fig. ES(d) 2", BRADOMMHETEZF2EET 27201, KX E82) &
3 (123) DIARBIE g(s) & KA TH A 7 20 105 T0)

g(s) = as®, (4.20)
g(s) =p4/1— (;) : (4.21)
%g(s) ~ P. (4.22)

ZIT, a, B, v dREEREEEE L CRENT A ERER ™, PIIMEEOMERE R
Thb., Fig ARDENFIE T LA NFERTRONLLF 7= Th 5., LF 22 Loy Kk
OVEIgE, 2 (E82) OFSRLEECcY v 7Y v T3 LF 7F—%%%£T. HL, LF 7—%
FEEECY v 7Y v 7R 20 KB X D bBUCERR L. 2NN, K, B HIE
L0 =15 =30 yip o 7 v SN — VIS T %, Fig, B3 DR AL
EROHE RO LF 77— oS I)iEd 5. Fig. DILHIR DA T, LF 7—
Z R U 7o SR BB D E RN TRER IS v 7Y v s T,

WHEDLE A A= v 7T, RS Fig. DEIHICEMTH 5, EHRDOHRL
DMABIRIA R 2, (IS 5. —T75, MMHERHZEL LE A A —2 v 7 Cl3, BRI
H5HVIFHEEICEE O 5, Fig AR OO THO N LK PSF 2 £ T, #E
FREINR D 72 D DAAMEH LF 4 X =2 > 7 ClE, MHZEFH OGS L& L T PSF
DIFBERZ DM T 5.

Fig. 23 (E0) ORI UITH W S N AHEY v F Au, BERELEFRE Y
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Fig. 4.9 The PSFs in CPP-based WFC obtained by analytical derivation and numerical
simulations. In the simulations, the pitch of the elemental optics was determined to make the mean
disparity [b] half of the pixel pitch, equal to the pixel pitch, [d] double the pixel pitch, and five

times larger than the pixel pitch at z¥=°

F As, $7E d Z2FERIORY, #1722 d BBEHRESOLAROY v 7)) v 7S u ERRD 7
SRR L, PEE d BREEFEEROBEDOFIZINGT 5. KX (B03) 0BEEIEER
DEGHEAL, PGS d EBHRUIBZOHEFEE v F ju DI TRBITE 3,

PSF @bt
BEFHEOHEZMEDO L LR T 2720, BEEHYRE Y F2 L2 06 PSF %

B L7, BERREIERA A=Y v 7 ofile LT, X (B20) TRII N5 AR

ZRHW7: WEC ZF3E L 72, a=40 & L7, bz, ¢k o il me L 7.
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Conventional Proposed

d/du=0.50 d/Su=1.0 d/Su=2.0 d/Su=35.0

&

Fig. 4.10 Simulations with two-dimensional image. Computationally projected images obtained with

the conventional and proposed LF cameras with the CPP while changing the element pitch and the object

distance. Red and blue rectangles mean over- and under-sampling conditions, respectively.

=AM I IS { WFC @ PSF 1 E XA CRFTIIc R X 5 20 00)

1]+ 2
h (u, Wag) = E ‘/ exp (jozs?, + jkW20312, — j27rusp) dsp| , (4.23)
—1
"1 -
s, = %. (4.25)

ZIT, s, ZHUSLEEERETH 5. X (E23) S EITIVICR £ 2 U = 0 D&MDEAN
PSF % Fig. IZRT. LF A X =3 v 7 TGRS S I Do L
SN, Fig. D PSF IZHRBAINIC X 2248 L 2 \WEF L2 G
L 7.
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Conventional Proposed

d/Su=0.50 d/Su=1.0 d/Su=2.0 d/éu=5.0

Fig. 4.11 Simulations with two-dimensional image. Final images obtained with the conventional and

proposed LF cameras with the CPP while changing the element pitch and the object distance. Red

rectangles and blue rectangles mean over-sampling and under-sampling conditions, respectively.
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PSF OH A Fu—73MRE) L 7z, HFIEHRE v FITHIRT % PSF 21k, v 7 v
7EMERE (d)ou = 1.0 D) THEPTH -, Lo L, v 7V v 7% PSE R
B PSF LRI 2720 DIEHEL L THICHEREL T2 vz 3,
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Table 4.2 The pitch of optics and the achieved sampling pitch.

As=026mm As=05lmm As=10mm As=2.6mm
2¥=0 | d/éu=0.50 d/éu=1.0 d/6u=20  d/du=50
2¥=730 |\ d/u = 0.55 d/éu=1.1 d/éu=2.2 d/éu=5.5

d/8u=0.50 d/Su=1.0 d/Su=2.0 d/éu=5.0
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PSNR = dB PSNR =35.1dB PSNR =32.2dB PSNR =22.2 dB
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v=-30
)

Fig. 4.12 Differences between deconvolved images with d/du = 0.5 and others at z¥ = and 2 and

their corresponding PSNRs.
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Light field Computational
'ght Tie —»| A/D conversion projection —»| Deconvolution
sensing with modulation

Optical imaging Computational processing

Computational Lioht field
Deconvolution —» projection  [—| D/A conversion [—p Igf ;?
with modulation projection

Computational processing Optical imaging

(b)

Fig. 4.13 Schematic diagram of extended-depth-of-field (EDOF) camera and EDOF projector
based on phase-modulated LF imaging.
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Information of Object _ Depth_
3D space information

lll-posed problem

Specific phase plate

Data on Light field I lee?ggl:r:Qé I AII_-in-focus
2D sensor data Computational image imgae
phase
modulation
(Proposed)

Fig. 4.14 Comparison of methods for EDOF imaging.
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Fig. 4.15 Setup used for experimental verification of the EDOF camera.
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54 XMFav Ry a—va Itk D EPICHIESNTWS, LaL, Fig 2
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(a)

Fig. 4.16  Results obtained with the EDOF camera based on phase-modulated LF imaging. A single
captured image, the computationally projected images [b)] without and with computational phase
modulation, and [d} the deconvolution of Fig. [c].
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—

Fig. 4.17 Results obtained with super-resolved EDOF camera based on phase-modulated LF imaging.
A single low-resolution captured image, the computationally projected images [b] without and [c] with
computational phase modulation, and [d] the deconvolved image of Fig. [c]
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SR DILARINRDMER S e, TS DFiRD &, WERREILRA X = v JIcE 1T
2 RGN R DI BAFICHIE I NI E W R B,
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Fig. 4.18 Setup used for experimental verification of EDOF projector.

(a)

Fig. 4.19 An input Lena image and [b] its deconvolved image.
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(a)

Fig. 4.20 Results obtained with the EDOF projector based on phase-modulated LF imaging. The opti-
cally projected images of the Lena image in Fig. based on the conventional single projector and
the LF projector [b] without and [c] with computational phase modulation. [d] The optically projected
image of the deconvolved Lena image in Fig. E19(b] based on the LF projector with computational phase

modulation.

4.5.2 PEERIZBUIBMVHERNA A=V

REFRICH D CRER L HGEL 2. EER % Fig. ER IR T., 7 LA Rz P
FEE L CTHWV 3R D IZ, M 5.93 x 7.12 pum, HEiEEE 1280 x 800 D 3LCD /S %)L % &
7wy =7 % (EH-TW400 by EPSON) % s Wfiicih-> CER L 7. B8l & LT CCD
A A7 (PL-B953U by PIXELINK) ZEliE L 72, ZRICAZV—rE LT, B¥ER»HH
T BTN L TV 22 A 7 ) — v 2R ORI ICHE L 7,
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4.5. JRIEHEINS

(a) (b) () (d)

Fig. 4.21 Results obtained with the super-resolved EDOF projector based on phase-modulated LF
imaging. Optically projected images of the Lena image in Fig. based on the conventional
single projector and the LF projector [b] without and [[c] with computational phase modulation. [d] An
optically projected image of the deconvolved Lena image in Fig. EI9(b] based on the LF projector with

computational phase modulation.

PG HHREEIRR

oz, ANMHRZ B ZEN B TR, LF 7= 2R L7, ZoRg, fHE
AR L e IR, BT 2R R 2 0GR L 2. Fig L13(b)] TR I N HE
RRE R 70y 2 7y a vy O 2T 570, Fig. R S5 SR
Fig. IR ENBFERD T a v R Y 2 — a ViERZ ANERE L THWWE, A
yabe—Ly b /uPz 0L F Iy 7Ly P ROEEOIEAME SR L, 63 Hio
A (B3) L ARICXADRECITEZES ZETTavR)a—va vz,

¢ = argmax L[|6 = 8],
i ) (4.26)
subject to 0 < i(p) < ¢, Vp.

89



AT 4 b 74 =N EFL A=Y 2o piZERO Rk

X B3) AR, (F3ANFETG & LTHesNETary R a— 3 VIR, L[]k
FERE%L, o IZREUIIIC AR S AR, ¢I13IRIEHR, (p) 134 D p FHHOME DM, I3
7Yz ORKBETH S, FEETIE, it & LT Fig. DGz 7z,
FhETIIRA (B28) 2 RLIE S 2 X D7z, 7av R a— a Vi % Fig,
R, BRI NLF 721370y = 7 ¥ OFRIREER & IR AR 7)) — U IciiY
Itz EEMRI (EE) oY 7Y v VST L9 1.3 mm & L, EREERAE
Kng 11 &L /A4 RMMEZREIET 270, FEBRRRICT B OMEEL 7> 7
Y AR ML 72,

RN RIT K 28R (HREHR) % Fig. AR, WFEMEIELF 7uY e
75 DB O L I THIELL 7o, BERBHRIIRT R E %270, Fig. Tl
Bk bick b 2 4 A0S T\ %, Fig. DASEGZE L7256 0, fitHZE
HEBRL 2OEAOROEIRT 255D LF 70 = 7 ¥ OREBR % Fig. J36)
Fig. [20(c) 1T Y, SR RIS, BRI Y 2 4 Xl S ntz, BiERRED
BOBEM O —T 7 —h AP ER Iz, Fig. EI9Bb] DT a v RY 2 — a Vi
ZANELTHOIGGD, MMHEREZZRELILF 7uY 7 ¥ o4 % Fig.
IR, A RO E NI E TR DR CIEEGEDS, BEEES A DARENTH 5 ZRICA
7V —v RlicERI N,

T4 & IViBRG
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EEETHIR, Fig. B W TIRIEIERE T 7 4 —h AREDSER S 7z, Fig.
DFaAvRY a—va vz AL L THOIED, MHERHZZE L LF 7uyx
7 5 DR % Fig. RS, A XIS 1, RRIEDN B L, BE R DS
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ARETIE, LFA A=Y v 7D E, AMHZEHZ REICHEBLT 2 FE2IRE L 7.
A FiClE, LFA A=YV ZIOWTEBMEETVEZRLY, LFA X =YY 7Tl
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B3 ffiTlE, JEIEBRIC X D R A SRR L 72, RAIO ZROGHEICR L WFC % B L 7-
R R OBEE 2T, HEREESRFICIERIN S 2 ERINIOR L2, £, 5
BRI RA X =P JICB T T Y IVBIRME S FARFICERTE 2 2 L 2R L.
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EDZODHAFFENC X DRI NS, BRI ETE M LA LI T, FFREEREZR
72 ClLIEZDOHIRZIH T2 7 7u—F L LTHTHZ B0 Lrl, ZhsDAg
A=V TEMICBEOLTY, HERDY A IR & U OB IR X 2 IR
i AVR-R
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BUCHD CFHIGEY S 2 L —v a YORRZ R T, BEFSI N HELRIc LD, BEHET
EOR 2 LT /NIRRT E S 2 L 2R T

5.2 HElAZHOWEavyEaTF—Ya N A= r

BB DTERNC X DG ARG IR S N 2 ER 2 W 2 2 & /MU iffck 2 9281
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L A

Density of

air holes | jght transmission through Signal reconstruction by
a disordered medium solving an inverse problem

Fig. 5.1 Computational imaging using a disordered medium.

N B W) AP R T ), BEUER T, 7 U Y ARIE I N BNER O Y b
HDIEFER BT 2 H O CLEMDPBMERINTWwE, ATl LHI, [~ a
E—L v P DEMIZTREICE L CRIETH 2720, N olEFE I ) 4 A% HE L 72

LaxAcH T Y.

g=Hf. (5.1)

T, glEBEEEEERY v, H XY AT L58, fIRRYENERER 7 P L TH B,
BeELiE % F v 72 CLoWFFE s B8 E NI > A 7 L4751 %2 &1 741 (TM: Transmission
Matrix) &MES7c 0, RETHRCHEZHV 5, A (D) 1281 2 TM 1E, HEHO®R
JEICBE 2 A ABIfR 2T, CI T, #WBigicsl (B0) T 7 IUb S 5 I o wifiE
ZRES 2 L TURORRE S Z IS T 5 T oy, at—L v MEERAVIEA
1%, YEMHIEDIRIFER ORAHICB L T Iciid e g, ATz y —v T
DIRGICHZHEL, 41 vake—L v MEEZHV 3,

FElD CI T, MFEOA X =2 7 L B ) FESPREBICHEBI I NS -0,
DT E 725 K9 7 TM 2 WBIFAE§ 2 ML %%, Thbb, AR TFIVARIR
PUGERIE O Z K7z TRENS 25, b hig, ClTIRIEERTIIWIRZER DN
ERaM 2 ol d a2 7§, ERFICHE L SN LRI —BILI N5 70,
K HHEDOE ARV E 22, 2010, BFEOWEZDOTF A RICBT 298
HFI 2T T2 2 8 TE 2,

HIGEL AR O BELRFE 136 D AB A L ICIRIE L CRURICEL T 272, ¥ AT L DA

94



5.3. BELADOBEGHZIES R A A A= v
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&N

n(r)

> X
O GRIN medium

Fig. 5.2 Parameters definition of ray equation.

#x HolxRoxmaEce s vibansg =,

d dr
e (ng) = Vn. (5.2)

ZIT, ds iFUNVEGHRIER, » 1 3GRALIENY PV, n 3R TH 5. X (B2) 13,
CRIN BB N CIEAT DRI AR W FEIRD & B OISO E S N 2 EE 2 BB L
T3,

PRETFIETIE, HELAZ A7 R & BRDIRGEA L 27 L, BUROFELREITR O 4 (F
B GRIN) 2l T2 2 L TRy PHGTE 2 EZMMSE S, 22T, EREirE
L, RIS T 2 ERNAZRITRZ T B, RIS AOGER G Mot v 3 & 2%
% X 9 9%h GRIN Z il 3 2. &N % Fig. B3 12T, A5 TIE, Brandon 5 DOHF
g2 S0 L ERRIC, H—REIRRER{EOA T 2 TWEY A ADR5 A NG5 TSI LT
Bk %2 9235, Zo L) REBEETE -2 Y 7T 7 4 # v 5 Z L TR
TE2 ™), AW TIEEL GRIN %2, BELESILO RN 2B m 2 5 2 LT
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FNBETROBRIE I 7 4 b=y 7RO ETE L HwsnTE D, Xt
LA RE Z 25670 7 A LELKORBEEEZ HOTRXATE T LI B 50,

n' =ny — Nari(ng — 1), (5.3)
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» N

Density of

air holes | jght transmission through Signal reconstruction by
a disordered medium solving an inverse problem

Fig. 5.3 Computational wide-FOV imaging using a designed disordered medium.
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Fig. 5.4 Examples of disordered media with graded density distribution of air holes whose sizes are
23.8 nm and [b] 71.4 nm, and the intensities of transmitting light through them, respectively.

A green rectangle indicates the boundary of the medium, and the scale bar indicates 5 pm.

98



5.3. BELADOBEGHZIES R A A A= v

DA% Fig. F.4(a), 71.4 nm O#HELAE% Fig. IR, 206 OEGELAEE W
TFDTD EICED SNk z2 5t R L iRk 2 Z 2 paA(c) XU (VN B Y ¢
ez 700 nm DA ZIE L 7. TM EOERICE T 2 E, BomE 2 gL 7.
FER LD, BEMO KRN 2 FRABEFHINTHE I EPHLTH D, £, HulidiZ
BRI T OH A R X D BELOE S IS N5, B2 fi el k)i, BELOmS &
HlE L —FA 7 0BRE RO, ClNDIGH %S 2 288, B ES TSRO
ZRERT AHIPANCTROEOCIEHEZER T 2 25LOT A ABEFE LW EWZ 5,

5.3.2 kit

F2%h GRIN OB 2 <, AINUAREFRGR 2 8%GT L7, @G L 72R&% % Fig. B.5(a)
Y. REFTIE 7Y T AR GRIN L v XD GRIN 2 EHLT % X 9 22K ALD % % FilH
L, IENHBO A DX v HSRIRZ ) LI, EHCHW 7Y 7 )V GRIN L
¥ ADFH) GRIN ERXATETFILE Nz ™),

n(x) = Nmax (1 - %anZ) : (5.5)
22T, oldk IS LT R, npa FRKNEITE, o lZERTHD. TV
AL GRIN L v 2 CTlE— IS HEBR D 7- d12 GRIN 255 & s, — AW Tk, GRIN
2 KIBIAE G ETD 72 DIV S, 2070, HE D GRIN L v A Tld 2 @ifllcih-
Tt SN EirREmtz, 2 @#icih) X )Gl 7. 2§ihl3, Fig BOIIRT L) Itk v
VHEICERT 2TH 5, X (B3) D7 7V GRIN ZKE L 72854, Fig. BRI
N5 k9 AFHfA %9 90 FE L 72 2 M oiiEIx, X (62) ORI T %2
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(b) ()

Fig. 5.5 Media used for simulations. A designed disordered medium, [b)] a random medium, and
a GRIN medium. The depth of color in Fig.

blue lines are mirrors, and the green line is the sensor. The scale bar indicates 5 pm.

indicates a refractive index from 1.0 to 1.56. The
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1]
WL
L
w LN

Fig. 5.6 Intensities of transmitted light through a designed disordered medium, [b)] a random
medium, and a GRIN medium calculated by the FDTD method. Here the lights were irradiated

with 90° to the normal axis of a sensor plane. The scale bar is 5 um.
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Detector position

Angle of incidence

(a)

(b) ()

Fig. 5.7 TMs with the designed disordered medium, [b] the random medium, and the GRIN

medium.
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— Designed disordered medium
0.8 — Random medium
% — GRIN medium
§ 0.6/ — Random matrix
3
>
.E 0.4¢
n
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5 10 15 20 25 30
Singular value index

Fig. 5.8 Singular values of measured TMs and a numerically generated random matrix.
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Fig. 5.10 Original input signal, [b}-{d] output signals detected on a sensor with media of Figs.
b-5(c), respectively, and [e}{g] reconstructed signals by the RL method.

106



5.5. i

%, Fig. DEIIFETEZREE X CFHBIRTE kd o7, FRIEE AT, >~
AT b D INFKRAFA > 70V Z)IFEFOMBIDSE <, v < DDl R R AE RIS X
D EECE Do, Fig. DEIICIEL WETZHERTE L7, Kl
BELIA T, Fig. DE)IMETZ REFICHBRTE 2. fidme LT, #ELFICE
\F % 225 ALDREERET IS D C, JGBRAIROIUE S 7 SRS CTSFERE S 7z,

5.5 fhio

ARETII/IIED L v XL 2R % TR 2 @S\ OO tE TR T 2 CLEdf 2 124
L, EIE L7z, RETHETIE, INREHRER D 7 O IR S 8Lk 2 vt A A —
U REEL T,

fiicix, BELAZ W CTICBIL <, BEEISE % £ & o7, BELRrE IO o 1A
ANDANFAIEE L TELT 3720, ¥ AT LD ARAREA » 0L 2SR o %
T 28R ERD. BEUAZ N Loz 2 LT, /A4 RN L TLER L
YAVACIZEBTE %,

B3 i Tk, AHHEA X =2 v 7D » OWELEHGHEZEA L 2. A7 ANIZZ25KAL
05T % 2L CBGLEEEE L, 2 0BRILOZEMAMEGIET 2 2 LT, BElAkoHE
A GRIN 2T Z 5, RIASOGRZ £ v Y HICHEET 2 X 9 %924 GRIN 2F#7 5
T LT, mVOEER TR G R 2 Sk 2 LTI TE S,

654 fiTlx, FDTD#EZH WY S 2L —Y a VICHED ERETFHEOMREZIGEL 7.
TERRIT 72 BELAAS & TS U CIA WP TR R 2 @R T % kLR 2 EBITE 2 2 L D3RR
INde, FENEELARZ F O 7 S 2 AR CT 2 R S 2L —2 a Ik DFHEEL 72,

107






KX T, A RX—P VI AT LB BEERRER O ZIERT 570D C1
BT 2R Z £ L, CITIE, MR EBTUIAROMEREHICID AT 4
DG EHHEPRBENCHIR I NS, ZOF L WA X =YV T AT LOWRIEICHED
&, ERDIAEFGETE T 2 WG REE N OB B 2 WG 2 T T 24 A =P v 7
Hiffiz B L, 2 DR ZILEL 7.

DUF, AFZEICBTHES N BREEZRIET 2.

0FETEX, AgXT-HLT77u—F & L THwSNS CI OBEDPHERITAE £ &
Bz, CLIZNER EEFUIROMEHIHIHED A A=YV TEifiZ T, 4 A=
YIVATLDOBGTAHEZINRET 2729, BEFEOA X =2 v 7B k% 2L fE
WU ZA L T3, CLIZIERICIZEAER DO SALET @A & eI X 2
BB 685, FFoLIZMAHZH, BmZH, BINZH, orsfld, JERiBOLY
FEICX DI NG, BRI E T 5 CLORENRICHR L LT, MHEHA £ —
PUT, LEARXA=Y VT, av Ly T AR=Y Y TIOWTHEI L, 7, CIO
WEGITTE & ARSI H & O BIEI D W CEEH L 7.

B ETIE, AWEDOHITH 285 FRE N OB ORIRER Z FEHT 5 7 d O HEEA
A= v 7 REAL, FHEIGEEITo7, BHEA X —Y v 713 PSF O = ou2 A2k
ETFaVvRY a—vavItHEDE, ROBMGRRE LA 2 FR ISR 5 OBl
Ths. £7, CLICED B DG FUREIARE L OB IR RIE 2 # L 7z, #E R
TEEE L ARE 2 FRFICHE R T M L e\ 2 E 2R L, BEEA X —2 v S ofriEf
JZzHoNI L, R, HEA A=Y VY ITDETIVEZRL, FHMERFEBROMIEZ R L
7o, EERTIEARA T OER L EBRUBEICX VESRA A -2 v 7 2IEL, Xuwikoft
W22 SERE L 72, A X ZERICHED { FEE Tk, RIS L T 2 MR 2RI & 7%
Vv, 72 2T, BRREEBRIREIDE ER 2 Wiy vy vy ay PEREA X = v k%R
KL, HERI 72 MEREIRNT 2 1T > 7. EERIR IO AN SRS ERIEREE & 12 X D 5 R
DPER S, HARORFEIC & O GFFER I 5, IR S N 5 5 R I I

109



oAb

FOFMEICE ) B 22 L3 TE S, RISEFBEHNCIED C BEGIRA 2 —2 v 70
JFEEFGE 2T o 72, ARSI N DT> 7Y ¥ 74, MTF O BBEAZM: % Mk L 7.
Fte, JARBEBLERGS I 2L —y a vy EWEFHMEIC XY, RETFHEOME 2 HIE
U7c, SEEESEBRIC X D, KSEREEEE AR O 1/8 FLE O WA IEERPHIN T, 5dB DA _LimE
DAL L AEEBE NS 2 L DHER S L

BETIE, DECEALLEEA AV V7 2EERICHL, Z0ORREIGEL 7%,
i & BIL, FHROTGI3E% 2 D OOHPMEDOEWEMTH 5. Z2D7d, CLICH
DK % DIRGIEZBSZIIGHRETH 2, BEHNCT a vy R a—v a V&7V, #5R
SR B Ol [ D F 7 2 $EAR 2 MAZERIC B W CHEE T 2 2 LT, BiR L Rk
WROWEREE R OB 2L TES, CoEE7uY 27 a v IicLTEFLER
L, FEEE2HS L, Avae—L vy 7ud2 7% 3A0MEZEZETE 00,
TavRYa—va rOBRBIEANEZ KT 2 0813 H 5, £z, HAERICHED (R
BIGE 2TV, REFIEOWGFIRIER CHIFIE ARSI 2 MR L 72, EBTIE, A7) —
VSPAET B REEEIH O A5 O 2 ZE S L, 2R FNICAE L BE YL, &
Bl 7, B8RO 2 LSS L, 20 UtiTLE &b R LR
B i, EAMEROEERRE L Z LD 6 BRI EREZAR L, ERMFEOMHEIN
JGCTCT =74 777 bEMIN2WHZHERL 7-.

HEAX =Yy 7 280% < O ClLTRMHERDCEZFBIBNELE LD, TDZ LWl
DFEDEE S ROFHMEZ B T2 BN E h o Tk, ZORMEZRRRT 2720, 0 &
TIE, LFA X =2 v 7 OlAaZIGH LT, MAHZHZ RIS 2 Ml 4 % /4
L7z, MHEFIZEEA A =2 v 725040 CIENTERE L 2MaTh 28, 2
DFEED 1= D IR LT T M IE L 725, KPR THROND D ICLF 25HT 23 2 &
ZEHRICTIUE, ZOMMHEFHIZESABICEDIEETEE, £, LFAX—Y Y70
WMEERL, ZOREEF LD, LFA A=Y v 73R oO—F2KELL T 2 &
ICHRMS L, LF OFMROBRICAHZET 2 18§ 5 2 & Tz IKBICHETE S, 2
LT, LF Z w7 fitHERfEE D 7TV 2/Rm L, F2E2ERMUL 72, LFIZ7 LA
RLOHEFRIC X DBEEBNICY v 7)) v I INb D, 7)) v TEMEMK LI AT
LGB L 725, ORGSR ERL L, JERBEINCIE D S MEE R T o 7. 2 O
R LFARA=Y VTV AT LITEWTEL 2 PHHZEDNRFZRUARE I Z 51 58
£, PSNR 2330dB ZH 2 2 RAF L HRRKT RS 6 5 L 2R L7, ki, A1k
FARZS I D WG TR R O T ¢ & % VBRI B $ 2 R SEEE B 2 17\, i)

110



e dh

BARB OB RICE W HREFIEOMR L HIE L 72, RETFIEE, VN2 AENR 0%
L TNEETA A =P v 72 FHBTELRICEEREDPH S, CIOK AR D%
BRI FLEEDSAIRE & 72 5,

fEgo R 2 iz CI Tk, ROV A XDVEARHE L PGERTIE DB E I X D
PRI, EARGRICEVLTIOHNEZITRT 272012, B E TR, #@MIEEGZ
W7z v AV AR A XA =2 v TR B U7, #EWRZ V2 2 & cild/VEDEE:
fm;%m%%ﬁ%%%:au%%ﬁwfﬂgmfmtﬁ,%mﬁﬁﬁ%x—yyﬁé

T BGAERBERPARE O EDFETH o 7. R 22 Lk 2 ZEICH 2 0
Tl 7 <, WALk % BEMIC 3Gt 2 2 8T, ZOIAREA X =2 v T 2R EE
ORIEZ g U7z, £9, BLRZ F 7 CTHNC D W OBEEE & B 2 iR 72, HiELAk
ZH7z CI TR, POFHIIL 72> 27 547502 v TR OWRE 2 B < 2 LT,
BRERGT 5. FERCIGEMIEEZ BB L ZOGERETDARE L 4 5720, IR o/
DHRE L 2 B, —J7, RICRAR OGS, MEBEOREIEL 55, RICLHEA
A=YV T DD DHEMAEDEEHEICOWT, BEZITEET IV EBRN, BN REHEZ
HAL 72, REFECIIHEWAN CTEIEIT RO M 2 T 2 2 £ T, RIAFON KL
L UVHEICHEEL, XEIPEEZRNEE 2. 72 7NVEGRIN L v X DR % il
L 7c#iL k2 o766l 2 FDTDEIC K D S 2L — a v LR, 180 i
HPHN TR 50% BEE DR RZER L 72, IRETHEO YRR E % IEHGHLA D&
WL L, PRETFEOBMMEZMR L 72, £, HTHRT 245 L A 180 ok
B T2 —vavzito, REFEICK B0 CIOMRZFGEL 7. HiETlE, 2
RFEIC X 2 THERIES & IERE GRS IERGEL GRIN L v X% w72 54 O FIREIE
Tl L7z, 2 ORER, RETHRIIIERTIE & T 10dB BLEEIE 4 (55 2 HHE L
TEL I EDHERI N,

REX T, FICEREEROA X =2 ¥ 7R Bat R e Lk, KX OBRIE, 4 X —
Oy 7N L CEB7 V=L 5 2 L TR ICEIEERY A T MCHRIRTE 3.
HL, IREPSRRETHMMULINT) PLIA LY AT LNDIGHZEE Z 2854, WL
BaR MCWT 2R MHNPBIEL %2, 2084, 7L3 Y X LOESERLRHIL
HOEADMNFHEIC R EEZ 65N S,

KL TRIRELZARDOFIL A A=V VA EBERL, L7, BEGRIRZH
WA A=Y T AT ME, WEFREE - SRR D 72 0 D25 2 BRIR D EAZRIR Tt
PEIICIEET 2, KR EEFENANCHEE L T b, —EYIHIEE L %1k

111



oAb

WL R P T RAT LK TE LX) v FEFD. TLANYERZHOALF A XA —
PUTVAT LTI, MBRO—HELRBMMESAIIC L) FEERIN S, BEEEIRE K
LT, flfH 728 RO TR OU D B 2 S TlEE & 20 2 —JF, MU a 2 Mg %,
HaLiRZ WA A =2 v T2 25 LT, BHRO KB DMESUBIC X ) FEIn 2,
LFARX= VS AT A EHIRL TX DU EDRKE EHBERAUB SR E 72503, K
DNRIZ e R HBTE 2N 2R, 2o UL, P ROEMES LR DE
HEIS DINT v AT 5 UKD D 5. FRIZ, F5ER EZTNCE L OB M OUELR A3
HH)BEDPRE B 5, bl 29238 7203, JEHE A7 L2038 K 208 2 X |,
FHEDFINE, JERYA RIKGFT D E0Z B,

MDA, 4 A=YV 7ICB T 2 miEERE, FEOFZWE, AT LD A X
ICBIT 2 PRI 2 AT T 2 Rk R T 2 b0 Th D, HEEE, KO ZOBES IO
ERICHB LS 2R TH L EEZ OGNS, £, BRI, PR - BF - Za0REE -
TE-BE-Z V74 Ay PETHOLNL 4 DR A 7 L DFEAMRE DM Eiz
WILTE S, KT ET DEEB IZHT LA X —2 v 7B O REEE S OFERE 70 JF B
FREDHLTH > Tz, YFFEREICELD C ERBIRNT K VERROBUR S 2 7 L~ Di# I3
SHOFETH D L VWA B,

112



i

KPR I RIR LR AR AR BB A B B\ T, AR B
AR MBI O ZHEDO D L IfT-o72dbDTH 5. AR ZZRITT5ICH72 0, &KiR
BUITE L2 TRE L THHEZIH D £ L 2 HMBIRICHE S BE# OB 2 £ T L HIEL
L L BT %7,

REERZEGEE MBI A PR 2 1R 80%, ARENGEE, IEWREBRICIE, ARiwCE
I H7 ) HHELMBORZIHS £ L, T IR CEHRL £

K2 2079 BHRIC, MAIGARYT T 875 2R E BN E 2THE £ L ARG
FEATIERHRIRE — B 20X, Lo o HtL2H L BT 5 & IR R L £ 9.

KRR ZGEGRPA AR R AR B 20T 13 H 4 OWTFEIEE) IZ 3 > TRl S 25 )
S2HZE LA EERLHPL BT ET.

ERIA R T LA d ) s — BB e I 1%, PR D 512 H 72> THIE R HBh
g, RRZHEE LA E 2R L £7.

FHP L ZRAME R AR B LBV R ZaE 8 dz 1213, JeRBEBRNC B L CEAfi 2
W ZTHS E L, L& DIEHEL £,

HEFE 2 Z T AL TH % L 72 Duke University @ David J. Brady #2123 < EHE
LET. 7, HFEEZS R—F L TP I F L% The Duke Imaging and Spectroscopy
Program DB BRICER < G L £ 7.

WHLEATICH 72 DB L T S wE L M2 TBOE AN HARE R 2, AN EEA
WHAMHR N, ASMEEAN 2 =5 2 7 )V & REAEGHRBIA N, KIRRFE 22— v
VT4 R=va RIS 5 L, 7, EEEE L TS LAtitt
BN 2, — A NE NH ARG E S DOBRRICTR L £ 7.

KA LRI OFERGN S, 5RO LIIfFikz &, Wedihz ki
L7 AHMN AR O BRI ORZFEL £7.

HE A6 2 XA T e g1 5 & NITTR CREGHE L £ 7.

BRI, RGN Z 0 LT N BRE O BERUCL X ) BEHEL £,

113






W

1]
2]

[

oo

[ S W W

[10]

%5 3CHiR

Aristotle and W. S. Hett, Problems, Books 1-21 (Loeb Classical Library, 1936).

J. Needham, Science and Civilisation in China : Volume 4, Physics and Physical
Technology, Part 1, Physics (Canbridge University Press, 1962).

Alhazen and A. M. Smith, Alhacen’s Theory of Visual Perception (American Philo-
sophical Society, 2001).

M. Born and E. Wolf, Principles of Optics (Pergamon Press, 1959).

J. B. Porta, Natural Magic (Kessinger Publishing, 2007).

J. W. Goodman, Introduction to Fourier Optics (McGraw-Hill, New York, 1996).
M. Laikin, Lens Design (CRC Press, 1991).

M. Stokstad and M. W. Cothren, Art History (Pearson, 2010).

W. S. Boyle and G. E. Smith, “Charge Coupled Semiconductor Devices,” Bell Sys-
tem Technical Journal 49, 587-593 (1970).

J. Tanida, “Image input in the digital era : Fusion of optical systems and signal
processing,” OYO BUTURI 81, 1041-1043 (2012).

D. J. Brady, A. Dogariu, M. A. Fiddy, and A. Mahalanobis, “Computational optical
sensing and imaging: introduction to the feature issue,” Applied Optics 47, COSI1-
COSI2 (2008).

R. Raskar, J. Tumblin, A. Mohan, A. Agrawal, and Y. Li, “Computational Photog-
raphy,” in “EUROGRAPHICS 2006,” (2006).

A. M. Cormack, “Representation of a Function by Its Line Integrals, with Some
Radiological Applications,” Journal of Applied Physics 34, 2722-2727 (1963).

B. E. Bayer, “Color imaging array,” US Patent 3971065 (1976).

E. Betzig, G. H. Patterson, R. Sougrat, O. W. Lindwasser, S. Olenych, J. S. Boni-
facino, M. W. Davidson, J. Lippincott-Schwartz, and H. F. Hess, “Imaging Intra-

cellular Fluorescent Proteins at Nanometer Resolution,” Science 313, 1642-1645

115



2 Xk

[16]

[17]

[23]

[24]

[25]

[26]

(2006).

D. L. Donoho, “Compressed Sensing,” IEEE Transactions on Information Theory
52, 1289-1306 (2006).

M. Levoy and P. Hanrahan, “Light Field Rendering,” in “ACM SIGGRAPH,”
(1996), pp. 31-42.

A. Greengard, Y. Y. Schechner, and R. Piestun, “Depth from diffracted rotation,”
Optics Letters 31, 181-183 (2006).

J. E. Greivenkamp, Field Guide to Geometrical Optics (SPIE Publications, 2004).
E. R. Dowski and W. T. Cathey, “Extended depth of field through wave-front
coding,” Applied Optics 34, 1859-1866 (1995).

D. J. Brady and N. Hagen, “Multiscale lens design,” Optics Express 17, 2026-2032
(2009).

R. Horisaki, T. Nakamura, and J. Tanida, “Superposition Imaging for Three-
Dimensionally Space-Invariant Point Spread Functions,” Applied Physics Express
4, 112501 (2011).

T. Nakamura, R. Horisaki, and J. Tanida, “Experimental verification of computa-
tional superposition imaging for compensating defocus and off-axis aberrated im-
ages,” in “Imaging and Applied Optics,” (2012), p. CM2B.4.

T. Nakamura, R. Horisaki, and J. Tanida, “Computational superposition com-
pound eye imaging for extended depth-of-field and field-of-view,” Optics Express
20, 2748227495 (2012).

T. Nakamura, R. Horisaki, and J. Tanida, “Computational superposition projector
for extended depth of field and field of view,” Optics Letters 38, 1560-1562 (2013).
T. Nakamura, R. Horisaki, and J. Tanida, “Extended depth-of-field and field-of-view
projection using computational superposition imaging,” in “Imaging and Applied
Optics,” (2013), p. CW3C.4.

T. Nakamura, R. Horisaki, and J. Tanida, “Computational phase modulation in
light field imaging,” Optics Express 21, 29523-29543 (2013).

T. Nakamura, R. Horisaki, and J. Tanida, “Extended depth-of-field in superre-
solved image reconstruction on a compound-eye camera,” in “Classical Optics 2014,”

(2014), p. CTh2C. 4.

116



£ Xk

[29]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

T. Nakamura, R. Horisaki, and J. Tanida, “Compact Wide-field-of-view Imager with
a Designed Disordered Medium,” Optical Review (in press) (2015).

H. C. Andrews and B. R. Hunt, Digital Image Restoration (Prentice Hall, 1977).
W. H. Richardson, “Bayesian-based iterative method of image restoration,” Journal
of the Optical Society of America 62, 55-59 (1972).

L. B. Lucy, “An iterative technique for the rectification of observed distributions,”
Astronomical Journal 79, 745-754 (1974).

C. Zhou and S. K. Nayar, “Computational Cameras: Convergence of Optics and
Processing,” IEEE Transactions on Image Processing 20, 3322-3340 (2011).

D. J. Brady, “How to Measure Everything,” in “Optical Fabrication and Testing,”
(2014), p. JM1A.

M. Takeda, H. Ina, and S. Kobayashi, “Fourier-transform method of fringe-pattern
analysis for computer-based topography and interferometry,” Journal of the Optical
Society of America 72, 156-160 (1982).

S. McEldowney, “The Kinect Story,” in “Imaging and Applied Optics,” (2012), p.
AM3A.1.

L. Zhang and S. Nayar, “Projection Defocus Analysis for Scene Capture and Image
Display,” ACM Transactions on Graphics 25, 907-915 (2006).

J. Salvi, J. Pages, and J. Batlle, “Pattern codification strategies in structured light
systems,” Pattern Recognition 37, 827-849 (2004).

R. J. Woodham, “Photometric method for determining surface orientation from
multiple images,” Optical Engineering 19, 139-144 (1980).

S. K. Nayar, G. Krishnan, M. D. Grossberg, and R. Raskar, “Fast Separation of
Direct and Global Components of a Scene using High Frequency Illumination,”
ACM Transactions on Graphics 25, 935-944 (2006).

C. Zhang and I. Sato, “Separating Reflective and Fluorescent Components of an Im-
age,” in “IEEE Conference on Computer Vision and Pattern Recognition,” (2011),
pp. 185-192.

M. G. Gustafsson, “Surpassing the lateral resolution limit by a factor of two using
structured illumination microscopy,” Journal of Microscopy 198, 82-87 (2000).

E. E. Fenimore and T. M. Cannon, “Coded aperture imaging with uniformly redun-

117



2 Xk

[44]

[45]

[46]

[47]

[48]

[49]

[51]

[52]

[53]

dant arrays,” Applied Optics 17, 337-347 (1978).

N. Nakajima, “Noniterative Phase Retrieval from a Single Diffraction Intensity Pat-
tern by Use of an Aperture Array,” Physical Review Letters 98, 223901 (2007).

E. Nelson and M. Fredman, “Hadamard Spectroscopy,” Journal of the Optical So-
ciety of America 60, 1664-1669 (1970).

S. R. Gottesman and E. E. Fenimore, “New family of binary arrays for coded aper-
ture imaging,” Applied Optics 28, 4344-4352 (1989).

W. T. Welford, “Use of Annular Apertures to Increase Focal Depth,” Journal of the
Optical Society of America 50, 749-753 (1960).

A. Veeraraghavan, 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 26, 69 (2007).

A. Levin, R. Fergus, F. Durand, and W. T. Freeman, “Image and Depth from a
Conventional Camera with a Coded Aperture,” ACM Transactions on Graphics 26,
70 (2007).

P. Debevec, T. Hawkins, C. Tchou, H.-P. Duiker, W. Sarokin, and M. Sagar, “Ac-
quiring the Reflectance Field of a Human Face,” in “ACM SIGGRAPH,” (2000),
pp. 145-156.

R. Horisaki, Y. Tampa, and J. Tanida, “Compressive reflectance field acquisition
using confocal imaging with variable coded apertures,” in “Imaging and Applied
Optics,” (2012), p. CTu3B 4.

A. Ashok and M. A. Neifeld, “Pseudorandom phase masks for superresolution imag-
ing from subpixel shifting,” Applied Optics 46, 2256-2268 (2007).

A. D. Portnoy, N. P. Pitsianis, D. J. Brady, J. Guo, M. A. Fiddy, M. R. Feldman,
and R. D. Te Kolste, “Thin Digital Imaging Systems Using Focal Plane Coding,”
Proceedings of SPIE 6065, 60650F (2006).

G. Hausler, “A method to increase the depth of focus by two step image processing,”
Optics Communications 6, 38-42 (1972).

S. Kuthirummal, H. Nagahara, C. Zhou, and S. K. Nayar, “Flexible Depth of Field
Photography,” IEEE Transactions on Pattern Analysis and Machine Intelligence
33, 58-71 (2011).

118



£ Xk

[56]

[57]

[58]

[64]

[65]

[66]

[67]

[68]

H. Nagahara, S. Kuthirummal, C. Zhou, and S. K. Nayar, “Flexible Depth of Field
Photography,” in “European Conference on Computer Vision,” (2008), pp. 60-73.
Y. Bando, H. Holtzman, and R. Raskar, “Near-Invariant Blur for Depth and 2D
Motion via Time-Varying Light Field Analysis,” ACM Transactions on Graphics
32, 13 (2013).

K. N. Kutulakos and S. W. Hasinoff, “Focal Stack Photography : High-Performance
Photography with a Conventional Camera,” in “International Conference on Ma-
chine Vision and Applications,” (2009), pp. 332-337.

B. D. Lucas and T. Kanade, “An Iterative Image Registration Technique with an
Application to Stereo Vision,” in “The 7th International Joint Conference on Arti-
ficial Intelligence,” (1981), pp. 674-679.

R. Hartley and A. Zisserman, Multiple View Geometry in Computer Vision (Cam-
bridge University Press, 2004).

E. Warrant and P. Mclntyre, “Limitations to resolution in superposition eyes,”
Journal of Comparative Physiology A 167, 785-803 (1990).

M. F. Land, F. A. Burton, and V. B. Meyer-Rochow, “The Optical Geometry of
Euphausiid Eyes,” Journal of Comparative Physiology A 130, 49-62 (1979).

S. Laughlin and S. Mcginness, “The Structures of Dorsal and Ventral Regions of a
Dragonfly Retina,” Cell and Tissue Research 188, 427-447 (1978).

D. E. Nilsson, “A new type of imaging optics in compound eyes,” Nature 332, 76-78
(1988).

A. Parker, In the blink of an eye: how vision sparked the big bang of evolution (Basic
Books, 2003).

J. Duparré, P. Dannberg, P. Schreiber, A. Brauer, and A. Ttinnermann, “Artificial
apposition compound eye fabricated by micro-optics technology,” Applied Optics
43, 4303-4310 (2004).

Y. M. Song, Y. Xie, V. Malyarchuk, J. Xiao, I. Jung, K.-J. Choi, Z. Liu, H. Park,
C. Lu, R.-H. Kim, R. Li, K. B. Crozier, Y. Huang, and J. A. Rogers, “Digital
cameras with designs inspired by the arthropod eye,” Nature 497, 95-99 (2013).
J. Tanida, T. Kumagai, K. Yamada, S. Miyatake, K. Ishida, T. Morimoto, N. Kon-

dou, D. Miyazaki, and Y. Ichioka, “Thin observation module by bound optics

119



2 Xk

[69]

[73]

[74]

[76]

(TOMBO): concept and experimental verification,” Applied Optics 40, 1806-13
(2001).

Y. Kitamura, R. Shogenji, K. Yamada, S. Miyatake, M. Miyamoto, T. Morimoto,
M. Yasuo, K. Noriyuki, D. Miyazaki, J. Tanida, and I. Yoshiki, “Reconstruction
of a high-resolution image on a compound-eye image-capturing system,” Applied
Optics 43, 1719-1727 (2004).

J. Duparré, P. Dannberg, P. Schreiber, A. Brauer, and A. Tinnermann, “Thin
compound-eye camera,” Applied Optics 44, 2949-2956 (2005).

A. Briickner, J. Duparré, R. Leitel, P. Dannberg, A. Brauer, and A. Tiinnermann,
“Thin wafer-level camera lenses inspired by insect compound eyes,” Optics Express
18, 2437924394 (2010).

R. Horisaki, K. Kagawa, Y. Nakao, T. Toyoda, Y. Masaki, and J. Tanida, “Irregu-
lar Lens Arrangement Design to Improve Imaging Performance of Compound-Eye
Imaging Systems,” Applied Physics Express 3, 022501 (2010).

K. Venkataraman, D. Lelescu, J. Duparré, A. McMahon, G. Molina, P. Chatterjee,
R. Mullis, and S. K. Nayar, “PiCam: An Ultra-Thin High Performance Monolithic
Camera Array,” ACM Transactions on Graphics 32, 166 (2013).

J. Tanida, R. Shogenji, Y. Kitamura, K. Yamada, M. Miyamoto, and S. Miyatake,
“Color imaging with an integrated compound imaging system,” Optics Express 11,
2109-2117 (2003).

R. Horisaki, K. Choi, J. Hahn, J. Tanida, and D. J. Brady, “Generalized sampling
using a compound-eye imaging system for multi-dimensional object acquisition,”
Optics Express 18, 21-30 (2010).

R. Ng, M. Levoy, M. Brédif, G. Duval, M. Horowitz, and P. Hanrahan, “Light Field
Photography with a Hand-held Plenoptic Camera,” Stanford University Computer
Science Tech Report 2005-02 (2005).

A. Lumsdaine and T. Georgiev, “Full Resolution Lightfield Rendering,” Adobe
Technical Report (2008).

T. Georgiev, K. C. Zheng, B. Curless, D. Salesin, S. K. Nayar, and C. Intwala,
“Spatio-Angular Resolution Tradeoffs in Integral Photography,” in “Eurographics
Symposium on Rendering,” (2006), pp. 263-272.

120



£ Xk

[79]

[80]

[91]

D. J. Brady, M. E. Gehm, R. A. Stack, D. L. Marks, D. S. Kittle, D. R. Golish, E. M.
Vera, and S. D. Feller, “Multiscale gigapixel photography,” Nature 486, 386-389
(2012).

T. Nakamura, D. S. Kittle, S. H. Youn, S. D. Feller, J. Tanida, and D. J. Brady,
“Autofocus for a multiscale gigapixel camera,” Applied Optics 52, 8146-8153
(2013).

J. Duparré and F. Wippermann, “Micro-optical artificial compound eyes,” Bioin-
spiration and Biomimetics 1, R1-R16 (2006).

K. Stollberg, A. Briickner, J. Duparré, P. Dannberg, A. Brauer, and
A. Tinnermann, “The Gabor superlens as an alternative wafer-level camera ap-
proach inspired by superposition compound eyes of nocturnal insects,” Optics Ex-
press 17, 15747-15759 (2009).

H. R. Fallah and A. Karimzadeh, “MTF of compound eye,” Optics Express 18,
12304-12310 (2010).

M. F. Land and D. E. Nilsson, Animal Eyes (Oxford University Press, 2002).

S. Hiura, A. Mohan, and R. Raskar, “Krill-eye: Superposition Compound Eye for
Wide-Angle Imaging via GRIN Lenses,” IPSJ Transactions on Computer Vision
and Applications 2, 186-199 (2010).

S. Maekawa, K. Nitta, and O. Matoba, “Transmissive optical imaging device with
micromirror array,” Proceedings of SPIE 6392, 63920E (2006).

R. K. Luneburg and M. Herzberger, Mathematical Theory of Optics (University of
California Press, 1964).

D. Shafer, “Lens designs with extreme image quality features,” Advanced Optical
Technologies 2, 53-62 (2013).

O. S. Cossairt, D. Miau, and S. K. Nayar, “Gigapixel Computational Imaging,” in
“IEEE International Conference on Computational Photography,” (2011).

I. Stamenov, I. P. Agurok, and J. E. Ford, “Optimization of two-glass monocen-
tric lenses for compact panoramic imagers: general aberration analysis and specific
designs,” Applied Optics 51, 7648-7661 (2012).

P. Potuluri, M. Xu, and D. J. Brady, “Imaging with random 3D reference struc-
tures,” Optics Express 11, 2134-2141 (2003).

121



2 Xk

[92]

93]

[94]

[95]

[96]

[97]

[100]

[101]

[102]

103]

[104]

S. Popoft, G. Lerosey, M. Fink, A. C. Boccara, and S. Gigan, “Image transmission
through an opaque material,” Nature Communications 1, 81 (2010).

A. Zomet and S. K. Nayar, “Lensless Imaging with a Controllable Aperture,” in
“IEEE Conference on Computer Vision and Pattern Recognition,” (2006), pp. 339
346.

R. Fergus, A. Torralba, and W. T. Freeman, “Random Lens Imaging,” MIT Com-
puter Science and Artificial Intelligence Laboratory Technical Report 058 (2006).
P. R. Gill, C. Lee, D.-G. Lee, A. Wang, and A. Molnar, “A microscale camera using
direct Fourier-domain scene capture,” Optics Letters 36, 2949-2451 (2011).

W. Harm, C. Roider, A. Jesacher, S. Bernet, and M. Ritsch-Marte, “Lensless imag-
ing through thin diffusive media,” Optics Express 22, 22146-22156 (2014).

J. H. Shapiro, “Computational ghost imaging,” Physical Review A 78, 061802
(2008).

O. Katz, Y. Bromberg, and Y. Silberberg, “Compressive ghost imaging,” Applied
Physics Letters 95, 131110 (2009).

M. F. Duarte, M. A. Davenport, D. Takhar, J. N. Laska, T. Sun, K. F. Kelly, and
R. G. Baraniuk, “Single-Pixel Imaging via Compressive Sampling,” TEEE Signal
Processing Magazine 25, 83-91 (2008).

B. Sun, M. P. Edgar, R. Bowman, L. E. Vittert, S. Welsh, A. Bowman, and M. J.
Padgett, “3D Computational Imaging with Single-Pixel Detectors,” Science 340,
844-847 (2013).

B. I. Erkmen and J. H. Shapiro, “Ghost imaging: from quantum to classical to
computational,” Advances in Optics and Photonics 2, 405-450 (2010).

A. Pentland, “A New Sense for Depth of Field,” IEEE Transactions on Pattern
Analysis and Machine Intelligence 9, 523-531 (1987).

T. Zhao, Z. Ye, W. Zhang, Y. Chen, and F. Yu, “Wide viewing angle skewed effect
of the point spread function in a wavefront coding system,” Optics Letters 32,
1220-1222 (2007).

S.-H. Lee, N.-C. Park, and Y.-P. Park, “Breaking diffraction limit of a small f-
number compact camera using wavefront coding,” Optics Express 16, 13569-13578

(2008).

122



£ Xk

[105]

[106]

107]

[108]

[109]

[110]

[111]

[112]

113

[114]

[115]

[116]

[117)

P. Mouroulis, “Depth of field extension with spherical optics,” Optics Express 16,
12995-13004 (2008).

C. Dorronsoro, J. A. Guerrero-Colon, M. C. de la Fuente, J. M. Infante, and J. Por-
tilla, “Low-cost Wavefront Coding Using Coma and a Dienoising-based Deconvolu-
tion,” Proceedings of SPIE 6737, 67370E (2007).

O. S. Cossairt and S. K. Nayar, “Spectral Focal Sweep: Extended Depth of Field
from Chromatic Aberrations,” in “IEEE International Conference on Computa-
tional Photography,” (2010).

S. Liu and H. Hua, “Extended depth-of-field microscopic imaging with a variable
focus microscope objective,” Optics Express 19, 353-362 (2011).

E. E. Garcia-Guerrero, E. R. Mendez, and H. M. Escamilla, “Design and fabrication
of random phase diffusers for extending the depth of focus,” Optics Express 15,
1495-1507 (2007).

O. S. Cossairt, C. Zhou, and S. K. Nayar, “Diffusion Coded Photography for Ex-
tended Depth of Field,” ACM Transactions on Graphics 29, 31 (2010).

Y. Takahashi and S. Komatsu, “Optimized free-form phase mask for extension of
depth of field in wavefront-coded imaging,” Optics Letters 33, 1515-1517 (2008).
M. Subbarao and G. Surya, “Depth from Defocus: A Spatial Domain Approach,”
International Journal of Computer Vision 13, 271-294 (1994).

S. R. P. Pavani and R. Piestun, “High-efficiency rotating point spread functions,”
Optics Express 16, 3484-3489 (2008).

S. Prasad, “Rotating point spread function via pupil-phase engineering,” Optics
Letters 38, 585-587 (2013).

Y. Shechtman, S. J. Sahl, A. S. Backer, and W. E. Moerner, “Optimal Point Spread
Function Design for 3D Imaging,” Physical Review Letters 113, 133902 (2014).

S. R. P. Pavani, M. A. Thompson, J. S. Biteen, S. J. Lord, N. Liu, R. J. Twieg,
R. Piestun, and W. E. Moerner, “Three-dimensional, single-molecule fluorescence
imaging beyond the diffraction limit by using a double-helix point spread function,”
Proceedings of the National Academy of Sciences of the United States of America
106, 2995-2999 (2009).

S. Hiura and T. Matsuyama, “Depth measurement by the multi-focus camera,”

123



2 Xk

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

129]

130]

in “IEEE Conference on Computer Vision and Pattern Recognition,” (1998), pp.
953-959.

J. Yajima, K. Mizutani, and T. Nishizaka, “A torque component present in mi-
totic kinesin Egb revealed by three-dimensional tracking,” Nature Structural and
Molecular Biology 15, 1119-1121 (2008).

C. Zhou, O. S. Cossairt, and S. K. Nayar, “Depth from Diffusion,” in “IEEE Con-
ference on Computer Vision and Pattern Recognition,” (2010), pp. 1110-1117.

A. Ashok and M. Neifeld, “Information-based analysis of simple incoherent imaging
systems,” Optics Express 11, 2153-2162 (2003).

E. Camahort, A. Lerios, and D. Fussell, “Uniformly Sampled Light Fields,” in “9th
Eurographics Workshop on Rendering,” (1998), pp. 117-130.

G. Wetzstein, I. Thrke, D. Lanman, and W. Heidrich, “Computational Plenoptic
Imaging,” Computer Graphics Forum 30, 23972426 (2011).

B. Wilburn, N. Joshi, and V. Vaish, “High Performance Imaging Using Large Cam-
era Arrays,” ACM Transactions on Graphics 24, 765-776 (2005).

E. H. Adelson and J. Y. A. Wang, “Single Lens Stereo with a Plenoptic Camera,”
IEEE Transactions on Pattern Analysis and Machine Intelligence 14, 99-106 (1992).
A. Ashok and M. A. Neifeld, “Compressive Light Field Imaging,” Proceedings of
SPIE 7690, 76900Q) (2010).

S. C. Park, M. K. Park, and M. G. Kang, “Super-Resolution Image Reconstruction:
A Technical Overview,” IEEE Signal Processing Magazine 20, 21-36 (2003).

R. Horisaki and J. Tanida, “Full-resolution light-field single-shot acquisition with
spatial encoding,” in “Imaging and Applied Optics,” (2011), p. CTuBS5.

A. Isaksen, L. Mcmillan, and S. J. Gortler, “Dynamically Reparameterized Light
Fields,” in “ACM SIGGRAPH,” (2000), pp. 297-306.

C. Inoshita, S. Tagawa, M. A. Mannan, Y. Mukaigawa, and Y. Yagi, “Full-
dimensional Sampling and Analysis of BSSRDF,” IPSJ Transactions on Computer
Vision and Applications 5, 119-123 (2013).

G. Miiller, G. H. Bendels, and R. Klein, “Rapid Synchronous Acquisition of Ge-
ometry and Appearance of Cultural Heritage Artefacts,” in “The 6th International

Symposium on Virtual Reality, Archaeology and Cultural Heritage,” (2005), pp.

124



£ Xk

[131]

[132)

[133]

134]

[135]

[136]

[137]

138

[139]

[140]

[141]

[142]

143]

[144]

13-20.

S. Tagawa, Y. Mukaigawa, and Y. Yagi, “8-D Reflectance Field for Computational
Photography,” in “IEEE International Conference on Pattern Recognition,” (2012),
pp. 2181-2185.

Y. Tampa, R. Horisaki, and J. Tanida, “Experimental verification of compressive
reflectance field acquisition,” Applied Optics 53, 3157-3163 (2014).

G. Lippmann, “Epreuves réversibles donnant la sensation du relief,” Journal de
Physique Théorique et Appliquée 7, 821-825 (1908).

J. Geng, “Three-dimensional display technologies,” Advances in Optics and Pho-
tonics 5, 456-535 (2013).

M. Hirsch, S. Izadi, H. Holtzman, and R. Raskar, “8D Display: A Relightable
Glasses-Free 3D Display,” in “ACM International Conference on Interactive Table-
tops and Surfaces,” (2012), pp. 319-322.

R. Horisaki and J. Tanida, “Reflectance field display,” Optics Express 21, 11181—
11186 (2013).

E. Candes and M. Wakin, “An Introduction To Compressive Sampling,” IEEE
Signal Processing Magazine 25, 21-30 (2008).

R. Horisaki, “Compressive Imaging : Image Sensing with Simultaneous Compression
and Acquisition of Signals,” The Review of Laser Engineering 41, 1001-1005 (2013).
A. Bourquard, F. Aguet, and M. Unser, “Optical imaging using binary sensors,”
Optics Express 18, 7-12 (2010).

G. R. Arce, D. J. Brady, L. Carin, H. Arguello, and D. S. Kittle, “Compressive
Coded Aperture Spectral Imaging,” IEEE Signal Processing Magagine 31, 105-115
(2014).

R. Horisaki and J. Tanida, “Multi-channel data acquisition using multiplexed imag-
ing with spatial encoding,” Optics Express 18, 23041-23053 (2010).

A. W. Lohmann, “Scaling laws for lens systems,” Applied Optics 28, 4996-4998
(1989).

D. L. Marks and D. J. Brady, “Gigagon : a Monocentric Lens Design Imaging 40
Gigapixels,” in “Imaging Systems,” (2010), p. ITuC2.

N. Wiener, Eztrapolation, Interpolation, and Smoothing of Stationary Time Series

125



2 Xk

[145]

[146]

[147)

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

(MIT Press, 1949).

M. Irani and S. Peleg, “Improving Resolution by Image Registration,” Graphical
Models and Image Processing 53, 231-239 (1991).

K. Dabov, A. Foi, V. Katkovnik, and K. Egiazarian, “Image restoration by sparse
3D transform-domain collaborative filtering,” Proceedings of SPIE 6812, 6812-07
(2008).

G. Black and E. H. Linfoot, “Spherical Aberration and the Information Content of
Optical Images,” Proceedings of the Royal Society A: Mathematical, Physical and
Engineering Sciences 239, 522-540 (1957).

R. Dinyari, S.-B. Rim, K. Huang, P. B. Catrysse, and P. Peumans, “Curving mono-
lithic silicon for nonplanar focal plane array applications,” Applied Physics Letters
92, 091114 (2008).

D. Dumas, M. Fendler, F. Berger, B. Cloix, C. Pornin, N. Baier, G. Druart, J. Pri-
mot, and E. le Coarer, “Infrared camera based on a curved retina,” Optics Letters
37, 653-655 (2012).

Q. Huynh-Thu and M. Ghanbari, “Scope of validity of PSNR in image/video quality
assessment,” Electronics Letters 44, 800-801 (2008).

N. Madamopoulos and F. Papageorgiou, “Laser Based Projection System for Dis-
plays, Signage and Illumination,” Journal of Display Technology 10, 804-811 (2014).
K. Konno and N. Kubo, “Laser Scan Ultra Compact Projector,” Konica Minolta
Technology Report 7, 130-133 (2010).

M. S. Brown, P. Song, and T.-J. Cham, “Image Pre-Conditioning for Out-of-Focus
Projector Blur,” in “IEEE Conference on Computer Vision and Pattern Recogni-
tion,” (2006), pp. 1956-1963.

Y. Oyamada and H. Saito, “Focal Pre-Correction of Projected Image for Deblurring
Screen Image,” in “IEEE Conference on Computer Vision and Pattern Recognition,”
(2007), pp. 1-8.

M. Grosse, G. Wetzstein, A. Grundhofer, and O. Bimber, “Coded Aperture Projec-
tion,” ACM Transactions on Graphics 29, 22 (2010).

R. Horisaki and J. Tanida, “Compact compound-eye projector using superresolved

projection,” Optics Letters 36, 121-123 (2011).

126



£ Xk

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

M. Sieler, P. Schreiber, P. Dannberg, A. Brauer, and A. Tiinnermann, “Ultraslim
fixed pattern projectors with inherent homogenization of illumination,” Applied
Optics 51, 64-74 (2012).

P. Bourke, “Spherical Mirror: A New Approach to Hemispherical Dome Projection,”
Planetarian 34, 6-9 (2005).

N. P. Y. Yuen and W. C. Thibault, “Inexpensive Immersive Projection,” in “IEEE
Virtual Reality Conference,” (2008), pp. 237-240.

W. T. Cathey and E. R. Dowski, “Apparatus and methods for extending depth of
field in image projection systems,” US Patent 6069738 (2000).

M. Coltheart, “The Persistences of Vision,” Philosophical Transactions of the Royal
Society of London. Series B 290, 57-69 (1980).

J.-X. Chai, X. Tong, S.-C. Chan, and H.-Y. Shum, “Plenoptic Sampling,” in “ACM
SIGGRAPH,” (2000), pp. 307-318.

R. Horisaki, S. Irie, Y. Ogura, and J. Tanida, “Three-Dimensional Information Ac-
quisition Using a Compound Imaging System,” Optical Review 14, 347-350 (2007).
T. E. Bishop and P. Favaro, “The Light Field Camera: Extended Depth of Field,
Aliasing, and Superresolution,” IEEE Transactions on Pattern Analysis and Ma-
chine Intelligence 34, 972-986 (2012).

T. E. Bishop, S. Zanetti, and P. Favaro, “Light Field Superresolution,” in “IEEE
International Conference on Computational Photography,” (2009), pp. 1-9.

S. A. Shroff and K. Berkner, “Image formation analysis and high resolution image
reconstruction for plenoptic imaging systems.” Applied Optics 52, D22-D31 (2013).
Z. Xu, J. Ke, and E. Y. Lam, “High-resolution lightfield photography using two
masks,” Optics Express 20, 10971-10983 (2012).

K. Marwah, G. Wetzstein, Y. Bando, and R. Raskar, “Compressive Light Field
Photography using Overcomplete Dictionaries and Optimized Projections,” ACM
Transactions on Graphics 32, 46 (2013).

S. S. Sherif, W. T. Cathey, and E. R. Dowski, “Phase plate to extend the depth of
field of incoherent hybrid imaging systems,” Applied Optics 43, 2709-2721 (2004).
W. Zhang, Z. Ye, T. Zhao, Y. Chen, and F. Yu, “Point spread function charac-
teristics analysis of the wavefront coding system,” Optics Express 15, 15431552

127



2 Xk

171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

(2007).

K. Takahashi and T. Naemura, “All in-Focus Light Field Viewer,” in “ACM SIG-
GRAPH,” (2004), p. 48.

G. Petrovic, A. K. Shahulhameed, S. Zinger, and P. H. N. D. With, “Region-based
all-in-focus light field rendering,” in “IEEE International Conference on Image Pro-
cessing,” (2009), pp. 549-552.

Y. Choi, C. Yoon, M. Kim, W. Choi, and W. Choi, “Optical Imaging With the Use
of a Scattering Lens,” IEEE Journal of Selected Topics in Quantum Electronics 20,
6800213 (2014).

F. Heide, M. Rouf, M. B. Hullin, B. Labitzke, W. Heidrich, and A. Kolb, “High-
Quality Computational Imaging Through Simple Lenses,” ACM Transactions on
Graphics 32, 149 (2013).

D. J. Brady, “Micro-optics and megapixels,” Optics and Photonics News 17, 24-29
(2006).

R. Athale, D. M. Healy, D. J. Brady, and M. A. Neifeld, “Reinventing the camera,”
Optics and Photonics News 19, 32-37 (2008).

I. M. Vellekoop, A. Lagendijk, and A. P. Mosk, “Exploiting disorder for perfect
focusing,” Nature Photonics 4, 320-322 (2010).

Y. Choi, T. D. Yang, C. Fang-Yen, P. Kang, K. J. Lee, R. R. Dasari, M. S. Feld,
and W. Choi, “Overcoming the Diffraction Limit Using Multiple Light Scattering
in a Highly Disordered Medium,” Physical Review Letters 107, 023902 (2011).

Y. Choi, C. Yoon, M. Kim, T. D. Yang, C. Fang-Yen, R. R. Dasari, K. J. Lee,
and W. Choi, “Scanner-Free and Wide-Field Endoscopic Imaging by Using a Single
Multimode Optical Fiber,” Physical Review Letters 109, 203901 (2012).

7. Xu, Z. Wang, M. E. Sullivan, D. J. Brady, S. H. Foulger, and A. Adibi, “Mul-
timodal multiplex spectroscopy using photonic crystals,” Optics Express 11, 2126—
2133 (2003).

B. Redding, S. F. Liew, R. Sarma, and H. Cao, “Compact spectrometer based on a
disordered photonic chip,” Nature Photonics 7, 746-751 (2013).

A. Liutkus, D. Martina, S. Popoff, G. Chardon, O. Katz, G. Lerosey, S. Gigan,

L. Daudet, and I. Carron, “Imaging With Nature: Compressive Imaging Using a

128



£ Xk

[183]
184]

[185]

[186]

[187]

[188]

[189)]

[190]

[191]

[192]

193]

Multiply Scattering Medium,” Scientific Reports 4 (2014).

B. E. A. Saleh and M. C. Teich, Fundamentals of Photonics (Wiley, 1991).

M. Wang and N. Pan, “Predictions of effective physical properties of complex mul-
tiphase materials,” Materials Science and Engineering: R: Reports 63, 1-30 (2008).
M. Altissimo, “E-beam lithography for micro-nanofabrication,” Biomicrofluidics 4,
2-7 (2010).

B. Vasic and R. Gajic, “Self-focusing media using graded photonic crystals: Focus-
ing, Fourier transforming and imaging, directive emission, and directional cloaking,”
Journal of Applied Physics 110, 053103 (2011).

E. Centeno and D. Cassagne, “Graded photonic crystals,” Optics Letters 30, 2278
2280 (2005).

H. Kurt and D. S. Citrin, “Graded index photonic crystals,” Optics Express 15,
1240-1253 (2007).

K. S. Yee, “Numerical Solution of Initial Value Problems Involving Maxwell’s Equa-
tions in Isotropic Media,” IEEE Transactions on Antennas and Propagation 14,
302-307 (1966).

J.-P. Berenger, “A Perfectly Matched Layer for the Absorption of Electromagnetic
Waves,” Journal of Computational Physics 114, 185-200 (1994).

A. Taflove and M. E. Brodwin, “Numerical Solution of Steady-State Electromag-
netic Scattering Problems Using the Time-Dependent Maxwell’s Equations,” IEEE
Transactions on Microwave Theory Technology MTT-23, 623630 (1975).

A. Taflove and S. C. Hagness, Computational electrodynamics: the finite-difference
time-domain method (Artech House, 2000).

X. Sun and N. P. Pitsianis, “Solving Non-negative Linear Inverse Problems with

the NeAREst Method,” Proceedings of SPIE 7074, 7074-02 (2008).

129



	緒論
	コンピュテーショナルイメージング
	緒言
	コンピュテーショナルイメージング
	実装法
	物体面変調
	瞳面変調
	像面変調
	走査
	撮像系全体の再構築

	実現例
	位相変調イメージング
	ライトフィールドイメージング
	コンプレッシブイメージング

	本論文における研究項目
	結言

	重畳イメージングに基づく被写界深度・視野の拡大
	緒言
	CIに基づく被写界深度・視野の拡大
	重畳イメージングに基づく被写界深度・視野の同時拡大
	重複像眼複眼光学系を用いたシングルショット化
	性能解析
	光線追跡に基づく原理実証
	結言

	重畳イメージングの投影系への応用
	緒言
	撮像系と投影系の技術的関係
	投影系における被写界深度・視野の拡大
	重畳イメージングの投影系への適用
	原理実証実験
	結言

	ライトフィールドイメージングに基づく位相変調の仮想化
	緒言
	ライトフィールドイメージング
	位相変調の仮想化
	システムの設計条件
	LFのサンプリング条件
	光線追跡に基づく検証

	原理実証実験
	撮像系における位相変調イメージング
	投影系における位相変調イメージング

	結言

	散乱体設計に基づくレンズレス広視野イメージング
	緒言
	散乱体を用いたコンピュテーショナルイメージング
	散乱体の設計に基づく広視野イメージング
	原理
	設計

	原理実証シミュレーション
	結言

	総括
	謝辞

