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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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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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PUTVEBTES B I FEE R LMRERSGE L 2 RE LT, o DkE
L v RICEB DM 2 WG S+ 5 TOMBO (Thin Observation Module by Bound Optics)
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I ARXTEMENS, TOMBO kMg L <, EIDEEROREH MmN LI —7,
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AR T L LT, Bl ™ %), FaBAn ), 7 v & ARES Ly NgER ™, [
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7o ITIE,  ARHEE SRS O [0 S 5L T 2 FF LR 2 47 ) 323 553, 43 fiT
TR 2B A8 — A FFRERREEAMTIC & D Z OBRIMBUIHIR T E 2 ™), Z OFAfilE Single pixel
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RO K ) REET LA ZERT 2 2 LWL AT AR GUHIREEZH W v
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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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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
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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
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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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1.4.3 aAVITL oI TAA=Y VY

2 i TR & 912, £ v o v VBROWREIAREE TH 2854, 77205 Ny > N,
LR B0, WP RREE A CTRES 2 FER T % 2 LA TRETH S, oD, HfE
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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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WHT 2R TREELD 5.
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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.

) ARDYEEREZ B0, X (O OREDETNEZRATEELET.
g=H, , .f+n. (2.1)
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TOHLIPEERTE S, V4 =747 )75 ik, X (Z3) O#i7 415 v
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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)

22T, dIidHDE A &S B R, o 3 AREE A L A0 EEERE nyamabie
FEPTERRECTH 5. BEITELREUE, O GRIN L v XONEZINHIG 2 X 9 ol
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.

L(s,t,u,v) ERETE2 ™) LFZFHIIL, ZNZFERT 2 2 & CHRZIETE, C
DARA=Y VY TEMIILE A X =Y v 7 LM S, LF &, 22 i TR L 72 fk 4 7943k
FICK DEHIITE 228, BEEARICIZL Vv XD 5 0IIEFEFDO 7 L AT X D2 755
LIS 2, K#ETld, LFZ2> vy ay FTHET27-00RbEELEFERE L
T, 33 i T R7 TOMBO Offifl 2 € Likamz 179, 7272 L, HFAROAERIILF
ZEHT 2 FROBEWIGRE T, LF OFHIlE B TA XA —Y v 7237 5L w9 LF
ARXA=T TOBERZDBDITIFFFEL 2w, TOMBO IZHEDC LFA X =Y v 7O
X% Fig. IR, MIEL Y X7 LA L B—BIANC X % LF O RE@Eis &, GHE
B L OEGHMEIEREZR L Tw 5, FHERE ETIRAEDEER 2 w2 BRI X D
LF % &R BB $ 2 2 & CHEGHERZ EHL Tw3,

A TER L7L I, LEA X =Y v I3 ERGo 2k L7z bD LR 2

66



4.3. iR OAE{L

Phase modulation

P | Postprocessing

Object Image

Optical imaging

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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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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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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)

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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(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.
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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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o2 fiCld, LF O v 7)) v 7tz @d b L 7z, RO A € v Ol
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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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e LA, TOZEICEHLE, faftgizlvnicL v AV AL X =2 v JEAiD
VEAETEFICHIZE ST\ 2 0095, 06, 85) - = = 0 F, e R MR GRS A6 D7 5L
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KOETNVERL, BEAROBGEMEZIGTT 5. Rigic, 64 ik, NEMOBUEET
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
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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
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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.
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i 2=0D yHHTHRINING LT3,

Fig. 5.5(a) DIAREHRER D 72 & DEGELA DG EME %, & > 3 25 90 FE D A SRR
ZRICE &ML LTERMET S, 25T, X (ED) L oh=0ZHTRDL)IC
RE 5.
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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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