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Fig. 1.1 Structures of compound-eye. (a) Apposition-eye and (b) superposition-eye.
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No x Ny x - APl £ 3B 2 R §,

AR TRET 2N AT L, Fig 130 L5 &2 603, FEFE, NHFERIC
L BRI EZ, A XA—CerHiIckVBlllENng, BlT—5005, iIHEEICE2
EEUMERT, FESHREI NS,

SAF LT @ 1E, BRI (SVD) 12k ), o028 YU e RV N,
V e RVN & oD RAFTHI S € RVXN TR T &,

®-UZV', (1.2)
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Detectors

(b)

Fig. 1.2 TOMBO. (a) The appearance and (b) the components.
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Fig. 1.3 A computational imaging system.
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rEENG, 22T, VIRV o e £T
A (1.1) OWFIED M £ 12, R (1.2) ORFBRMEIRIC K 2 BELUKTTH1 2 BT, BUFo
k9T % 12,
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B %
f = argmin ||g — ®f||%, (1.4)
F
LEEMZ, mARE T (Steepest decent method (SD¥R)) 124 AT % &,

fi=fi1 +2@"(g— ®fi ). (1.5)

KIS CoEE2EDIRT e T, HESZEETES, JI2T| - [PROE/ VL,
kARSI, fio i3k MIHO KBS BT 2 HEEE S 2R T

BE T g DREIRRNICEZFES f 2#Ed 2R LEOEMNTH S, oM@,
FASED f OBGD g DRERME Y L35 &

= arg?lax Yglf), (1.6)

L, REMSDSIERS i O RREHR E LT, Richardson-Lucy i (RL %) %
VTS S ETEZ B LRIHOKEICE T 2 #ERES I
fr = Fi1®"(g./(® i), (1.7)

Eld, 2T/ BTN OEET LEDOHID R R RT,

1.6 TOMBO R&€EFI1

Fig. 1.41R8 3 K51, KT 2RR2 Pk F L L, A A=Y EPriIciB
ENTOBERET B, (r,y) 134 A=Y W FEIHTAEMEREEZ R L, 4 X—Y%
Y oE (x,y) = (0,0) £ T 5,

LURClE, fi8 oo, yiz AL CGRREtiED 5. £, 774 —A R,
FONAERIMEHL, %2122y FMIEY A=A E LTS, %22y F DRP

11



W1 gilAh A5 TOMBO

u-th unit
Lenslet Shiaiv g
- C:n CD;
Partition :
[TTTITT.TTd T LT §
etector
>
O, E
: %

Fig. 1.5 A cross section view of TOMBO. v, O,, and L, denote the spatial dimension, the center

position, and the position of a lenslet in the u-th unit, respectively.

JERE%, Fig. 1.5ICART LI, v=2— 0, LBEETSH. 2ZTOF, 2=y L udH
DMIBEZRT., 4 X=Xy EAOEBERIE, LMok )Iicke s,
Gu(v) = F(v = Su — Lu),
(w=0,--,N, —1).

(1.8)

T, G, BNERICLBEBRES, S, I3 2B THATIHERFICXES 7, L, 0
Fig. 1.5 C/RL7zvlif bToOL v X(ETH 5.

X2, TOMBO Db E F V2T, MBLSh=NRE F = FL,), ERES
%G, = GuiD,) EERT S, TIT, Li BNREBREZSOEERTE, A, IHR
DEFEE v F2R/T. FeRVexl, ¢ e RV>NeTHZ, FLYHTIHERT—5 2HR
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ROV, BEREBEA ARy EOSNE LV I Y v T EN D,
G TV T F=8E, G =3 Garect((ils, — jA, — D)/, ELTRING, T
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u DHLEREROPLERT. G e RV N (N, 34 A=k v OZKETH) Th3.
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=
A
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)

8 8 8
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—~
—
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~—
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YT T RER LT — (3,

5 JAVSES VAV QS
Giuw= Zrect (sz) Fi s, (1.10)

%, 22T, S, =round[(S, + L, — D,)/A,] TH%. round 1, EEFHDNEEM
FERERAT 2B CH B,

 TOMBO @ 257 L1 ® 1%, KDL HIcLTRDSNS, X (1.10) 1F, NREZF
S, 7 MLt oIy s3I L ERLTYS, oI,
XHR O THOWSN TV R ERICEHST, Ay =A,/Ny,, N,=N,N, 7%, ZDLE,
N,=N;=N, %5,

NEYMED L 7 2 EET 21751 C, € RV>N (%

1 (p=q+8.),

0 (p#q+Su) D

CMRQ:{

ERINDG, ZITC(p, ) ETHC, D (p,q) BEERT, 7, A A=Y HICL
587y TR RET BT T ¢ RVNe (&

17 o7 ... of
o" 1" ... o

T=|. . o, (1.12)
& & . ﬁ

ERIND, CITIREEEVIDN, X177 R, 0 FREENODON, x 17
VERT. $hbb, TOMBO O 27 LTH @ € RN N (3,

TCy

TC,
- , : (1.13)
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Fig. 1.6 A flowchart of image capturing using TOMBO, where the number of units is 2 x 2.

3, SATAMII @I L ZNREBICNT 2H8EIZ Fig. 16D LI IcKINE, X
RfF, 2=y PTLIATHIC, &Y 7 V2%, fTAITICEYD Oy YT
SN, 1=y MBI BBHIT—5 g, Lk 5.
A X =22 Y ORE, NHFERDIGER FHARCED A, € RV->Ne & L THIBICES
a5t ThozHBET 5 LA (1.13) 13
TC, A,

s Ay 13

TCn, 1AN,

EEHEHEZOoN D,
SATF LA @ 2 1I5EIICR L TRICEH TS 2 Ik, NROEHRZRIET S 2
ENTES, 7, X112)HD 10RO D ICHE—DIFFEEEZ L DO N, x IR P Lz
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1.7. WL S 2L —2a v

Fig. 1.7 A simulation result of imaging of two-dimensional data using TOMBO. (a) An original image

and (b) a captured image.

M, &1 2RISR S 2 HFEFRLEE E KIENE 7 LTV AL HREIN TS 1D,
COTEEZ, BT —% gic @' 20T RICHIFAHEZ R L § 5203, W ZE
WsC & % 7- ORI 2 KIBICMMETE 5, L, F9v 3 7PV I2BEL TV 3
e, ZOWENHENERTOR T ELTHETZ®, oz =y M N, K
SV ETEEIC L S,

1.7 MRS S 2L —2a v

L5EIC/R L7 SDHEE RLIBICK 2B S 2L —> avick b, TOMBO %€
TILVDOELUEEZRT, TNS65DT I 2L —arTiE, HBERODPEDR T ZEEL T
W3, Fig. 1.7 WM& E BT —% %277, Fig. 1.7(a) DJFEEEDH A X% 129 x 129,
Fig. 1.7(b) DELH T — % DH A XL 129 x 129 TH 5. Table 1.1IZHE L 72> A 7 L DAt
RERT, 2=y bick MR 7 b S, 13 E HOTRE L2, o HIA, y o
u@y7bu,%n%n@ﬁuaﬁtt.

Fig. 1.8 ISP RZ 9. SDIL, RLEE HIT, Fig 1.7(a) DJE I & ik L TR
U PR IAS R o T3, Fric, IR E oiRic X b, REo 23R TE
5. HEHKERTIE, VX7 kidns7—74 777 bbIricions, Ly
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W1 BilAH A5 TOMBO

Table 1.1 Specifications used in a simulation of two-dimensional imaging using TOMBO.

Number of units (N, x N,) 3x3
Pixels per unit (N, x N,) 43 x 43
A random number whose

Shift of image in the u-th unit (S,) )
range is [—2, +2]

L, IEFEEHEMOBS 0 S 2 BB L 2B LD, VX 7R IIZAS I ENTE
% M),

1.8 #a

ARETIX, KX ehzdl THe 2 BELEAMEZRRL 2,

C12f0T, BIRICOWTHML 2, HIRZW L O oI55, Ml L 2R
R E DR AZREL TR L 7.

13EICH, WIREEZAH L 720w 200y A7 L2 L7z, 128 Tl R7-&
IROFHE LIS LADERDS, ZNFNS AT LEZHWL 72,

LAFITE, KHSCTHOWAERA A 7 TOMBO (DWW TR 7:, HIRA X 7 LML
T, TOMBO I3RS IC X 2 G SRE DR GIREN AR TH 5.

L5 HiTIE, Y AT 4 8 ZDURBEDOBIEIZ DV TGRR ., TOMBO IZ#4ES A 7
LEFNTERERING,

1.6 fiiTlx, TOMBO OEfRE TN ERL 7. 158 T LFEEZH T, TOMBO
AT LADOWMBEES 2P TES, JOEITIE, NRMEE ZRocFEICRE L,
Wb I NAETNER L, ZSOURZ RIOXMEPIRIC OV TOE T IV, 28ETRT,

1.7 8iTiE, 1.6 8iT/xR L7 TOMBO HRIZE 7V & 1.5 #i TR L 72 REBHERD S 2 2
L—>aryzite, 2oz Ntz k.
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Fig. 1.8 Reconstruction results. (a) A reconstructed image by the SD method, (b) a reconstructed image

by the RL method, and (c¢) a unit image.
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Fig. 2.1 A flowchart of image capturing of range detection in TOMBO.
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Fig. 2.2 An experimental setup for range detection.
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Table 2.1  Specifications of TOMBO used in the experiment.

Number of units (N, x N,) 3x3

Pixels per unit (N, x N,) 160 x 160
Pixel size (A, sq.) 3.125 pm sq.

Focal length of lenslet (p) 1300 pm
Diameter of lenslet 500 pm
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2.6. JRERSEEICBIT 5 £ %

(a) (b)

23m 32m 50m
0.lm ¥ + & 10.0 m

Fig. 2.3  Experimental results for reconstruction of objects arranged in a three dimensional space. (a) A

captured image, (b) a unit image, (¢) a reconstructed image by the proposed method, and (d) a depth

map.
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Fig. 2.4 FError in range estimation by stereo matching. (A, ., + 4O;,,, ) indicates range of error at
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Fig. 2.5 Comparison between experimental and theoretical results on errors in range estimation with

stereo matching. Cross marks show errors in the experiment of Fig. 2.3(d).
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\ Center of lens

l Image

/ sensor

Fig. 3.1 Distributions of sampling rays in (a) single-eye imaging and (b) TOMBO imaging,
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(b)

Fig. 3.2 Distributions of sampled points at (a) 0.2 m and (b) 0.4 m using a regular lens arrangement.
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Fig. 3.3 Distributions of sampled points at (a) 5.0 m and (b) 10.0 m, using a regular lens arrangement.
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Fig. 3.4 TOMBO with an irregular lens arrangment. (a) The imaging hardware and (b) a distribution

of the sampling rays.
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(b)

Fig. 3.5 Distributions of sampled points at (a) 0.2 m and (b) 0.4 m, using an irregular lens arrangement.
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3

(b)

Fig. 3.6 Distributions of sampled points at (a) 5.0 m and (b) 10.0 m, using an irregular lens arrangement.
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3.5. L ¥ AREAD sk

i 0.8 mor 1.6 m

TOMBO
(Pseudo irregular lens arrangment)

Target

Fig. 3.7 An experimental setup to measure a characteristics of an irregular lens arrangement.

3.5 L v RRHEDEBGHEIL

33ETRLEAHAIL v AERZ, LYy ARED 7 v Y LEDOARBEEINTED,
Ly REEIC k> THBRICIES SN 3 2 e Pl 22T, Ly AREDKIE
Lz d %,

TOMBO %> & BERfE » 72 1B - BESHE S N P B W T, BIEOREBUC T 587
VU ECEEROEGEHELREERT 5, HEESEVIZE, MEOSRDMEF
WYY TN TENTOSR0, EMRELBREBRSIHGETE S, 22T, ke Rl
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(b)

Fig. 3.8 Reconstruction results of a stripe pattern. (a) A unit image and (b) reconstructed image when
the pattern was placed at 0.8 m from TOMBO. (¢) A unit image and (d) reconstructed image when the

pattern was placed at 1.6 m fromTOMBO.
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— Reconstructed image (0.8 m)
=== Reconstructed image (1.6 m)
— Unit image (0.8 m)
=== Unit image (1.6 m)

Contrast

o .
[\®]
LN L

Image hight (um)

Fig. 3.9 Relationships between image hight and contrast when the pattern was place at 0.8 m or 1.6 m
from TOMBO.
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Table 3.1 Positions of lenslets in an optimized lens arrangement. (jum)

Index of lenslet | Shift along the x-axis | Shift along the y-axis | Shift along the z-axis
0,0 3.28 -8.96 0.57
0,1 -2.44 -4.79 0.59
0,2 -4.40 7.55 -0.28
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1,1 -0.82 -8.87 0.07
1,2 -4.88 -5.77 -1.98
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Fig. 3.10 Distributions of sampled points at (a) 0.2 m and (b) 0.4 m, using an optimized lens arrange-

ment.

43



43 R SHRIEIHRINT 2 BIE L2 L v RRLiE

Fig. 3.11 Distributions of sampled points at (a) 5.0 m and (b) 10.0 m, using an optimized lens arrange-

ment.
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Fig. 3.12 Simulation results for comparison between regular, irregular, and optimized lens arrangements.

(a) Coverage ratio and (b) PSNR.
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Fig. 3.13 Reconstructed images obtained with different lens arrangements. (a) A magnified original
image. Magnified reconstruction images with (b) the regular, (c) an irregular, and (d) the optimized lens

arrangements.
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Objective

Image sensor
plane

Fig. 3.14 Image shift by alignment errors in (a) 2 and (b) z directions. Circles and dashed lines show

positions of lenslets and shifted arrangements, respectively.
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o 4

Fig. 3.15 Difference of signal-intensity & between an original signal F(x) and a shifted signal F(x — §).
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Fig. 3.16 Range estimation in multiple lens arrangements. (a) The texture and (b) the depth map of

the input image. Estimated depth maps with (c) regular and (d) irregular lens arrangements.
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Non-zero elements

(c)

Fig. 4.1 Concept of compressive sampling. Measurement processes in (a) an ill-posed linear system and

compressive sampling with (b) ®¥ and (¢) ©.
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Fig. 4.2 Coding schemes in TOMBO. (a) Modulated integration and (b) weighted integration in a unit.
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Table 4.1 Physical coding examples of modulated and weighted integrations.

MI WI
Range Parallax
Time Lens displacement Shuttering pattern or exposure time
Spectrum Dispersive element Color filter
Polarization Birefringent polarizer Polarization plate
Large dynamic range Neutral density filter
Wide field-of-view Half mirror (shift) Half mirror (transparency)
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MI (2 FEo  BREEE R OO 1L, SHAEZHOVIUT X, 2o o20nTiE, 2.348iT
WL LD EAETH D,
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Fig. 4.3 A flowchart of multi-dimensional data acquisition in TOMBO.
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Fig. 4.4 TOMBO for time imaging. (a) Top view of TOMBO with MI and (b) cross section view of
TOMBO with WI. Circles and ellipse indicate lenslets. Arrows show displacements of lenslets.
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Fig. 4.5 Cross section views of TOMBO for spectral imaging with (a) MI and (b) WL
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Fig. 4.6 Top views of TOMBO for polarization imaging with (a) MI and (b) WI. Arrows, dots, and
shaded areas indicate directions of polarization, centers of shifted images, and polarization plates, respec-

tively.
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4.5. BRI 2L —a v

Fig. 4.7 Top view of TOMBO for high-dynamic-range imaging with WI. Shaded areas show neutral
density filters.

N 1 0 O O O O

Fig. 4.8 Cross section view of TOMBO for wide angle imaging. Heavy lines show half mirrors, where

the gray-scale level indicates transmission rate.
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Fig. 4.9 Simulation results with total variation. (a) A four-dimensional object ( , where
indices of axial planes are shown under each axial plane, (b) a measurement data, (c) a reconstruction
with TwIST, (d) a reconstruction with RL method, and (e) a reconstruction with TwIST using a small

(.A()|.
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Fig. 4.10 Simulation results with discrete wavelet transform. (a) A five-dimensional object (€
[R128x128x2x2x2) " (h) a measurement data, (c) a reconstruction with TwIST, (d) a reconstruction with

RL method, and (e) a reconstruction with TwIST using a large h.
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