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Abstract: Computational optical imaging is an emerging research field to realize specific imaging functions and
characteristics by jointly optimizing optical systems and signal processing. It is not a simple supplement to optical
imaging and digital image processing, but rather an integrally combination of optical modulation at the front end
(physical domain) and information processing at the back end (digital domain), where images and information are

obtained through optical coding and mathematical modeling of the illumination and imaging system in a
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computationally reconfigurable manner. This new imaging mechanism is expected to break the limitations of
traditional optical imaging technology on the optical system and image detector fabrication, manufacturing,
operating conditions, power consumption, and cost, and significantly improve imaging function (phase, spectrum,
polarization, light field, coherence, refractive index, 3D morphology, depth of field, blur recovery, digital
refocusing, change of view angle), performance (spatial resolution, temporal resolution, spectral resolution,
information dimension, sensitivity), reliability, and maintainability. At present, computational optical imaging has
been developed into an emerging interdisciplinary research field that integrates geometric optics, information
optics, computer vision, digital image processing, modern signal processing, etc., and has become an international
research focus and hotspot in the field of optical imaging, representing the future development direction of
advanced optical imaging technology. Many universities and research institutes at home and abroad are getting
involved, making it a rapidly developing research field where "a hundred flowers bloom and a hundred schools of
thought contend". As the first article in the column "Computational optical imaging technology" of the special
issue "Nanjing University of Science and Technology" for the Journal Infrared and Laser Engineering, this paper
provides a general overview of historical evolution and development status of computational optical imaging, and

looks forward to its future development direction and the core enabling technologies on which it relies, to throw

bricks and attract jade.
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Fig.2 Conventional optical imaging process
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Fig.3 Five goals for the development of optical imaging technology
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Fig.4 Conventional digital imaging processing is only a post-processing

step in the whole imaging process
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Fig.9 “Window at Le Gras” taken by Joseph Nicephore Niépce
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A, BN N ILRE T S5 E, 5 AKX —KEN
B 225 H

€ 10 1838 4Fik /KA (Boulevard du Temple )

Fig.10 “Boulevard du Temple ” taken by Joseph Nicephore Niépce,
1838

TE R TE R K, A — o S R 5K
FI - v W7 -85 /R [ 4F (Henry Fox Talbot). 1833 4F
10 A, B IR R AR 2 R R 3871 BT 30T 1) /N DL R 5%
(Bella-gio) i#f 17 55 A= i Z SR R3], 1 5 HH LA A FH 1Y)
MEAEHE AR SAR B e FE AR SR 4 . RS R 1
PRI UG T2 00 . 1834 4F, fh7e S #4401k L&Ak
BRI T, i LA SR I CZE PRGN BRI, 45
) ot 1 P AR RS B T R Sl e SR B R T
R &I, B WG AR 4TI ZEMRER K, W LB
1ESEAR N E— 20 B Ak, il & B0, BRI R 15
BoRUR PR A ARD, OERMUERE), E
X AR D GZ ENAE I — 5K BOGAR |, ] LRI
WS SYMEEEE . 183543 A, AIF X H (Lacock
Abbey) L1145 B /R ARG T JLAE 2.5 em® B/
Fi o BE/RTR TR B SRR ) S B S 4Rk, 40
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Rttt b — gk R AR T, RIS R PRI G (WLIAT 1),
A A B, AT ARAT EAR R, h TR i £

HEMBSY T2 fbAE 1839 4K A i A -IE R

BSU AP RS 4y T o [ 2 5R 2 B, IR ) — ikl
%35 BN B R AF DU AE R (Hippolyte Bayard) T
1839 4F 3 H AEAHAC Lt il th 7 iEAR . A AT TR A
WS R AR 245 1 R I BE s 5L W BRI R S
KB Hi A (Frangois Arago), A~ iz Bl 7 ST\ Sk ik 35 2K 1Y
D7k R, NI T 23R, 18404E 9 A,
B IR TR T At ) 5 5 VR AT T ik, At i T AR A
BHEAR, SRR . Sk /R H T
FOEE I AR AR L, B R TERR 0V 0 G T8 2 0 4015
JF HEESER R4, 1841 4E 2 H 8 H, 3 /R4
A RS AR R I i [ UM B & A1, 26T Qg
B BIRMRRA A C R R BIE T — R s i 4
TR B L (Calotype Process)”, “Calotype”E
A BT BRI Z B H R AT R R L& W3
M2 w44, PR R 2 AR50 120 FR O B IR 1
FRRREIE

11 SRR TR & R AR (U SIE )

Fig.11 William Henry Fox Talbot — An oak tree in winter (Negative and

positive)

13 F—REGEG—BEMAENFER

St KB — 2 KR IR MOt AT
o JEE T AR AT 30 SO R B U AR, 1851 4R
8 0E 28 5 3 FEL 1 B v -] A& Re BT DK (Frederick
Scott Archer) % B T« K #f G 1 (Wet-collidion process)
B . PIE JOME, A — Pk i AR A TE S IEFI
KR AW T B RE PR A, B R i A E AR S T AT
e, BT LA RO R R R 44 (LR 12), BRI AR
SR, BOLP, R AT 10 s~1 min, FAAGH

22~20s. Af AR JCRRE R A PRI BUR, HRAREL
BT ZRAE L SRS RSB, DR 2
IR SR 1 BRI o KR JE R AR 3 1 R B AR
ARGF, A FIARASDT A, A& T Tkt . 5
Ui AN HH P % P A 20 217 2 A DI (9 S L AR5 2 i L B
W RE RSO Rk, A A R

" Coating the plate

Developing the plate

12 KB BERBSE AR M FEA R
Fig.12 Wet-collidion process

18714, JeH A M AME B 55w 2 i
(Richard Leach Maddox) % B T 53 &b —Fi L) 5% 55 “y Jk
JCRRI A5 7 B e+ R o At FPRIR 1 BH e
MR TRAGARZLA, B IR TE RS b, TR A &
BRFRIETRE R A S S . B0 T AR AE B AR
AR, BRARERE, S R I AR 2,
It H AT LAR W, X 235 I R R B H K. FH W
JEEAE R AT AR, IO BE M 5, FE 2 A BH O T B s i)
A4 55 1/25 s, AT LAF-REAHBLARER, M B AR R 4n4E ]
VIS I 9 2 o8 RAL 2 24 i, 428050 17 e P 0 A1 A
MR ANE, FEE T Tk fb A ™ o X2 UGB A
1) — K Fodi, b A PRI Bt 22k .

T[] — BF 30, o) W5 5] 2 55 52 1) 4 0 A 14 e K BT ik
P 2 K o [ B 5 A8 R TR IR 48 -1 A B A (Eadweard
Muybridge). #5147 LA & — 24 WG, (H 340 0 <48
RUCH . 1872 4F, A 2% M 4H 4 (Leland Stanford), 4§
B AR N PN TR B A2 — 24 < 4 B 58, AR —
R 5Y, —RS5MNASRSTERBMENE—-HE
A — L A M TR, R] A Y i e 220 1 < LY
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LT, R Ll . A 2R T N 2
PESE SO G AT . 1877 4F, i AT LA LA 22 1 5
Yy EE ERCE T 12 G ESEAL, FE P LR B A
AR BIL B DR ] 5 B A o AR R, D A LAY R X
12 5 SEARAL A 52 T ok o 12 9K A e 12 5K
P, DA PP 7 i A 5 T 7 5 B IR I B8 6 4 S b ) 5
B, W 13 fros o AT HLAT X — SR T AR E IR
UNZEINE SN 3 S 1 N P N -
575 B HL52, T ELRER i B s a]

Pl 13 1878 4Ff A HLAHTIR I (G L )i S A
Fig.13 Eadweard Muybridge——The horse in motion, 1878

14 EZRBBEG—REXNFERR

5% B A 19 22 80 AR h WA L IE Ak %
U ez o AR B AR A | I ELE 17 KA,
R E ATTiA -T2 (George Eastman), 1880 4F, 7£
BRAT TAERMPHT 2 & 5 THRSS, L.OWhss I #0484
Ao Mz —FpE W A RME B R, IR T
1884 4F W] TR B — R B IR o AR, g
BT T 2 T RRA B GRS R 1888 4F, i
F R R A ML BOC LR AR E R 3O 58 -,
TR A f A o 06 LU AR B 4 | A o
PE, 0 E R 0 AT DALE 85 D bkl i 240 48 22 5K
M. S EEE, B & R A w7 X
e A 4 TR0 G =X A AL, PT 3% 22448 100 7K R
o PR 25 A O AR ML 4 e 45 Ry il ik,
R E W R AR AR T — AT, o
TS b R B AR BL . AU BRAR IR 7 DT W
— R T W R AT, BOCHM R & RN T —1
B2L TG AHJRIZARMLAY I A 2 o Sl i B ZE AR AL LAY,
£ 100 5K B8 540158 DL 5 75 BEHRAE 10 SET0 7 [l 2

), T v BRI R IR, PR ARBLE A KT
e I 3% R R R 2 R P

1887 4, 3¢ [F A 5 i -1 JE ¥ (Goodwin Rev
Hannibal) U5 i 1 2T 45 38O A (19 % F1], 1889 4FJF
AT EAL A 4E R R IS . 1891 4F, A3k 2\ wl il /R
RS A O RERE IS, AT IR R 4 KA T
TS, $52 TF IR B WL 3E R ARA TG b 1892 4F,
SR FEEA PR AR A FT . 1900 4F, FTIA LY
F]HE H S R A B A WL A B JE (Brownie), 40 & 14 Bt
TRe BAEL R — AR B PR PAR L, 1E SR
FiX B AL, 352 B Rk T AR R I 3,
XA RHET R 2] TS EER . YR
XX G AHLAUE B 1 3600 (BB f L E 22 A
R A, TR B2 S 480k, A NS RE
FHE B RAA R . MEATEHE X 5 ALY [R] 1 4 [7]
B ) 7 42 15 BB iC (Celebrate the moments of your
life) FY 46 52 Mk A& o T AR AR AT 3K ) 2 o B O 1 IR A
PR R E ST, HoA A B R ATHE (You push the
button, we do the rest, WL/ 15)”, XJ&—IKE KM+
ARAZE BRI (Snapshot) W T —Fp A2 % 05 =, il
FHAN[R) 2689 1) e AR AL 1 58 Tl 3, AEBILIEY A J 1A
I 1) /N U AR RN Ay T i 3

14 A3 B ARBLS 3 RARBL

Fig.14 Brownie and Leica camera

1906 4F, S E AFvifh A B (George Silas) 4
TINDEKTHEE o 1913 4F, 8 E S 2% 1) — TR
4}y 73, (Oskar Barnack) #% 35 mm HL 52 i F 59 BE A% 15 11
HH—F /N B BEARAIL, W44 24 mm>36 mm HR 7, B4
¥R (Leica), WA 14 FroR . B FH — AR
SO, BB 1925 AR AR . PR /NI R s, AT
ANE SRR TR A T 135 83 (35 mm) B TRIA -
T2 T AFE G R B Ao SRR E 35 mm M
HIBL LR 135 BEARAL) AYHEA:, 35 mm JEEAS 7R R oK
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TI—IE Kopak CAMERA.

“You press the button, -

we do the rest.”

The only camera that anybody can use
without instructions. Send for the Primer,
free.

The Kodak is for sale by all Photo stock dealers.

The Eastman Dry Plate and Film Co.,

ROCHESTER, N. Y.

Price $25.00—Loaded for 100 Pictures.

A full line Eastman's goods always in stock at. LOEBER BROS,, 111 Nassau
Strect, Now York.

JEl 15 1888 SFAEL LI FPERIMEA AL 45

Fig.15 The advertisement of Kodak camera in New York, 1888.

75 AN B AT 32, T TR SR
L, 0 ASCRN B S ABIL, BA T AN A 3 4 L Y
U OR B A bR o . 1925 A4F, 8 [ 4K W] o (A | (Zeiss
Tkon) 28 F) Az 7 H TS b HHESF R0 5 A B 19 135 18
HABL, AR BE5E 0 1 i LR, FRAHALES A = 20k
4 FURS 2% ML A AR B B 37 0 1928 47, 1l
“ 3 2% 5 AN A T AN E AR P — R OOUEE Sk R (L
) 6 BEARBL—— % 3 6 BB AL, & AE A 6 emx
6 cm AT B H, I REAEFIALIOURR (4 5 R0 3 38 B L)

FERECS o 1945 4F, B diL A2 7= 1 — 3040 O <R R

(Hasselblad) 19 120 FL458 3k f ot (W50 2 B FRATT ir 284
FUR AR ) BEARBL . 1947 4, SEE KB T {55 B2
— B 8% 5 BRI AT & 2 B 5 9« 5 i Ok (Polaroid) AH
BL, FREIT “HASr 157X S HAL2E . HBIA K, Fil
S T T ) 0 S AR A AL AR SR T A e R AR %2
W, 1949 4, ] R W A 7 1Y 35 mm FLE Sk
S EARBL<FEZR 70 0 (Contax) FHA1 T B4R, 135 PAAH
BUISEAA S . 7R MIUT I, REAH LA M B 25 48 =
SE3, e RO AR BESE . AAPLEE I R,
BUBBCER T 18 5 Y5 AN R . REAHBIL 3 o I 16
A A 7= B IL, 45 1 BEAR AL T 2 23405 il 3 R
TUFN L SR REARAL . PR BOEIE F BOLEE L 7 e
FNHEAE A WEE i, DA $E 52 AL G# 3 KIFE [n]
Lkt

KT R A 0 A U5 A 18] T RE L R R AR R AR 2L
g 1850 ALK, B OAESY MR T 2L,
TR 25 W B A T R v -2 ST (James
Clerk Maxwell, X} | ¥t & K4 S dh i & i 65) F

1855 4P 485 T —J & T 65 (6 R L ot R 1) 2
SCo XIS SCHR N2 R A T R A S 2 1 A bR
AR BB . 2 s W W, A A
[F] DXl 21 €8, W 60 RN 2t 1 AR AR BURR, 1F R ik g
B 20 U T FRATTNT R PRI 0 A R o X AN B RR
e =R T RGB A AR R R AT A KT 1 L
T R AOAR R TR  R . B I AR
AR 2 1 VR 118 3 — i 8 260 BEUF 2 7 0 o 2 i R B
FAL ST -0 (Thomas Sutton) F 1861 ALY, HE
Fr o iE i e A = A R MR, e e =4y
0 PO S e 3 o TR 2 A o (R =R A
— AL S AT, F148E — AR A% T e R 247, X
FHH T =R IE A A FRATTRE Ao Rk R U
B X =SKIE R, IE SR T TORm T 2 4kl — 4%
iR . XK R IE SRR R AL,
BEFR R TR 22 JEAR L 22717 (Tartan Ribbon), X2
FLSRE sk C AR (LE 16),

16 FE ST BRIHAHRE A TIHs 2 M Lrega”
Fig.16 Thomas Sutton — Tartan Ribbon

L] 114 €2 HE R 18 3] 9 R 22 B30 ) AN J2: TR T R
ORI AS B, TR R B S R A, B A
XPPREE AR W U, YRR T H RO B SR A sl
HRKFEM . 1891 4F, Wl 2A A LR /R 22 &
(Gabriel Lippmann) JI & T — 3 T 6 9% 4 876 T 8L
SRR, IFAE 1908 4F4RTF 118 DR 2R . i
5 AT LATE I OCE ™ A lUR A AR A, el 17
Ef i 8 € ) B AR, 1907 45, 35 [ b o7 1% ) .
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WO ORI T — A TR Z A B s A R
(Autochrome)” [ 44 {8 T. 25 . FOKIR R I L 7E 20
FLAT oI AR/ B G 6 S5 R ORL, AR A B
f . HAT 2z XU 1 815 . B2 1935 4, Autochrome
A BOA R T B S BRI RR, T LARTIA A
FMEZF AT 35 R 4 )1 4 (Kodachrome) 4 TE 2 5E 1) T
Yo XREIRE —FOIA RN E AR A, W
LR 2wl N 7 i 2 — (WL 17). 1942 4F, f]
KA ERHE R A R A, ROyt
TR L e, 15 3z 8 SR . 20 22 60 44T
i), B RO A TR, e T
M I BL T 5 A WA TR BB DGR R, WA | K
WA . MR L AR OE T Hs B Sk AR 2%, flis
S ] KALFE A PR HE 1 ) G R R o R, o B
TARE B TR T E S M R k. B
Sk BB IR B T MUMALIE L TR B
MEF . ROGEASEA. F A s e B st
SELER . MARPLI BT R R R

P 17 ik K135-20 B4
Fig.17 Kodachrome K135-20 Color Film

1.5 E=REGEG—ERBEN

M 20 T2 60 AR, 2745 1 R R IR E A
TOREBT U, T BRI R, ORI R, K
LA, (R AR e sk o RIS, B Sk 1n) RAAE A R,
P A L mm A £ IR 45k B AR IR A 2 m A 8 Bk
Bidk, A T EMIRE . EERE . R R
o 1960 4F, HANOG v 7648 [ FAE LI 25
JEoR TR 1 & LU 706 135 B 9% 48 5
7 (Pentax SP), ML REAHALIE A T LTI . T4

RGNS AL ER, Z R0 . Sk R 0 T
I NS S A TR WIS e LU RIS E e
MLAEER Sy 2y 30 . WG AME | FRffidie . Z A4
ST ) I B2 0 A & B s Bl D e
LN, = A S N BRI B TR A
14 5 4

1963 4%, F] 35 FRHE ) am b i R 51— K
AHHL Instamatic(WL 5] 18). X — R F1) 7= i ¥4 12 6 & 1l
VERGIN ST 5 &, AT AR AR A SR A TR AT AL 55
W, IF HHE# H 2RI RE, 1hE 2 & ke
R . 1325 T 2307 SR, AT TE 20 2
60~70 AR A 40 A R, B R AR A4 . AR
i HowMuch.Net % 3 f9 Gt 11, U028 % 58 18 07 1 ik
2, 1967 4 A 3k 1 i = 35 177042 36 70, ALHETE
IBM fil AT&T ZJi . WA HRR 2% Bt 2005 4F 1) — 13 BF5E
et R, #1975 4, W1k 2B T 3¢ E 90% 1
Wi L I 85% M AHBILTH S0 4

& 18 Frik 18 AL Instamatic”

Fig.18 Kodak instamatic camera

L A b AR N e R G T Tk
KA, (HECIE 2 S B3R S AU A ) — K iy
S EUR BT A o FERE R B — AL
] L, H— R A AR e T B, BB AR BL Y
WL, B AIHLAG B s al RIGE 399 E A ke pd -
AR 1956 4, R (Ampex) 23 Bl HEH T %A 6 T
B B 3K S FH B i AR ML (VTR)VR-1000( UL & 19)
TR ALES AT LUK H A2 40 v 1) R 3E Dk o i S 3
L BRI R B AR A . R e )
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FEVR, ARAEREH SERAL 1950 - AR HE B, & A pAE
— WA PR . B RIRAE T L AR [ A4 i
AT AR, (A2 LRk ol b, — i
FIUENTY.

19 LR AT B T SRR HL VR-1000
Fig.19 The first of Ampex's videotape recorder VR-1000

1969 4F, /K (Willard Boyle) #1525 7 (George
E. Smith) £ AT&T Dl /R 55 55 % & W A, fap 45 5 2 1
(Charge Coupled Device, CCD, VL& 20). CCD fig 4%
M2 AR L FE S, A ILBEE T B A AL A AR
B HRYIPEEFMR (NASA) H T TE RS
AT 7 Hp o) i T &6 A R B R . CCD Bl e
R VEF A Y 2, 120 B0 7 4 R A B A [ 5
f s, R IHRE A DB A i B AH ML AL BRER . FEIX 2
J& , B R R K AR TR, BT TV i a]
MR TG, IMTX SeF AR AL 20 T T A FFihk, K
ZH00Y (A5 TR R A G R . AR, T
PP IR R s %% i st 2 W CCD SR AR A7 i i, HG R
KK CCD 7E W AR B 1) STk, PITE 2009 4E3R13 T
W VURPIBEE2  [RIREEAE 1969 4F, B[R (ARPANet)
ERBABAT . e R 2 56 [ [ B 56 i 52 3Rl
FAEAIT RN, Sw] ARSI . KR4
FEHU A REIE A KA M4 . LETR B, AN B AR 3] e
Py A 143 AT D58 AR I ok gk TE I ) ) R, L K X 46
JEHO R TR AR FHARAIL Y 2T A H Y

1975 4, i) 3k T A% i 5 3 S5 #% (Steven Sasson)
BT AR A AR A A 1 — S A AR AL (L
Bl 21), MAEMACA 24 o BRI TR IR A Rl R

[ 20 TliAF /R sk 54 & W 4 CCD AL
Fig.20 The first CCD camera developed by Boyle and Smith

AL F AT RS G 2 (IUEAT 100 pixelx100 pixel), I
H 5l S BRI RES ARk, K B ER R e &
Awi o SR G ARG 2 UG, H e i
WA EE . YEPEA R K, BRI
50 ms FAHEIE A, (HFH T 23 s SRiC #HAEREH |, 30 s )R
A F MM B4 - R —1E 100 pixelx100 pixel
B 1%, AL 3.6 kg, S QA AT A &l B0
PR R 3~4 f5 . BAREUR T HER | IR =
1500 B S TR ARG BRAR,, (0 BCR AR LAY H BRAYD RS A 7 T
TR AR 0T o B AR P B R s A TR AR
A 2w s AL, Kok &8 200 TR FE DL L, iR
FTE =TT ER 135 8 R 3 A, BN T N R) R £ %
15~20 45 o %2R (10 2 ST AF X4 B, BORS ABLIG % e
JE— 2B A o B BR A, X TR IR D A
JEAHAR, 15~20 45 J5 1 FAA TS F A S0, I HAE
JZE PR R NS ERERR EFEREF, W
Ry AT ] Tk A 0 Y I R — TR, AL R
B P FHAC, B oK B R R A R AT AR AR K
TR, 1 LSRR A E 2T 2 A AL 100 4F; B, T
HE R GTAHL) AR i R v BT A, A AT T AN v
RE—EACHTACKHBEAR. BERZNBNEH
HILI BT RE 2 U B 45 7, Al 35 28 ) A S e
WS FE AR AT A0 F 2 A PR S I B
ARAR SR IE B AL FAR 4 Sz R HEAR, IETE
1978 AEHLEH AL AR FEE L A, R A TF iR
U2 B, o Al A R s 7 A R G I ST TR
A, PR T o A A5 0

— A AP A 5 R, &R 2 0B N A
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P21 S2ASC BRARIIE A A TS B SR — TR RS AR L

Fig.21 The first digital camera developed by Steven Sasson

B, 1981 4E, HAZRJE (SONY) 2 &l 76 7 [ [ fr)
FEAS M S D TS Loy SR S AR AL 3
4t~ (Mavica, WLIE 22), B id KRR M EAR AN FZ R
R R, TR LR RIS SRR 1%, R T BRI AL AR Y
B . X BB AHPLR T ] S8 e 3k 15 1,
HAL IR AT AU 12 mmx10 mm, B 45 570x490~28 J7
G, PR RS, i, KA 3 Mk, 1986 4,
H A JE RS mIHE 155 — & 80 B3 Sk I St AR AIL-
Nikon SVC. 1989 4F, §% £k 5 [ o i 385 ) 1 25 — &
i B S ARAL, A 120 TR R BOGAL: . (AFTATT
X AN ISR, I LA B R S5 4 3K 7= it R Ja oy
AT B P R 55 . BEAR IR, Ml T
TR AP, BN G O g o, — ) 2 i ] ) £,
FUR] R A8 B2 AT SR Pk AR AE o (A R S,
1975 4EF & 55— B s AR ML S 1989 4R34 a], Al ik
FERLREAT 1 T 2055 AAHIA LN L
o Hirp i 3 20 24 @ ST FE H (Bryce Bayer) &
FEEE R . LT Bra BB AL SR HLA
FHLBAZ KRR X — AR, FEHBE 5o E
B4, 1989 4F, HACE + (Fujifilm) 24wl A A i
Bt LE B EHINAEAEAR A BT AR L DS-1 P, iX —f7fif
B E A, Wl T Bt AHPLA b (5 25— 7
o 1995 4, KP4 RR (Casio) BF il H A AH AL QV-10,
EAESE — A R LCD B # B B AL, B,
% (Ricoh) th & i 1T — 45 (o FH AH AL A% B 2% A9 AH HIL
RDC1, FHXFF AR PHRR 1 7 i 3 T A T g, i
2B AL S 5 — & AT DA S0 0 7™ 5 o

1A HE 1 T Windows 95, 33— i 3 1 B i AR AL LA
Bl 7 Windows 95 #1E R4 b FEFH K. &K KA
BT, £ H R R SCRE Windows 95 #E R S8
IKENFRIT . 1996 4FEBAKE T (Olympus) FI{H:AE (Canon)
AR T A C BN BEEME R SEhE
ik, JERE. B, BEREHT. RIE. RZ L IVC, =S
20 ZAFISEIE S5 THIS ML & 547, &
FES T A CRBESARNL, 43985 1, 1995 4E T3
AR MR R R A 41 775 3 1996 4FJLT- 8 T —
fi5, 55 81 TR ZE, BUSAHIHLM H % K F] 50 7 &5
1997 4 XA & 3 100 T8 5, B ARAIL 57 1 51
100 T &6

P 22 g p it B A i EE R AR R
Fig.22 Mavica camera developed by SONY

S — TR A AR AL R W R B R R AR (1973 4F),
% —HBF-Hl Dyna TAC 7EEEFL 2 i (Motorola) [1) 52 55
= HEA: ) T -2 BH (Martin Lawrence Cooper) il T
“FHZR. AfE, ST EMHFIAT RS —4
ML, IER AT T SR B A DUR S = . Y DUR
S8 2 0 R T R e A U R T A e . T
HLRIECRS FEALTE 20 tH4D 70 4EAC A0 o % 1A 1 oK
P4 A LR, HE 1999~2000 4, FHLAAAHLA 52
BEAHIE . 2000 4F, H ¥ (Sharp) 15432 2 7 J-Phone(3R
TE R R 30 ) HE T A BRE 330 B FAL J-SHO4(W
F23). XATFHLIEGSL A 11 TR R, A A5
X, WA TNIEET, B 96 pixelx130 pixel 1) 256 {4k
it o TERGCSR MR —HUNVEE T, 56 A, A
AFHLTg B LTGRO E, A
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Pl 23 JZEIA J-Phone #fEH 19 2 ERE FAA M FAL J-SHO4
Fig.23 The first handphone with camera, J-SH04, developed by SHARP

and J-Phone

A HHE AT ORI IR R R — ik e SR s
BEMRE 500 3£ TCHY J-SHO4 16 4 I I 3% 51 £ 0
SR, {H B 45 TF HLAT R A VR R R, iR G ik A
e HE T HALFHL/, IFa THRFH R,

W JUAEBL, 0L R T IR A B s 44k 19 14
. HAE 2003 4F & A J-SHS3, K5 kR K
F| 100 J7;5 2003 4F, #4F (Panasonic) & fi T — @ 45
BEREBETHAYF-HL PS05 1S, AT LADU T 360°HE R, th ] LA
6] )5 e 180°HEAT F 41 o Hih B 51 A J2 1 IR T
# T A EEYIRE, XANThRE— HAELL 24, 2004 4F,
B8 SCRAT T H SO FHL V602 SH, 7EFHLHA
M ERE LBE T T - —ABEM, R4, ik
FEW (Nokia) H#EH T H A E ORGSR FHL 7610,
[l if #4527 ZEBE (Symbian) #E/E R G0, 2005 4F, i 5k
EAE H NOOCILIAL 24), LR FHRURE 4l Tl 51, FEdA$
FHE K T R/RZH] (Carl Zeiss)INIES k&, 8] T
FHL B S5 AR E L AR, R %
HL 200 T3 15 2 FIir 42 30174 1 S5 0 A PRy v K i) B
KA S 2R A (B LA L B R AR S ENSEAS K
I 2EFEAR B SR ORIk T i BT . Bl
Ji, Wi AR FE SR K T 5 SO, S T £
N RGN FHL, 8 F O RT3 ™ S Sz iz —,
FEAE 1996~2010 4F-HA [A] % 2L 14 4F (R 5T HLES & 25k
% — ., 20064, & JE & /. 15 (Sony Ericsson) #E H
K790, HFLA 320 T8 R 09418k, 3 Bl 5kl

& 24 T RIREET] (Carl Zeiss) IATFES kB9 LT N9O
Fig.24 Nokia N90 handphone with Carl Zeiss optics

JE S — L A TN AT B FHL, X H LED [N KT
FERERES TS RE R LR, FE, =2
(Samsung) #f i T SCH-B600, 1 UK 515 3k 15 £ 4
BT T HEK,

i —i, ML R AE 2000 SEEE A E R TR
BT AR L SRR E B R IR TR . 1998 4, {£RE
TR A — G B0 B SO AR L, A AL U P £
fiE D2000, X {5 5 #0725 K T 47 3 19 B0 A HLAL B R
SR, R T RS A APS-C(24.9 mmx16.6 mm)
1) CCD &)+, 200 J7 R i ok 1 Ak AN HE 00 1] 5T
T, 1999 48, L T — G HIER L LACH
AL D1 25), D1 R T 270 Ji{4Z % CCD
LIRS, T LA 4 i i 55 5 o 116 75 1 SR AL, T
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/25 JeHEE AN D1
Fig.25 Nikon SLR camera D1
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2R R LAE B R 2, 2007~2010 4 8] A%k
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iPhone J5 B #1153k HAT X X [ 200 JT 4R, A
B B X AR (T 24 B L NOS 14815k 18 Z ik 500
T4 F, HgHe A ghxi ), dim b 2 24 H ik s
e A 1 Al 5, H S SR AR e X B R AT, 2
T AE T A O MmA ) RE——iO0S.

2008 4, SEFHEH T iPhone 3G, 3% &5 — Kk HF
App Store 55 — 75 Jii FH F2 /¥ ) iPhone, JL 38 1 ¥k 3 HF
VGA [ 57 (640x480 73 HF5) (545 . 1525 TR IX
— A AH T B R 28 V-5 Instagram, B F 4 4E 4K
4 Snapseed % — AR T B 1Y App. [FI4F, i
S SZ 4.6 A2 BAR Sk B TFAL, BB AL T Ak S
J R AL A B, B A thE R b K < AE AL T 325 7
PR TR = A B, RERFALT S R A TR
HWHYAEAE . 2008 4F, 28K (Google) & A T HAE BEF-HL
PE R 5% 5 (Android); HTC #EH T @8R5 —# %

[l 26 FRAHITE Macworld 2007 K 4x 1 % Afi #9455 —1X, iPhone
Fig.26 Apple iPhone 1 released in the Macworld 2007 by Steve Jobs
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B T —2 4G, iPhone 4 754y EIE T FHL 515
Bk Z A By e AR R SR L, —BRIE SR SR
FEAEHZ PR 0 A A —E R SRR 53 E
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AR ALY, R4 A AR YU 2 . 1T iPhone 4
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[ 27 2010 AFFRATHHE HSER KNI FCR 7 i iPhone 4
Fig.27 Apple iPhone 4 released by Steve Jobs in 2010
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54.4 {CERTT AR S 500K

iPhone 4 [ Ji{E LT 75 ] Tl 37530 W . F-HLA0 B AE
g HI A Bl b, 340 1032 28 B 5 e 19 AT ot R iR
PEo 2011 4F, “SERZAC A W ittt SR i A 5
(Tim Cook) I, LG KA 14t F 55— & WGk

FHL LG Optimus 3D(WL & 28), B 5L SAETHLE T
Jo BB A Sk 38 o R B R & i 3D 8. LG iRl
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FHLREAKEKF) 3D, {HE LG H WA % EF 3D 1A
JeiEA% 2D W8 RRE S T BS540 5, BRI 2
ZREEWCE TR E AR 3D ihe. HIAEY
B < X8 AR B sk s T 0 VB . 2012 4F 2
26 H, 5T [ R 2012 4F WMC2012 J£2: | &
i T8 — 3 R A E A% RS sh b e ib B 2R
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B sl de kb BRI FHL) RS, 12X T 0 v, 7
M AX %% TI S % FHL CPURY &l A & 2 3% X .
2012 4F 6 J1, OPPO F-HL#fEH T HAHIE 200 T4 %
i A FATFHL UT0L, KRB AR E B REF L. &
HUE Sy T LS RSk i fE 200~300 J7
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(N AV

& 28 4ttt A — & XUEFHL LG Optimus 3 D

Fig.28 The first dual camera mobile phone — LG Optimus 3 D
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(PDAF), 33X T I 17 o o 50 B0 S AR B b A L4 1) Dy i
IERHEA B BEFHLUR . 5% 58 ARM H, A
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BN —FERCR B IR A 2014 4 3 A, SUEIERk
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Bl 5 3 LED INGAT, 40 A H A W06 A 2 £ D fig
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A7 Wi B R AT R BE LR R 2, MR E A
vl BB Ja e T FT R e A B, R T 5.5 0n
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Ly gy ERaE, 2 A KBTI, AU S T K55
FHLEFAL . 2016 4, LG #EH T RURFHL GS, HAEH
TR R T S 1600 T E B F 5kl &
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7 Plus JU) /2 38 5K 40 09 Jz , ) HI 45 2 £5 BB 28 mm Al
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BRI . AR AR A& LG I 1 583 s IRl
i, {6 iPhone 7 Plus %) HH P ELIE 2 X F il XURFHLE
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EIETOCHL L ERRER BINURAY B2 . [RIAR, 40 it
H T P9/PY Plus 1 k2 BR 15 2K B B Pk R B 3k 1 WU %
ST, GBS PR BT Sk AR (2K e, R 4 BR

FHC B PR R B Sk BBk FAL. X5 T ZHi Y
XA TT %8, #62 PO WY BUGE H () — R HT T & e IMX

286 f& s, XA H TR YR 1% RGB Bt ; 1fii 73 4
— R T R ERECLH TR R A EA
2B & SR T Bayer ZitS, M EA KA E
S I e HE B M R M IR . i BAER S
PRARIR A 52 B R TR PAL, A SOk R AT 1Y
R RS, B T AL R R HE ) S g 0
2017 4, 32 H7E iPhone X I 5| A &5 #45% (structured
light) YR B AHHLLASEER 3D AR5, 315 L 28 pl T &
By B ke e (WA 29), [RIAE, SR H Google #H 4 #fE
AR FFRE BN, 35K 1T VRS Bl Y
AH,

29 SEHAE iPhone X b5 AILEFE 3D AL

Fig.29 Structured light 3D face recognition technique in iPhone X

AR R FIRAE AR WA SR B, IR R IR £
Lk Z i, 464 P20 Pro #5 = 45143k T 2018 4F A 25 1
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KOS AEMIR G AR . TR M =485, FHliigd
B T R . OPPO AY R17 Pro [RIFEMIE % T = WifH
%3, e TR A+ FE+ToF 414, ¥ ToF i
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FO e, TR A, B ARSI 3D K AKT)
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M= A9 s — 23T = AL i, 15 B85k
BT U, FHLRHPER A+ AT AR
)7 %8, FEAR I O Z R 43 S T 27 A A
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W 5| I 9% TH R — Se 32, RO KA Y P30 Al
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P30 Pro( L [ 30) L5 [ 45 1 4 B A9 3 A . P30 Pro #5 IR RFAENEE T H, FIEFIIRR L RS, A

BT BOLRR IR RS, WAL A 75 4000 T7
BFERJE IMX650 i IBOL 55 )k . 2000 TR
ik 800 TR R B L A5k DL K —A#4 ToF 15
3k, ISO 3k B 450 A 1 409600, 3745 2.5 cm # SRR |
50 FHR A A AS £ o T — APk R U4 5 B &
5 A B 20T 4 B TR % DME, REE Y
AE . (EHE A R IR R A . X BBk I 35 B
T, 44 P30 Pro 315 DxOMark 112 5 =547, {# H A,
1 DxOMark >4 B I 20 19 A e 2000 1) FHIL A8 A5k o

P61 30 4% P30 Pro Mo HAE 50 %YL A AR H 52 R M 4015
WAL (AR SIS AT B IEB UANEER)

Fig.30 Huawei P30 Pro and captured moon with highly clear surface
details (though it is controversial that it is the result of Al

synthesis)
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MBS R E ORI T B3 Uk Rt i v 1 250
FTENEEAR BT . (ER S = YRS A B I A 5% T
A WA 88 3% £ o IR A0 TR) 300 4F Fi % H g o 5
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W ARELESE RGP R AR RE. FiF2
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ML IE— X0 T, AP O T R, U
M X 1E 4N Mitre 23 7 B i A AR AR < B0 AH AL
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A LABOAN I (07 AT 480 BT AT LA 2% 07 b A7
fits . SRR B AT AT LAAE Bk A] 55t 55 4% (4 A ]
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A — T4 R EE — AR ML s R IOk, MIALEEAR I
WA AT ARAAE B ARk, AT R JE AR B AL 11,
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FEURAIE SR 73 21 AR B R0 #8 BE 51 0T LAk
S P R o A AT RE S U, X ST A LR
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PGB RS . Fik, AL A 785 7o
EREIE: o 10N

P 31 JEEAHIHL (Nikon F80) 54U AHHL (Nikon D50) X
Fig.31 Comparison of film camera (Nikon F80) with digital camera

(Nikon D50)
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B (B ik, iEEHIE 45 E Radio detecting and ranging,
Radar) Ji; F, Bl 404 i FL#2 B 15 (SAR) 5 iFE AL
S bR R TR AR DL R I R g (R
AJETE] DG B, anlEl 32 FraR). BlEE TR ZS g A
e BAAR KR, 7 BUR R GEAE 20 T4 70 4RI H]
RN TERIE. 1950 4F~1980 4F[H], JET X JF£it
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e

[ 32 R ARG —B AR A
Fig.32 Synthetic Aperture Radar (SAR), the earliest computational

imaging technique
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. Wave-front coding imaging system Sensor
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z=a (x*+)°)
P 33 Fe R AR A UG AR BT b UR R G —— T 4D R
Fig.33 Wave-front coding, the earliest optical imaging system involving the idea of computational imaging
i /\/‘L o oA Gl Z R PX “3 i JO Jon 1Y,
AR F5E) NG ) 2 T — BB R T RS R A A

1+ 43754 9 42, Dowski Fl Cathey 194 A R
K H A UM, VR SR I DRI A58
Gk ——F R A, 20 4l 90 AR, Bk TR
DAL 146 FHIASEAS] BR % (Ambiguity function, HiS2AH 2 )k
S — SRR B ) R AE I 5 5 1R 1 Y
(R 8 ) R 25 S R (ARS8 i ) 2Z 1)
FIT B 3T 223 Dowski il Cathey & 3L H 8 28 5 7 20 1)
A RS 4, RORY BRI 5 02 % 33 R R (OTF) 1R £
M . YR T B AT — SR i e
CRECBCE R, BE Bk R
Dowski il Cathey & 1H 2 H b 28 5 19 5 SO A R 1Y«
SRR B AR Z R R -MITERCR., T
Dowski Fll Cathey M AL B 351 BB 052 A = B 3%
ST SR R ORI Al B e ik 50T, IR i
S IR UF I 1 2 A B AR T KR IR R G SRR R
MBSO E B RGN 6 5 LA B0, dn Al
BAR F A (B INLAR) BT 238 B R SRR, A i
JERFRIRE R 36 £ o 330X - JL 28 &l U3 iy H , 2
T AT T — T Bl 00 20 B R AT AR SRR L
1/36 BB ] AR A5 [ R 0Tt (9 LA, a3k ] DA 32 S 06 4
AR EH—RE K

Dowski Fll Cathey A& 5 B8 5 TR T A I 7k
TARFE Y 5| T — #8536 AR S 5 & 1 H
Mo 20 #4900 AU, — A/ NEL A SEREAAR T 4

FETAE, JAE AT P A D 64 1) L% AN A [) , {ELfige 2 ]
R 5 2R A0S A ] —— i o ) D' 7 R BRI
5 2 i HR WL B0 25 TR B TS v fE S A A B
1996 4F-, HirH #5 K 2414 Levoy #%55 A IRk T6
5, Ik 0] Adelson %51 i S 45 Tl & e 1 40t
PRECP AR —E BIIUR, ORI n it e P g
WORFEAE, BOL Y Al DUAE A h 28 1) 4 oy
44, FF I, Levoy &5 Hanrahan™" # i #2118 T & 44
BOE R RCE IR, Sy R — 286 e 2 1
BOE T E AR, Oy TR LY, Tkt
TETHIMILACRERG . AR
TEIC R NS 328 b, % SR RE S S I 4E - 7%
SPAERE ), L HARI IO E B e R e, 4
SRIX —AF X T3 R ST 2 AP FLR —4E,
hMAFEREA: T 55— 3 LCD(Liquid Crystal Display,
LCD) #% 5% 14 F DLP(Digital Light Processing) # 5 {X
(WL 34). WAl 7R B (1968 4F) 5 %50 5 5 1 9
(Digital Micromirror Device, DMD, 1987 4F) #iEA4: L) >k
St TR ARSI R A T A BB R,
LCD 5 DLP 30 #5241 i 304 BB/ 5 2 4 45
e N E [ B = M = B 3R E 5% NN
BELUREAT T 2RI A HBE . 1996 4F, Nayar 550
B BB I AR SR EAG T, i m ik
PEIFRT O BT A B AR PR B IR 22, SR 5 X0 40 45 3 1
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2 AN [T S SRS P A AU 3 1 A 7 A 3
BRIV AT AR ZRS Bl 09 W PR IR BE A 3T o %07 IR T A2
SER IR, RIS 2 48] LAEA T IR # A i vl
PABRA B4 B BUAR PERE . AT 8, — Bl AR 2 LIy
TR —— G54 ' = 4 A TR AR A 30 1) o B it 7

3LCD projector Screen Mirror

¢ Dichroic mirror
Lens\ of Lamp

Prism

D1chr01c

mirror
% \ irror LCD
Prism

error

DLP projector

(can be single

or double lamp) 10 fiter Relay and

>
v, O @0 0

TR AR TE AT E AL 260R o 45 245 R 9 1R 1] 25 )
FURBEARBIT ST & S 1 IF I LAOCAL, 2 9K 58 i IR T )]
477 2O Fp il 7 57 9T B AR, wT LA RO TR AZ G2
F SEARBLE r 5 s 1] 45 Ak 308012 v ) 37 SRR AR DE TR
(14 4f AL

DLP panel

ARUV (sealed optics)

filter ' Light absorber

Integrator

6 segment

field lenses

‘ Projected image
Cold mirror Heat sink

[ 34 3LCD #5¥{X 5 DLP BE¥AN M S ALy
Fig.34 Basic configurations of the 3LCD projector and the DLP projector

1997 4£, Debevec 5 Malik®™ BIRIEH T E A
JLFl (High Dynamic Range, HDR) fi {5+ A BME &, Al
70368 A3 98 AH AL A B Y i () 6 ) — 37 55 B SR A (AL
[ 35), I X 4 B8 R i A2 s s AT RS, X Rl
AT LASE 2xb BEAF AL 2 S 30D P 5 B 5% 3 s 52 O U
(4B R Bl A0 B S o B R 7 A 8 A I it R
SRNE 2§ Y IR IR AR TN e o 2 W . A TN
T2y 8 AN K FE 58 B Ak, T MR 2547 T 5L PR
SIS AL I R A B 12~14 DS, It
M5 6 L R o B R R BT B T RE R R 1Y
fi@,%ﬁﬁﬁé\?ﬁtﬂ}ﬂﬁﬁ%ﬁﬂﬁiﬁﬁ LR .
SR I /D W O 6 S R ) PR AT RN, 435
”ﬁ,ﬁ\{’@%iﬁy\_rfziﬁfﬁj;ﬂ#ji%méﬂim@

o PRI, 38 5 A 20 245 v R P4 G v 2l 28 1 16l 1 5
F mﬂ?’éﬁﬂi’%ﬁff (Tone Mapping) i ARTEAT BR 312570

FETE A1) G Pl i S s 4 L FTERARTK - 453 B B /R Je ¢
MR, BIJE BT HDR ER . A8 Wos 78 e e S5 1t
4 b HDR EIMR TG 56 4 N 5 FEXT L oG &, 5
JE SO H B B G A B I SR T 3 ) RN A

JECFRAF B, X A 18 o B AR AILEA T BRI 04 3 Ay AN
il $E 4t 2% ﬁi 2000 4, Nayar 5 Mitsunaga® #2111 T

2 [A) AR AR IR AR AR A, 12275 0k 20 e A A TR R
— D HERBHTFRA R R LT Bayer 45 (1
JECER) LLRITA £ DO 2 AS (] B O A9 [l 45, 2 T e ik
16— 5K HDR % . 5 J8 3 25 (] A2 B 5 i T2

M, B S B AT I R 6 Oy AT LA T 4 2 1 DMID,
¥ B e i5 2] DMD L i LA ) 541 H DMD 1)
TICGTF RSN X T IR R Y XS 4 T AR Y
iG], 2 R IR RS E LR IE R R
FONSEEIAL S R/ REIS

BRI B S s BAT AR TAES),
TR X — AR TE G 2 LI AT 8 A LA ) 39
THIRTHE . 1999 45, #l 38 K2 Brady SRELIHES™ T 1
PURE-FE JE 5 € B (van Cittert—Zernike theorem) -4
T B = 4EA T R E T B 5RO AR e
SR YT VAL AR T 00 i, B A = s ]
MIAEAR T ECIR B A8 o SO R R R T E
2% ik, Brady 1Y 7 ik AL 48 2 L 1 CT Wifg 4R
WY AN TR] ELSE AN A 2% o PR 3k e SR A S ) O R A
B RS AL, BT AN e B A I
FTE L G SR SE TAE . 2001 48, BHE LK
2711 Schechner 47 73 At 17 AR (9 4R 24007 , FF:
BT IHER T USRI U B T s, b
98 SR A 2 M Bl 22 MR A [R] w4 245 1) [RTAR, JF AT
GBI BR S BRI A] G Bk 25 5, 13 5 B % L
AT 2 K GE (UL 36), X3 TAER/R Tk
)<l > JB P ) 42 0T T B A o ) 5 KW T o

2001 4F, EEDEFFS AT TH RO T IR
R I R e 111 R - N R S 7S S A
WL A 1A < B R R 5 R B 5 Ak #E > (Integrated
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& 35 16 TKARIBEIGIE] (30~1/1000 s) TR R# E %)

Fig.35 Sixteen photographs of a church taken at 1-stop increments from 30 to 1/1 000 second™!

Image Gathering and Processing). 1998 4 F1 2000 4,
K38 R # Brady #4290 7 P47 R SR Y
W S Bl 13X — B AU A o TR S IR )
A2, BEFE N BT TP e 1 X Al a8 75 2 /9 9
8, I8 R X Bl AR 7 s — A< AR 58 (4 44 7
AR JH AR L N B 2 R J7 . 2003 4F, Dowski Al
Cathey™ T UCTEIE SCHUREAAT] B4 02 i 2 5 AR B A 52
SCR— Rl BB R o X B T R R —
B UK AR IE U S AR SCHR . Dowski Hil Cathey
TR fg SCE Y TR A A AR Y < — o BRI LR
THEBRA AR R R AE S 3. 1E
BRE LA, 5 5 b B s R IR BT D R ek
SE, 6 RGN BOHIE R RS2 05 5 A B R 1 BER
Pl 29 . X 55 H R R GEARAA Al ——E e
AR R G A TR R A B S B Y, AP B Y
Th LIS IO 27 AL A 2 2% B A g . (A
recent methodology for digital imaging systems jointly
optimizes the optics, detection and signal processing of an
imaging system. In joint optimization, the signal
processing is determined by specialized optics, and the
exact form of the specialized optics is affected by

requirements placed on the signal processing. This is in

contrast to traditional imaging systems where the optics
are designed independently of the other system
components and an increase in optical performance comes
at the cost of an increase in optical and mechanical
complexity). [A]4F, Mait &5 75 SCHR th 45 1 1 1155
AR B B 5 S AR BT SR R e 2 —Fh
Bty el A MG S B S BT DO R 4.
R G REIE AT BT AR A LR, A
F L G AR TR Ak BRI SR A ST AR
1t > . (An integrated(computational)imaging system is
one whose design integrally

incorporates  optics,

optoelectronics, and  signal processing.  System
performance is controlled through concurrent design and
joint optimization, as opposed to sequential design and
independent optimization of the optics, focal plane
optoelectronics, and post-detection algorithm.), M I,
RS i A5 24, A — P s e U e Ry —
TR I AR 7 YRS, JFIE B A B — 1 1B i 2 )
54T

TR T UG 3K A B 4R L s 44
HWTZE A [, SRS U B LA
2y [ T i A5 ()RR A WF s 3 o B2 B D AT

36 SRR IE A Ak R T RG22 58 A RCR T

Fig.36 Image dehazing using two images with orthogonal polarization state®”
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P OG0 B B U O Bk —— R e, IR
(Computational photography) i & T 1% 4535 £ A1 ] .0
AR I o 2004 4R B i AR K4 Levoy 5
Wilburn {82 15 T 1 44 8 IR B2 Y IR AR,
PREERYIT H R — > ZAHBLEY BB, LI Levoy
B2 PR 4 IE AR T RO 7 LR BB 5T TAF o 2005 4F
5 H, Levoy (Stanford), Durand (MIT). Szeliski (Microsoft
Research) — i 4L [/ T Siggraph 2 W [ 76 B4
BT 22 B 21 T — 3% 45 5 “Computational Photogr-
aphy and Video” R Isf 230, 23 B BRI A 283X FF
R “AE 2D BRI /45 BT T B9 BIESE 5 W
ZHCF RS R —Fh SR Z R 1 & e, IEAER)
WAL IR SR Z RS20 R G o B I
BT R T 5 RI, B A5 B =R PRy
CPU TEVF Z Bh o 2 Bb b ™ A 1 3 i3 3 iR B R
(Computational imaging techniques), #f 1% 20 it 22
70 4EAC AN 80 4EAX CAD/CAM Fl AT WAL S 157 HLIE
PRSI IR SN ST — M AR R ) 4 BBk BN
J1ti3, 10 4FJ5 B4R El 1 37008 2 1 2% K S A
BER o STk BB H, BRI R8T 1T AR A
PR REE S T o XS 28 2 8 1A L
ZETIHATHS T OHT 2 AN A, (A bl R AFE R E
TRERAR AT UL E, 2R UZE T ERMLH
A A — AL AL, SRR L E TR E ST
faf — A~ 1 Ml # o (Research breakthroughs in 2 D
image analysis/synthesis, coupled with the growth of
digital photography as a practical and artistic medium, are
creating a convergence between vision, graphics, and
photography. A similar trend is occurring with digital
video. At the same time, new sensing modalities and
faster CPUs have given rise to new computational
imaging techniques in many scientific disciplines. Finally,
just as CAD/CAM and visualization were the driving
markets for computer graphics research in the 1970 s and
1980 s, and entertainment and gaming are the driving
markets today, a driving market 10 years from now will
be consumer digital photography and video. In light of
these trends, the time is right to hold a symposium on
computational photography and video. The area is old

enough that we understand what the symposium is about,

young enough that we can still argue about it, old enough
that its practioners can fill an auditorium, and young
enough that they still fit in one.). %W HE T 45
George Barbastathis (MIT), Michael Cohen (Microsoft
Research), Paul Debevec (University of Southern
California), Marc Levoy (Stanford),
(Columbia University). Frédo Durand (MIT), Richard
Szeliski  (Microsoft
(University of Toronto), Ramesh Raskar (MIT) 1£ N AY
16 24 T USSR 25 24 27 5 AT 2RISR,
L NS5 E RUR RS S TR 3D R Ot
YR . 1R R INML (Giga-pixel imaging) 4% — Rl
B RAR AR (WLIET 37), FFARAFFAZUAY B o AH )Y
)W) 2 #E T Siggraph 2 W FRFEE2 I T 4
(2005~2008)°", Tk A fig 2y, R E T A I

R T T P IR A A T RE M
AV E (R NS N AW e N (7 N7 S E 3 DN E =)
AE M B R DA% BE I e AEBLAY BR 1, I HLRE W% 613 57
1Y B 4% v F ” (Computational photography combines

Shree Nayar

Research), Aaron Hertzmann

plentiful computing, digital sensors, modern optics,
actuators, and smart lights to escape the limitations of
traditional film cameras and enables novel imaging
applications),

TE 2 Tk B 2 4 A 1 LT R R
A3, AR S B BORAS LU & e, AR T
— Z5 44 B ARETE B9 TR RUGORT B R A
2004 4F, Levoy it 2H ¥4 8 T Z AHHLEE 51 2 502, i
T A AR, B2 HDR &P, [l
4F Nayar PR et T 2L AGBAR M T £z
ZRIIY, Raskar 2L URETZH $2 1 T 2 i B G H A H]
TG v A [) T 1 1) 300 % B LK R XA A T
YL B 2005 4F, Levoy ¥R & 21 19 18 + A Ng(= X
R 2 — & PR O ARL (LK 38), R H
Tl S B SR A AL L A TR
f4 77 i), AT AL AT RASRAS BAT — 7 Y FE L A 22 5 1 24
My sZmEG. mEelE, 2R T
Lytro 23 R P¥, JE J5 #E i T Lytro I, Lytro IT P K il
P BB FEEDCHHL, e R M ILFEA T K
ARAILEF . [F4E, Sen 557 H£ HY 1 <X il %52 (Dual
photography), FIl HE AL S HAR PN B A 5L 3 T —
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[l 37 2005 4 F bk 4 PR L 2 B¢ 48 75 1) “Computational Photography
and Video H2x 25 SR

Fig.37 Program of Symposium on Computational Photography and
Video in MIT, 2005 !

Pl 38 S SUAIF B e A AL B R AL 7
Fig.38 The first light field camera developed by Ng and its

commercialized verison——Lytro

RIVHE 0 AR TIRE, Wi Y S5 5ehs % . sF
R 2 25 AR AR i F 58 N B BAE S RN, S T
3T SRR 3 BB R IGR IR T 2006 4F) 51t
B A H AR PG IR T 2012 4F) HSz sl 2 i (s 45 5
B —F Rk 20, 2006 4F, Levoy A5 4L AfF il 1 25—
I B M TR S, BB
BE LA AT LIS R, SR WA X R 1 2, SUR
3 B3R5 6 X LA R0 O JiG A% 45 A P i 5%
o Y3 E 58 e 13K — [ 8, A 8 fi A% 45
Sl R B SR Y 7 TR 4F, Raskar BRAZ £ H
T G A0 R H R T, Sl 2o PR P ) BT A B 3
R RS RGeS R A, IR BB EA
12 SRR Y TG B R ) R 1 T T RS . Rice K2
HR A5 e 48 B B 1 1 BAR R AR AL B 39),

{1l DMD A= —{EL O REALIE 510 375 5t 247 9 i 2R
FEEN— A PG PR AR, Il i e A B
LT IR BB B B AL, < R O™ I LUR 1R T
FARF A HAGE TR AL

Light DMD+ALP board

Lens 1

Photodiode circuit |

39 Rice KT 2006 AEFFETH A SR AR
Fig.39 The l1st single-pixel camera developed by Rice University in
20061041

2007 4F, Levin %™ & T i LR B HR
T 2 WAL BE A AR L AL AR O DR A 4787 A\ — 24 5 4 B )
BUAR F G 0 5 TR Bl 2 X AN R SR W R B
S PE Y X 53 B, DA RE 8% 38 1o S 5 AR E A 4 R AR K
&, IR S S IR EE AT 11 . Raskar BRAIZH 4 i)
T BE L 455 (Dappled Photography) £ A 46, Fi] Fi /AL
W 30 AR s B e 9 1) 7 S B 1O R . X —
RO Gt R R (SRt IR | g iR | n i fL
172), s M B T H 3 15 52 R “Less is more” ik
BEARFES S T8 BUR B AR TE TS LA D ST 1 T
CHARTRL, A RPN AR 1R, B
TETT R B Gk A ™= 2 T 2 T AR R, n
Brady PREZAE T HE A i FLAR 5 R DG i i (5
ARESETAH AR A AR AE 33X — B 8] B 15 LA 3 05,
M THERGE B TE 1O MU ST B R
P I TAT o

JUE G, LR <2 UL 5k B DA Z5 A — S j
W: BRI AR X — AR IR T 20 HHE4E 90 4FAT
r, (ER AR 2R BB S S a5 AR (REIR AR Bk
2R, W 5T S R S B i SEUAR 2 il i
ZAEG MAGEE AR Lo, TR TR
SAR. CT. MRI % AR J5 F AL 7T WG I Bt , i /2 52
SLAELEM AT WG SRR G . R i T R
PR, 3 B R 28 o 4 TRARERIEHER, IR B 41
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SR KA LR SRR T 1953 48
Y H 1E W J62% (Adaptive Optics, AO), filiJ& H /K K
A BY 3 FE K SC2E R Babeock 12 Hi Y, FH S
TR 2 I 0 LA S Ao /M 14 53 oFe e 2 R A U 55
AT B, % s P AT —— R R 5
(P A IE A ) St —— I 1 F-00 2 (4 T2 208 ot 2%
R 515 BACFREIE WA IR, DL A AR 10 A0 5 i A%
IEFORAMERE AR WA A 1 B S P iR 220,

S O 28 B0 3 B AR R BR A AR A R A
(Phase retrieval), Hi T GHE I 254 BE I 4506 37 B4 5k J&
5 R TGV X AR S )8 43 EA TR, DR s R 7 A2
it TR A A DAY 555 37 %) 54 B A 5 1 HL 5 R A1 X —
), o HAC R GS B3k e W) i Gerchberg Fil
Saxton™ > F 1972 4E it . HAh W B3z
A7 4 RS 52 55 1230 A0 455 1982 4F: Fienupt™ T i 1
IR A A St B (Hybrid Input-Output, HIO) 5
1983 4F: Teague JIr 4 th A9 A i £ 55 7% 6 o 1% iy 7 2
(Transport of Intensity Equation, TIE). T {I]4R J& il i
R RN 2% 5 1R Y 3 2 ] A P 1) 57 R ARAS (2 AH
ALAF BRI ) 5 R A5 S, P38 A A 12 A7 5 B 3
J5 R e N7 58 B AR 1 I 1) 55 R0 I DA sk B YD

G HALAE B (ULIE 40), ARG S HoR AR R
T AR B
Source Amplitude
intensity at source
" Fourier
transform
@
Inverse
Fourier
transtorm
# Approximation
to required

source amplitude

Hologram

5 S IR BT R SR BRFR N SR SO R
AR, BTSSR EE 44 ' = 4k I it 4 R AL
DU ST (R R I RRAS o ARSI S0 5, SR UG R
AT E e AT LGB S 19 42 70 AR R 5
JEEARET, 1982 4F, Takeda 5 4 H T 3 T AH A7
SRR L AR S AR B R o 3E A X b S A ) e
1E 5% 25806 23 [ P PR R4 T 2 G %, P30 o of L A
e AT AR B A SO A A5 0T T A W R 1) = 4
BEE, B AR AN 4100 R . EAE AR Y I SR
HL % 1 SR Y CCD ARBLA W NIEE A=, T 807 F BER
W AERG T, B0 SR SO R o T P B
A2 B 19092 1983 4F, Srinivasan 45 070 J I A R2 4
JEE AR, I FH 22 W AR RS S Mt 52 AR A7 15 8 B4 1R R B 3k
B T S ) AR RS S D) 2 3 e i R A B T AN
PZT & HL M &R 8 2 % R S LY
EAIIRTEZY  NiSNa RN U E T N 7197k 3 6 o o B 9.5
AR [E R 2E K Gabor® 78 1947 4F 0 47 5 #1118 i
BRI o BERTT T AR B . TR R A T
o DGR, ELF 1960 A OG AR BLLL K 1962 4F
Leith 5 Upatnieks'™ $2 ) B 2 B K LG, £ 8 ARM
WA EA T — DB B . 4 BRI H Rk
SR — AR R, 4 B R FEER R = R Y
i ) A A A AR B TCTs F Bl . (U, 4 BRI id SR

Amplitude
in target plane

Approximation of
target intensity

| ——|s

[
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N
¥ I'l p i II L

-
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L

i
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Pl 40 GS AR S Bk FAR S )
Fig.40 Principle of the GS phase retrieval method™*
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Afo )
/ C (o o)

Pr!gje ¥ Fourier spectra
gy v Gt

Filtered spectrum

] " = .. ih v Y
Wrapped phase map Unwrapped phase map
¢ (x, ») ¢ ()

P41 e PR A A SR P AR SO

Fig.41 Principle of the Fourier transform profilometry method'”

R R RS — R BB A
TE AR, E TR SE SR AR Ak, R E
FRAIR T S8 o U, H R I A IR LI P 1) ke
&, TEHATIC R 58 B0 (WLIE] 42),

1967 4F-, Goodman 5 Lawrence'®” # 5 4 i % 7
R, BRI R RER RS Hidsk
O % N 3 4 B A A [R], A [A] Y 2 HT CCD 58 4L
S G R Awe= S i IR e & R E i SN Wi
W BT sk B2 BIEFE AT, SR 5

Recording

Film plate

177 Bkt 4 B R TR . AR A B
AR A 1 B ARAR, AT AR A IE SR EHR, JE I
FASOGT o FEL A 4 42 B RTHEA T 8 A A 2R, 75 5]
256x256 B HUBUE A . AR5 B x4 B R T4k
B 5 A (Bt A2 4 ), 76 5 1) ] PDP-6 11 53 #L %t
256x256 B A FE T FFT 2 /£ AE T 5 min A9 318 A
] o F T A B I SR B A8 HORG B2 N TH LAY 7
RBEE R AL, BT LA VA AE 4R 5 AR A — B[] L —
HIEAET AR, H3) 19 2L, BEE CHEIC Mk
1 CCD. CMOS MR HE R i A Wi =, DL Bk
. KE5 i PC UL Rk R, 72 B X5 T #
WG RZU G . SR, 28T wia 58
FHBET W7 AR WA T R R E . 1994 4F,
Schnars 5 Jiiptner™ FYCKH CCD ic3 7% 1024x1 024
P AR B B JF A R Bk d i T
Y (— A8 ) M IE M AR . TS T 2000 4,
Cuche %572V R A B it /A8 46 55 050 Sol i e HE R 51 AR
LB HEETH TG ERATH, ZITEARSG RN T
BT 2 B E M AR ER L (WK 43), HRTEE
F) 1% 07 1 Y JEARL 5 Takeda 251500 10 4o B b 728 460 45 G
AU —4, bR B HE 1985 4, Takeda 5 Rul™ gt
C &z HER P2 B TWlE b T,

e g4 BAR L, Bev 2 B A LR B ML '
S8, BRADCHUR oo HEIC A B, KOR 4k 1 g
Jert ], B T E AR AL B FE, CCD/CMOS £

Reconstruction

Spatial filter
Beam splitter

Hologram

Eye

[ 42 1554 BARBA I

Fig.42 Principle of the conventional holographic imaging technique
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ra ~
+ 1 ordery ;

b "
3= “I J.IO order
A= b
5 — 2 TR ~1 order
HlEs

Digital hologram (H) S (H) H=x (H)

- —
Numerical propagation

Pl 43 BhhRT A B EAG AR S

Fig.43 Principle of the off-axis digital holographic reconstruction

o TR T SR A R SR I A 10 S8 B IR 1 45 A Bk bR
A Hk, BRI 1, AT LEOR oo RE, Ir
i R, JF BTl skl B gl 25 A g
25 . WS SN R 2R AT LAl Ao f B B A K T B e
SAMR, (A BRI BT i RO o T L Y
SRR A BT E A B0 SRR T AR A TR IR
MALARTE B, MA FURERAE B, X2 B85 4
SR LR — a5, F AT A BB SRR ) = 4B
oA S AE B, W7 R E B A 00 A

AN A S iy 2 BLAE 20 22 70 4R S
W, 62 BB S R S0 B T g S L AR AR
(Coded Aperture Imaging, CAI) A JEART7 X5 F3F
SR8 SR 1) S FLAR B 52, 62 0 S £L A28 B
AR B 1 S 7 e RE R SO 4GSR, J&—F JC % B
(Lens-free) AR £ AR o H A AT AT LA ik B8 &A% T
10 keV G REEMUR . X TRER B &L T, JLH
SIS SR UL, BARIIS LR LUF 57 et ShE
A IRARAE A P FURAR /N 3 N I E4R, (R
T 77 VR AR A4 R SO S BRI, FH o S B HE AR A fie
TR RE R W07 B 20 4 70 SRR R TEA =
AE B I B i I AR, 40 F ET3 7E 6 B9 INTEGRAL
9 & (Swift Gamma-Ray Burst Mission) %5 & g 11 5
A AR 55

Y B FL AR AR A A% 0 2 R A% HE B (Coded mask),
FEAS b 0T I B RE O 74 WA RN 38 W A T 2R 4

0 (Mask element) 4 7l e 15 1147 19 77 =X 32 5 HES A,
6 o ANER Y AR I AR f7 B DA — T ) ) YA S )
MR AL F AR BRI & L A M EGE R IR
T RAF ], 5 23 B 2 A S5 7 1) 04 728 Ak & A A R o7
B, nlEl 44 FirR o FHECEIE 5 R D2 B2 liom 5214
BREIE L SHEIEFE NG, XFE S 07
SEEE R 32 AR T LAAE iz D R A A7 R A 4 Y
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Fig.44 Principle of coded aperture imaging and a photograph of a coded

mask
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Fig.45 Topic categories of the Optica (formerly OSA) topic meeting
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Fig.46 Professor Levoy's Google Pixel camera tops DXOMark several

times
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Fig.47 "Computational imaging", "computational optics" and "computational photography" have gradually become marketing terms for smartphone

manufacturers
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Fig.48 Facebook founder Mark Zuckerberg announced the renaming of

Facebook as Meta and proposed the concept of "Metaverse", 3D
sensing technology that promises to "digitize" the physical world
and has great practical significance for the infrastructure and

completion of Metaverse
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Fig.49 Classification of typical computational imaging techniques according to their "objectives and motivations"
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Fig.50 Classification of the phase imaging techniques
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Fig.51 Zernike phase contrast microscopy and Differential Interference Contrast (DIC) microscopy
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Fig.52 Giant Michelson interferometer——LIGO wavefront detector
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Fig.53 Schematics of Shack-Hartmann and pyramid wavefront sensors
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Fig.54 Schematics of iterative phase retrieval techniques
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Fig.55 Schematic of Fourier ptychographic microscopy
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Fig.56 The wave-like pattern at the bottom of a swimming pool in sunlight. (The pool surface refracts the incident sunlight to produces the characteristic

pattern)
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Fig.57 Applications of TIE in different research fields
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Fig.58 Generalized transport of intensity equation (GTIE) for partially

coherent field
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Fig.59 Quantitative phase 3D imaging of a breast cancer cell using TIE*
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Fig.60 Schematic diagram of the principle of quantitative phase imaging with DPC based on weak phase approximation
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quantitative phase imaging results under optimal illumination
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Fig.61 Comparison illumination-optimized schemes. (a) PTFs and their synthetic PTFs corresponding to different illumination functions; (b) Isotropic

20220110-42



i E ok A2

www.irla.cn % 51 %

Cp, ) Captured image Rec d phase
1.5

62 ZEM AR E AR LU BRARBCR T 5 o (a) RO =B 22 A E AR AL SR T 55 (b) 2T =B MBI R 2B S M2

HERIRLIUE 7 585 (c) BAMiE R B L R 157 46

Fig.62 Imaging efficiency optimization schemes of DPC. (a) Triple-wavelength multiplexed illumination scheme; (b) Triple-wavelength illumination

scheme for multimodal imaging and DPC; (c) Single-shot optimal illumination scheme of DPC
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Fig.63 Gradual increase in spectral imaging resolution
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Fig.67 Schematic diagram of Fourier transform spectrometer
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Fig.68 Schematic diagram of Hadamard transform spectrometer
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Fig.69 Visible light, long wave infrared and polarization imaging results for the same scene
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Fig.70 Polarization imaging system based on rotating polarizer
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Fig.71 Split amplitude polarization imaging system developed by Farlow et al. **!
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Fig.72 Split aperture polarization imaging system
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Fig.73 Split focal plane polarization imaging system
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Fig.74 Structure diagram of multi-wavelength dual-rotating phase plate

polarization imaging system designed by Luna et al. ***
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Fig.75 Atmospheric scattering model and comparison of images before and after polarization defogging
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Fig.76 PS-OCT imaging results of bovine myocardial samples. (a) 3D global structure map; (b) Local optical axis diagram; (c) Local delay map;

(d) Local bi-direction attenuation map
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Fig.77 Six-step phase-shifting color photoelastic images of the diametric compression disk
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Fig.79 (a) Schematic diagrams of stereo vision®*"); (b) Time-of-flight method™*”’; (c) Laser scanning**’;(d) Defocus recovery method™**’!
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Fig.81 Fringe order ambiguity in the wrapping phase of isolated objects and discontinuity surfaces
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Fig.82 Quad-camera real-time 3D measurement system based on stereo phase unwrapping and its measurement results. (a) Quad-camera real-time

system proposed by our research group*™”; (b) The real-time color 3D data in the dynamic scene obtained by our system'*"; (c) The

omnidirectional point cloud data obtained by our system!***};
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Fig.83 Commercial products based on speckle correlation. (a) Kinect; (b) PrimeSense; (c) iPhone X

% e, AT B =2 X S50 0 = HE R4 ik T =
IV ——BE BN B, OB e, R
ARLP- R AR B — X 7 S A, << L 3 W A R 4
P = 2 AR B BT 2 SR < b B 3R . XTS5
SIS H AR T, AR — R4 B 52 S0 kG
=Y AR UK E B SR A 2k H bR . AN
SCHTIR, 1983 4 Takeda S5 41 1 4 FTP 4 A AT M BA.
R S B ER K S s B AR 7 {7 B, {5 FTP a7 1)
T B8 25 A2 A A 2 v R ) 1) o A R B S 5 1 R A
W S A 3, DR LA A T 0 A T % Y i R
SMELLSE XS 52 22 AR 0 b B = A A

AER, IR RN A TEREART N
TS | T R AR 2 R E R AR %
TR B 2 20 7 33 B A G AU T B RS, et
TH & A R IE N B3 AT B B 45 B 315 — PR & Je
(AT 244N o B AR IR R TR A ) R
FF 28050 B, SE80 T SRR A7 4R B, A R T T
FPP 1Y = 4 5ok B2 205 ik 0 VAR AE TR
F— 5K S SCRMGAE i A, ) FH TR BB o 2 ) 445 of A
PUAR RS 1 A AR 07 A R B2, U] 84(a) fiT/n o AHEL T
FTP, 1% J5 1% B 5 o off b £ B5ORE 43455 B, V0 B8 ]
FETF 50% LA _E, WniE 84(b) s . HFTZF A C R H
T 42 BE 3k 20 000 Hz (4 48 i i = 4 1%, o
Pl 84(c) AIrzmt . SR, 2% AN f8 51 30 B ot 410 22 AH

A7 AR B, AR ST o4 F = 4 I 3 R AT M A
o XL H IR — DB R 2 S R 5 5
JUf 2R . Bt . 2008 HE AR A, ST
BT S I BRI TG 0 SR R A R O = R
(151 84(d) Fl (e)), R Ik o iz S A I = 2 i 724 off:
B A B FF R TR iR AR L4, e A, iR Ay — s
V3 1) st 1) 27 2 7 2B 42 0 2% U VR B S5 81 24 % TR
JE A O8] Xt BT 5 R I R S PR AR
A )8, 28 2 R A 1 T 56 T IR B 2 20 1) BT
BEAL 5 = 2 I 5 535 100, R sy 381) o 7 4% DG T ) 6%
AT AR AR AR RS B A 22 AL, DG CORS B 4R
50%, SCPL TSR 110 pm [ 2R = 2 &, 5 —JF
I, AR, YRR I BAR D Al BE i T
HEDFRDEA AR —2E R, FEARBUM 04704721
BRI REA 55 S )y Th] R B 4 A A BT
1 e L B R 1 1 RV o ISR I o B sk s e I
SEOEL B AR A5 BT I MR E R E AT S B R,
L2 BT R UR B 2 ) T A SR RS B R T SR AR
AT SRAFBE . (H AT LUK B AR A, BEE N T8 RE R e
S5HEARMIE— LR TR K5 TR R R W
P ObeEfE BALIE R 5 05 B A BT, X 4]
TR AN ZE 1) e 2300 G I 18 A0 45 B ke, TR B 2
X ARG A = Y AR A0 K 4 O LR,
A B TR 5

20220110-56



s Gk A2

%24 www.irla.cn %51 A
M(x, y) M(x, y)
(a)
I(x, y) #(x, )
I Input m‘ Output .ﬁj Output Input
= o - - e i ATCtAN

- CNNI CNN2 “
i

Speed=3 000 rpm
N Height
—2 pixels mm

. 60
(| \ ' |4o

D(x, y)

Speed=5 000 rpm

—4 pixels

FEl 84 | FHIAR 2 > 14 SRR (K 2 J7 TR W R I LA BOR R D7 6 0 = A TR 2R . (o) i TR BE 2 2 R ALK 2 B (b) R[S 8L o3 W1 T 16
(FT. WFT, JETIRIE ST 77 00 12 AR ARAE B 14 =2l 7 2 LUAE; (o) IR 25 20 7 ER 0 — 15 AN ) e Sl () PR 04 1 00 0%
(d) I FHAEE 2 >J BAMIURS (0 SR SO0 He B A e lile TAF 8l = e T U; (o) AR BE 27 > BAMiUR 5 SR BC IR B A el A2 R g

B =Y )

Fig.84 Flowchart of the single-frame phase retrieval approach using deep learning and the 3D reconstruction results of different approaches. (a) The

principle of deep-learning-based phase retrieval method™“; (b) Comparison of the 3D reconstructions of different fringe analysis approaches

(FT, WFT, the deep-learning-based method, and 12-step phase-shifting profilometry) “*; (c) The measurement results of a desk fan rotating at

different speeds using our deep-learning method™“?; (d) The dynamic 3D measurement result of a rotating workpiece by deep-learning-based

color FPP method“*; (e) The dynamic 3D measurement result of a rotating bow girl model by composite fringe projection deep learning

profilometry(CDLP)1¢!
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Fig.86 Light field capture based on camera arrays. (a) Stanford Spherical Gantry™*’; (b) Stanford large camera arrays**'’; (c) Acquiring micro-object

images with the 5x5 camera array system*”!
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i OB RS A S et . BRIL=Z 4,
MIT Media Lab A9 Marwah &4 L b 2544 i — 4%
H T IR RAE T (B 87(b)), 8 i 47 B R 4R
FE AR F AR AT DAARAT B 5 23 (B 40 BRI

[ 87 JETHAHHEIEIT RO RS (a) HEBUERARHDETRAES; (b) ARG

Fig.87 Computational light field. (a) Mask enhanced camera**"); (b) Compressive light field photography"
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Fo 2016 4, 28 TRAZH R mT 4w LA SRR 5 A3
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grammable Aperture Microscopy, PAM)*", 3 i 7¢ & 34
PGV TG B S B, PGB FIE L — 1> 4 f R4,
W 7T i B LCD JUAE 4 f £ G2 1 v () i) 4 B i~ i |
(WL 88(b))o LCD J&—~ il G i) 25 ] e il 5, it
1% LCD By 4 it a] LAAA 4 B AN [6] & B BT 1068
R, P S 8 B BT B EMR, BIVR] 45 31 00 4 56
Yo BT GRS O AR B 0 DL 3 AE T3
ABAE PAT PRI AR 20 BER MO R AL, (15 MR
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Pattern scroll  Liquid crystal array
PLIERNN) 1)

[ 88 JET W RAALEIDEIRUR . (a) WTARRRILEEZMIIS, (b) WAL B

Fig.88 Light field imaging based on programmable aperture. (a) Programmable aperture light field camera™; (b) Programmable aperture

microscope™"!
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image, LMI) J& 2013 4F- Orth %5 1 Y4 H 150 A/
R AR I 7 55 W MRS R AR BE | (9 6 R, ok
filt— 15 1 1 i S T B AR BO L 1 — B AL, JF:
F I — B 5 3450 e 300 £ o3 A BBk AR #E H A 3%
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e IR, LMI H BT SR F 08 32 22 vk R gl J2 34
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ff BB TIE AR AL HOAAN N 51220,

BT AL WO AR 2 Park S5 R H
(14, LI — 53 ) AR AL XL 37 5 7E S [R) 1) £

>

T AAREZ IR MR, SR5 R A4 A [ 1R 55 B D 4 2
B AR . Bk A9 e 5 T LA AT 47 Ak Bl
Ot i, A% A = A R HOR (R AR U
O s A SRR BEAT AT AL . e EERR 1, BR
Pe U i 7R T P R RO mR AR T
FIUARME RS PR T — Fofd A B M 1 7k LA R e B
HOLI 73 B3 Lu A0 L T g 77 i5 42 1
TR S T S 2 B RO RO, il R
BRAEAR LG 5 20 B R [R5 B 358 1 91 A 23 B30
YRGS S, RSB AT U T R
(23 6] 73 B e T o SR TR R i 2
WA, W] LS PR DESF 1 S 1 2508 SO (B T IR
T (Y = 4 AR B A )

T AN g —Fh T BB 2 e S SR B R, B
AR BN RS . FERGE SRS, L AL AT L
XYL i AR AT B R AT B TR A, S

Il 89 SEIHBUSHETT SRR o (a) A E AN, (b) A LR
Fig.89 Light field imaging in computational photography. (a) Light field refocusing!*’®); (b) Synthetic aperture imaging
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MR 5 REW JF A — @ FE Bk 7O S
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Field Rendering, LFR)™™, & i FLA% iAG F AR RE g S 31
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()25 [B] RS B, AE A8 b mT LA b B i 42 A 0 32)
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BAR FZ BN G AR B 5 HA B RT
AR IR, T S RO 2 A S B 2 RS D) 3 2 R 8 4 i 5

@

3D Radioactivity __
o P
distribution #

2D projection

1D projection

e L £:5" ‘
CT 3D-reconstruction

X-ray

(b)

BN B IAE 5 o

(1) X )2 44

X 5 £k Wi 2 $ #5 R ( X-ray computed tomogra-
phy(X-ray CT)) /& HH X 5 4 0 AR — o J i 1Y
JETHEAT 3602448, M BRI A4 0% 1 12 T 1Y X 5
2, BOGHLER IR A L fE S, AR LA T i A
(Analog/Digital converter) it A 718 HLAL B, T WP 1k
BB = ZE S5 1 AR R (] 90(a))o  Hi T 1 IR
DAL T AN ] A 8 o3 1Y) %5 8 DL R BT R AR AN [, %
X L WO RE 1 TR 55 DT 3 R ASR 1 T G 2
S, AT AT DA BEA T AN TR 2 53 1 43 A o A Sy —Fefoof 2
R TCA ARSI B AR Tz T2 W, =4k iR e
AR A B 2 0 I 2 AT 4003 % 48 4 Ok B R
BLVER, BLE R B 22 WA Tl A DU ) 32 e R
Z—5

1967~1970 4FJi], H[E EMI 239 TR Hounsfield
WF A it B — Bl R CT 2% & ™, CT X W AR 1)
(5] HH R AR 2 5 1 T R KPR S5 3, CT HAR Y i
AR 2 A5 1 R TR KEE 25 30, PR Ml k2 4k
1895 4EAE BE & L X 54 (1901 4E 3k 1 i i DL /R 4y 34
2N Ja, AR S A A — A AR Y T
Bk CT d5 o) ) SEAR 238 ) 31 1917 4F B8 F Ko K
Radon Xf > Radon 1F ¥ 28 4 /4 X A9 1E ™Y, 3% & CT
A R Al B BCE B . SR 70 4R AL LT, Radon
MY A TR BB AR CT W58 L, Y ek

CT machine

Rotating direction

Motorized table
Rotating
X-ray source
Fan-shaped

X-ray beam

Rotating
X-ray detectors

Motorized table

190 X HERIBTZAHBA . (a) X-ray “ZEEIMR 5 (b) =4k CT BXS Lo K IRHEHE A CT
Fig.90 X-ray computed tomography. (a) 2D X-ray image versus; (b) 3D X-ray CT and Spiral cone beam scanning CT
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M TREZEGRHEHEE TR ELEEY 2R
Cormack T+ 1964 4 37 1™, S TSR AL Z 4 5
T E 2 F§Y B K 57k, Hounsfield fiT Cormack 3% 15
1979 4F i DURBE 2 . HETM 1R, X 34 CT 1207 ik
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BEE i SR A L R A SR, FE BUR BT  R R R
JE AR T BER T FEBR S W U, SR e A
i 2 A CT B 1Y 2 48 07 20 (WL 1A 90(b)).
T AE 24 TTolb A i A S B i H v, o 7 A L SR
TARZORES TN R W% 5, Tl CT 7= 5 iy %
il 15 BTSSR R 28 = AR 58 el RS S R e e 1 4 =K

(2) B AR LB

Wi L3R Bi% (Magnetic Resonance Imaging, MRI)
JE AR TR T 1) R B AE ) BT N B AN (] 45 4 PR B
WA [6), B AZ @ 36 J% J5 B (Nuclear Magnetic Reson-
ance, {8 FR NMR), il 13 40 B 746 D0 e & 35 4 1)
FL R U0, BV T A5 R 83X — 0 R 1 I A A R
25, I AR i 3 {5 S 4 1 W R 9 0 5 IR
1930 4F, & [FE 4 Bl 2% 5K Rabi™® 5 2 % 3R 4% | 1
Yy L B AN 7 2 6] i AR AR, TR AR i hn
Y5 20 w3577 1) 52 0F 1) 5 ) 1A YRS, it fin
ML 5 T AR BT ) R B o 1946 4R, R IEFRE

%95 Bloch Fl Purcell 155 5 b & LG h BA A1 4L
A (A BRI ) BSR4, 00 R o A
IS T, I OB 7 e & X AT
)R ARG R B A 9 R ET . 1952 4F Bloch I
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A% 10 AR S B A AR N BB 25 4 AT LR Ry T —Fh
FartEREF 2l TR . BRiEe iR ig A e
SR — R WL B2 AR R Ay 2K, B Mg
FRAE AN B2 10 R AR B S T A TR
M RER o B AR MR B R 5 A T 2 AR R (i
X 2k CT) BA —Sedb[a] f, bean#l g LT TR Bt
Ty Bl (N5 ) 725 18] v B 3 A i 00 ] B
—SERRIR 0 AR RE ) : BRI LS T AR BT AT T 1]
T2 BRI R, EE 2 A ] — i o A i
AeEMR . BRTZRRE ) Z 0 T3 e
BERRF | A Bh e F B 22 SR R A I8 2 4
Bt AR R (MR) O 4782 B & R G R2 W &R
BN Ho i (A&l 91 Frow), 88 . O NE K i
BT EE . RS R ER SRR B E
3 —3R A2 A R AR LS Kk IS MRI B a0
JU-TH AR ], 55 A% 1 R 4R AH OC 1Y A1 58 88 A2 =>4 38
(B Ao AR E R ) N R R 6 ik
DR, R AL MRI £ K HATT A BOR A B A

& 91 LAY fifik MRI EZ

Fig.91 Typical brain MRI images

(3) =4kt B S I B

JURE L, A0 A RS R = e AR . RS
Vi, 7 0. G0 L RE AT 48 4 IRIR, I W4 3 17 3R A T ) &
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B 3 A H 0 07 30T LA RCHER 5 5t 58 1 B s 4R
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T bR 5 2O B i i R TS 5, A L 9837 i
B H A Bl B & 8ot U) g i (Optical
sectioning), 41 & 92 i/ o RET (B ZHT) %t

.
! = : .l.'. . ®
Samp]‘e e W & . ...l'
objective % 7 .
lens | ! .
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b ]
Wave plate
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RERE HE— P P T LR W BB AR AT RE Iy, S B iy 23 1)
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.. we o
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Dichroic NI ) '
mirror i ﬂ v Laser
s |
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Pinhole — " A
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o]
Q
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K92 587 (Ze) SR RMEBE () BDGEK S5

Fig.92 Schematic of widefield (left) and confocal fluorescence microscope (right) optical path structure!™"”
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A G T 2Rz K, FREE 145 RS R R .
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.ﬁ d(lzfge e AT B 1 =4k I PG PR 52 25 45 DG 2 Y 52 ) T A2
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cbjectve (S [ EHBEAN, LI AR R4 0 5 (90 PSF o B

{

1 ——

Z axis _I.f_.‘nz-'
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93 JOLBMBHIREE A2 = ZE = {2
Fig.93 An example of the acquired 3 D image of a cell, captured by a

fluorescence microscope

Widefield microscope
point-spread function
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"“ i Aperture (b) —0.34 pm
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A

94 SIS E] A =4k PSF 1Y x-y Al x-z VIRV H E% . (2) x-y PV EIR, &

LGS RURBEES; (b) x-z I I A IR, £

—1.0 pm

A (9 PR, X — i R R S BB T 95 JROR T
M= BBUR I TAERRER . =IOt R &
BEITEARZE, — BT 73 /S K OB ik | 48
W7k ST AREE T SO T AR B
Tk

ToARIRIT LT BT R AR, FUR TR o3 ol Ak B

AR Y] Fr o XM I A AR T e
I‘fﬂﬁﬁ%ﬂ‘]%ﬁim’“’”o ABITT 38 BEOK 1 AR AR
TE B4 S5 0 A A 2 A T PRR AT A Ak P

0 um 1.0 pm 1.6 pm

@

0.34 um

— PR BT BT AR R U 2 Oy PR R BRR AR

Y EIPBCF R y 0T B A R B b s B

Fig.94 x-y and x-z slice images of three-dimensional PSF are calculated theoretically. (a) x-y slice images. The number above each slice represent the

distance between the slice along the z-axis direction and the central highlights of the point spread function; (b) x-z slice images. The number

above each slice indicates the distance between the slice along the y-axis and the highlight of the point spread function center.

%

Acquisition
(Convolution+
Noise)

Deconvolution
(PS+model)

K95 B =45t B A0S GA TAERTR

Fig.95 Workflow of deconvolution three-dimensional fluorescence microscopic imaging
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(a) Ordinary microscopy (b) Light field microscopy {'- »
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Fig.96 Model of Light field microscope™'®). (a) Traditional bright field microscope; (b) Light field microscopy

wave optics theory™'); (d) Fourier light field microscopy™"”!

JIN BB YR A v B e 22 R 26 35 3 (UL IR 97(a)). 289
FAFCE A o HE ok AR (HR-LEM) #E1 74
R AR A AR, S AR S — R TC A = 2
ST, AT LA B 4 U P . SRR S, 1 T
LA FH 400 1 5 3 25 S5 48 AR A R B 43 R (WL
Kl 97 (b))o HEIRA B E LA 401 B S R
ARG G, WPRE M RSO S,
Tt BAHOEE VIR RE ST, LASRE &5 5 41 4L AR 03 Bt
SRR, C5% T H Sl G B B £ 4y ) 4 i
WEAS, JFUEE T AR A W B rh s AN R 2 T AT A
e 3 5 /N R P 275 3h (LR 97 (d)). TE1E
R2F S 5 AP AT 3 RGO Bk
FRJZ BT (DAOSLIMIT) {14 J7 ¥ , 84 1] L il [6] 53 B 46 45
KB T BT v B S 1 BT DL AT S A R, (R A T —
SE B[] 73 HE 3 (WL 97 (¢))s

(5) A BATH AT B

FE 2,01 1 PR AR R AR, # A B K
(IS SRIIE7/L% N e A CLAE7/LL NDC S S S <2 7/1 7 S|
DA 2 Ay by IR A5 A0 87 B 43 T ) ) — 4 1) 5
BRI . A TR R R, B e 2 ik
i A1 B A 63 B2 IR i S ) TR A A R Y TR

202

FL 3

AN [
1% (o) T B M, (o) 1L ) )

[516].
B

(c) Light field microscopic based on

i

A A0 5 R R AR R 45 253 A [ (8 4T 9 R 43 A
Xt S5 M U e T 1) 5 M e 7 A R T 1) A 467
B, RZ AR . o ARG LE IR SRR i = e 5
RAE—A 41 E B (189K 2.5D g, Bz =
e JEHrae e HOACP I R AR MERS 2 A
it (ST AR AR B AR OC I T g Re . BT R R RR,
VB SRy — b B A 3R AN = 4 2544 (5 B T H——
T 2T AR 7= 5 R R T — 4R 11
265285307531

35 R T 0 AR B AR A T B 1 S it b R O AN
RIXE, 1250 7 1k R A A R (BT 42 B it
ALK E HAR) S 2 AR AR ML 5
IR P A2, AR B g ) B34 S5 AR B £
4l |G R, R4 B R E DY,
Radon 72 e (7 W& AT 5k 20 07 )45 B A 33 J2 17 3
W (5 EATHIRORE Y2035 sgft m] F gt Pk s 1) =
YR TR0 . TR = 4ER AR AT S R £
THCF 2B RS THENEZ AR . bR
PR TARALEE: i1 R T4 Pt Charriere 455
SR FH D05 R 230 A A 240 L, 3 o LA R ol R
B 1% Bl DT S BURE S P B, XA R AR L = 43

20110-66



s Gk A2

www.irla.cn % 51 %

(c) Neutrophil
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K97 S6d A B2 P B o () /N B Sk B0 MiniLFMP?; (b) i H] HR-LFM ¢ 1% COS-7 ¥ 41 g H (9 & /K 56 IR I8 3 B
(c) DAOSLIMIT WL /1N UM P b P 0 LT A% 1o it ASE RS B2; (d) 3L SR A0'03%) BT, LN DR =5 £ P 0 155 3 LA SR/ I BROR A 9

P21 5y

Fig.97 Light field applications in biological science. (a) Mouse with a head-mounted MiniLFM *?); (b) Imaging Golgi-derived membrane vesicles in

living COS-7 cells using HR-LFM P%; (¢) Migrasome dynamics during neutrophil migration in mouse liver with DAOSLIMIT"*; (d) Confocal

light field microscopy, tracking and imaging whole-brain neural activity during larval zebrafish’s prey capture behavior and imaging and tracking

of circulating blood cells in awake mouse brain!***!
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Fig.98 Representative work on holographic diffraction tomography microscopy. (a) Rotating object measurements by Charriere et al'®*”; (b) Scanning

galvanometer measurements by Choi et al**; (c) Wedge prism scanning by Cotte et al'"; (d) Park's team"*”! for DMD scanning measurements

A, PR IG5 TR B8 o B HOARAE $2 T i 8] 73
3R 00 ) I A A R LU AR S I CR e R
HLYE, ol 3 2 23 [] 7y B 4 5 5 A A R B O AR
.

(6) AHDLYR A AT 30 J2 BT duk 5k

FHAL K AT 52 BT RO 55 2 BAT 52 A .5
AR AR R AR — B0 - T e ey A el s B Y
1) % 7 AR 24 E A OLIE B, SR 4 & W E 6
A N YR 2 ) =GR G oA . HE &S
2 BATH RN RRORAE, ZEARCKSZ AT Z AT A
A rp RS 2 IR ST B A S AR R £ B R A
PR B AR VAR 85T P o XA A7 42
WAL T 2 R S Y T AR 2000
A, WORRE S8R AR X AT UG 5E 14T BA Y Barty
SN R S T 1 e M LA B S B

R R I BERS , He TR ALy PR SC I T O IR) A EE R 1Y
FABE AR, 3% FH 3% Radon 28445 i T 6T 19 = 44
B E (W 99(a)). 2011 4F, JH K27 18 A2 0143
K Ozecan IR P SEF TiE G i F BB T A 7
24 mm’ (Y RMEF R SCE T W2 R R, BT
7 JEE AL FRE T 15 R0 0 e B A5 5 A Y TR ) 5
BRATLE L (C. elegans.) = HEM o A5 EI%R (WLIE 99(b)).
FAREMGCR AR T UM, HZ & R 20 T
RSO, (0 L3R TARRUE T #7512 M7 AL A% v] DL B %
BT HHAEATE R LTI BT &, 2B
AT B Fr - MRS BB,

2015 4%, 235 PRAZH P B TR TR B4 R
K5 RGBS A nl B, SR 2 UK IR B2
ST SO T B TR A Oy R B U AL T i
BE B B P 1B 99(c)). & G Al RGB — 5 LED

20220110-68



s Gk A2

www.irla.cn % 51 %

Images from CCD

F'Y Photometrics
CCD camera
Optical microscope in
brightfield transmission mode

®

Phase images out

Rotation

Desktop PC
(133 MHz pentium)

Steppor motor on rotation stage
(projection angle control)
©
CMOS
Sensor
Sample

RGB LED
matrix

IRGB LED Micro-
matrix controller

Packaged system

3. 7 e j ]
Camera-

Tube

lens
Objective

pupi— 1

Objective !
Sample

Condenser
lens

LED

array ”

99 HHCLWEAT S EHT BRI AR TAE . () WA B IRA KA X AT 55 URBTFSE A BA 1 Barty S5E0%) (9 B (0887 15 e 4 Pl a5
(b) IR E B AZBLML I Ozcan B MTEEH  LIZHTFG; (o) BH AP (95T LED I RIEFT G; (d) EH R

2P pyET LED BESI R B &

Fig.99 Representative work on phase retrieval diffraction tomography microscopy. (a) Microscope platform rotating object measurements by Barty et

al™ from the X diffraction imaging research team at the University of Melbourne, Australia; (b) Lens-free on-chip chromatography platform by

the Ozcan group at UCLAP*); (c) Lens-free LED array-based platform by our group™”; (d) LED array-based microscopy platform of our

group
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Fig.100 Two implementations of optical intensity diffraction tomography. (a) TIDT microscopy based on axial scanning; (b) FPDT microscopy based

on illumination angle scanning
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Fig.101 Representative work on TIDT. (a) Quantitative phase imaging based on high numerical aperture ring illumination by our group™*); (b) TIDT

with electronically controlled zoom lens by Alieva's group™*”

diffraction tomography based on ring illumination by our group*"

at the University of Madrid, Spain; (c) Multi-aperture optical intensity transfer
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Fig.102 Representative work on FPDT. (a) FPDT 3D imaging based on a multilayer model by Waller's group at UC Berkeley™”; (b) FPDT without

dark field intensity under the first-order Born approximation by Yang's group at Caltech!"™; (c) FPDT with dark field intensity under the first-

order Rytov approximation by our group!'*"!
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Fig.103 Coherent measurement using interferometer. (a) Young’s interferometer™"); (b) Reversed-wavefront Young interferometer®™; (c) Non-
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Fig.104 The principal and optical setup of phase-space tomography. (a) Principle of phase space tomography; (b) A pair of cylindrical lenses oriented

perpendicularly are used to introduce astigmatism to the measurement. Intensities are measured at planes with axial coordinate z
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Fig.106 The influence of two kinds of imaging resolution on the final image definition. (a) ideal high resolution image; (b) for the guidance system with

small field of view, the resolution of the imaging system is finally determined by the optical resolution, that is, the aperture of the imaging

system (as shown in Figure(c)), while for most search / tracking systems with wide field of view, the resolution of the imaging system is finally

determined by the image resolution, that is, the pixel size of the detector (as shown in Figure(d))
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Fig.107 Diffraction resolution limit limited by the aperture of optical system (Airy spot). (a) The minimum resolvable distance (optical angular

resolution) of the imaging system is inversely proportional to the aperture of the imaging system; (b)-(d) Airy spot images of two incoherent

point targets at different distances
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Fig.109 Basic principle of pixel super-resolution reconstruction

(Optimal solution of inverse ill-posed problem)
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Fig.116 (a) Visible coded aperture imaging system and its reconstruction results; (b) Infrared coded aperture imaging system and its reconstruction

results
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Fig.118 (a) Principle diagram of laser synthetic aperture radar imaging based on optical fibers developed by Aerospace Corporation of the United States;

(b) Comparison of imaging results (right image is diffraction-limited imaging results, left image is synthetic aperture results)
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coverage
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Fig.128 Two representative active ultrafast optical imaging techniques. (a) An ultrafast imaging technique based on sequential time all-optical mapping

photography (STAMP) proposed by Nakagawa et al.*"); (b) An ultrafast imaging technique based on frequency recognition algorithm for
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multiple exposures (FRAME) proposed by Kristensson et al
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Fig.133 The measurement result of beating rabbit heart!*’"
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Fig.134 3D measurement and tracking a bullet fired from a toy gun'®®), (a) Representative camera images at different time points; (b) Corresponding

color-coded 3D reconstructions; (c¢) 3D reconstruction of the muzzle region (corresponding to the boxed region shown in (b)) as well as the

bullet at three different points of time over the course of flight (7.5 ms, 12.6 ms, and 17.7 ms) (The insets show the horizontal (x—z) and vertical

(y-z) profiles crossing the body center of the flying bullet at 17.7 ms); (d) 3D point cloud of the scene at the last moment (135 ms), with the

colored line showing the 130 ms long bullet trajectory (The inset plots the bullet velocity as a function of time)
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Fig.135 Array projection technology and GOBO projection technology®*¢”). (a) Array projector and three-dimensional measuring system set up with

the projector; (b) GOBO projector and three-dimensional measuring system set up with the projector

20220110-93



sb Sk T A2
%24 www.irla.cn % 51 %

BT T 1A%, 353 20000 frame/s, [F] B = 2 & B XURS B = 40 o B XURs #5375 35 5,000 r/min,
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Fig.136 3D reconstruction results for the airbag ejection process'””!
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Fig.137 The systems and results of 5D hyperspectral imaging and high speed thermal imaging ™" **!J, (a) 5D hyperspectral imaging system; (b) High
speed thermal imaging system; (c) 5D hyperspectral imaging results: The measurement of water absorption by a citrus plant; (d) High-speed

thermal imaging results: The measurement of a basketball player at different times

20220110-94



s Gk A2

www.irla.cn % 51 %

Speed=1 000 rpm

~1 pixels

Height/
mm

Speed=3 000 rpm

~2 pixels

Height/
mm

Speed=5 000 rpm

~4 pixels

&l 138 WDLP Xof &5 3% 21y XU 1) =4 1%, 3%
MR 3D H

Fig.138 Measurement of a dynamic scene that includes a static model and a falling table tennis
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Fig.139 Working principle and imaging diagram of image intensifier
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Fig.140 EMCCD imaging result is compared with the reconstruction results of four different single photon algorithms in the case of long-distance

imaging
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Fig.145 Calculate the first photon 3D reconstruction of reflectance. (a)-
(¢) Point-by-point maximum likelihood processing in the three
directions of the single photon result; (d)-(f) Corresponding
reflectance estimation results; (g)-(i) Environmental noise
processing; (j)-(1) 3D estimation results
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Fig.146 Illustration of the long-range active imaging over 201.5 km.
Satellite image of the experiment implemented near the city of
Urumgqi, China, where the single-photon lidar is placed at a
temporary laboratory in the wild. (a) Visible-band photograph
of the mountains taken by a standard astronomical camera
equipped withatelescope. Theelevationisapproximately 4 500 m;
(b) Schematic diagram of the experimental setup; (c)
Photograph of the setup hardware, including the optical system
(top and bottom left) and the electronic control system (bottom
right; (d) View of the temporary laboratory at an altitude of
1770 m

Lindell et al. 2018

3D Profile
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Fig.147 Reconstruction results of a scene over 201.5 km. (a) Real visible-band photo; (b) The reconstructed depth result by Lindell et al. in 2018 for the

data with SBR ~ 0.04 and mean signal PPP ~ 3.58; (c) A 3 D profile of the reconstructed result
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Fig.148 Results of extremely weak light imaging based on deep learning. (a) Camera output with ISO 8000; (b) Camera output with ISO 409 600;
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Fig.149 Diagram of proposed multi-scale network for single-photon 3D imaging with multiple returns
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150 =AMEFE AN R EREE R, S—1THE)Z @SR R RS 21.6 km, 2[R3R 256x256, ([FWEHN 0.114, B2 K 1.228 6T, &6
TATHEES R R B 1.2 km, 25 [ 73 HER 176x176, (5 LL R 0.109, 43 3.957 6T =470 m %, BE B UL R4 3.8 km, 55 [A] 43 HE%
512x512, fEME N 0.336, FHRE 1.371 6T GT FE/R RGAERK AR AR I ] P i 35 (4 4 T BL S TR B 4]

Fig.150 The reconstruction results for three long range outdoor scenes. First row: A tall building, that locates at 21.6 km away from imaging system with

a spatial resolution of 256x256, signal-to-noise ratio is 0.114, and 1.228 photons per pixel. Second row: That locates at 1.2 km away from our

imaging system with a spatial resolution of 176x176, signal-to-noise ratio is 0.109, and 3.957 photons per pixel. Third row: A tall tower named

Pole, that locates at 3.8 km away from our imaging system with a spatial resolution of 512x512, signal-to-noise ratio is 0.336, and 1.371

photons per pixel. GT denotes the ground truth depth maps captured by system with a long acquisition time

2] J7 T A ST R A TR B B, {H 3 TR B2 2 R
ZALRE T, BT BB S W T R T
3 BERR L TG AR B B 45 5 ] KR, FE A A AR K
[ B U EA R A
224 f38iEF

PG AR R G, i Bk R IR
WA KRR P IRRE B B2 A RN, Eh g R
45 1 2% [] 4 56 FR (Space-Bandwidth Product, SBP)
TE o FAL TG AR R AN PR SR B, 2 R 58 BUR T A

B R G5 B RERE i, e Xy SBP =
FOV/[0.57, Hrhr = 1.22AF# = 0.614/NA N 514 R 5¢
FEARA T UG 55 T AT S BR 0 983, PretaRBE Sk
() F 8, NARC R ILX L i AL AR . sk 1 iR .
H AT 19 WG B 3k 1 2 Tl SE RV AE T T R R
2% (10 Megapixels), H Bl % 5%k R 98 & (A 70
P, R R G 28 ) S BN E AT B2 TF, S i &)
AT R PP BRI a3 )4 v BUR i 2015 G2
AR FR GE AT i I | PR R ) G R

&1 #3835 mm BRBTEINZEFER
Tab.1 Spatial bandwidth product of typical 35 mm SLR lens

Focal length/mm (;::;2 I?;?/lg : Tygical Equ]i\\]ljlent Foca(lsp;lgr;eni)e/s}/'(;gltion Spati'cll\il l;)g;livivxijlt/l;/][)}r)oduct Megapixel/mrad
8 180 3.5 0.14 2.396 3.35 0.29
20 94.5 1.8 0.27 1.242 12.4 0.06
50 46.8 1.2 0.41 0.818 28.7 0.016
85 28.6 1.4 0.35 0.959 20.9 0.011
100 24.4 2.8 0.17 1.973 49 0.018
200 12.3 4 0.12 2.795 2.4 0.013
400 6.2 5.6 0.08 4.193 1.1 0.009
1000 2.5 8 0.06 5.591 0.61 0.005
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FEAE S B3R 50035 /N L. [ el e B3 1Y) OF I - i £5 B
TR, B A3 HEAAR; D)4 B R BT K 5 A PR R
FFUABE T, WL E0AH L A 5 2 b 8] 1) 40 0
TEZIAB R G, BURDHE R AT 58 % & 4
MG H AR, SR MR B 7 Ul A SR 5 43 B
AHAILIE 8 — [ A T i Se A i A4, SR R A
A S I EUR Z 5, 8 5 5 1 UG Bz BT £33
Se Ay PR R (IR 152 FiTR). 4Rk, 3T

8 mm-fisheye

20 mm

105 mm

151 X TAEG0EE RS, W5 50 PR A S ECEAR T T, ORI, (a) 35 mm S SARBLAN [RIARRE T BT 1 A 45 (b) 35 mm £

SABPUR R ERE T B 2 ) i %

Fig.151 For traditional optical systems, the two parameters of field of view and resolution are contradictory and cannot be taken into account at the same

time. (a) The corresponding field of view angle of 35 mm SLR camera under different focal length; (b) Typical images taken by 35 mm SLR

camera under different focal lengths

[ 152 GigaPan 25418 R 58 LANRDHHE G IR R 225718

Fig.152 GigaPan panoramic shooting system and pixel panorama obtained by shooting splicing
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19 22 AHIL/ALAR Y33 AR B AR AN W B DL T 1A%
A GE R A, WS B 2R KRBT 2 4R
e DHE . ZHIPLBHE | 5 A R IR R AN 2 R A
R,

(1) BRI 25 Pr4E

AR, ARG T 2R P & R 3l 1t
ML RBE | BFACR L BRIBL BRI
IS B A T T B LR AR o RS RTER I 8 1 12
RO ZIRB] T TR, BOR )RR T A 15
MBS R ICTE N LRI . RSO )™ Sl i 4
AU R T R AR TR o R i P R R
T8 32 UL S By it AR A 8 T 3o i 5 [
25 72 52 1 %5 il LosAlamos [ 5% 55 15 % Bk & 0l T

(b)

AngelFire 9 1 F5 A W W0 & 58, %€ [ Logos
Technologies 7~ R 15 7 BF5 ) BUE R LR 5
Kestrel, % [E] BAE 73wl B il T #527E A160 T #5570
NHEFHLEH ARGUS R4V 4%, &l 153 fifw,
ARGUS Z %4t £ 2 i 4 A 860, 1452 3k 4 i
92 /> Aptina MT9P031 i JH B 15 1% j& &% , 23t 368 4>
THERM AR o FERATEE T, WA 2B AR,
DU A - T [ 5 22 48 A, Sl A JE I RS PEE, BE
153 SRR IK 18 AR R = o R IR . T
ARG R 6 km TS LU, AT LA 35 BRSO 7.2 km,
T AA 40 -0 28 LA I (X 38, 120070 $E Ry 15 em,
A LAY BT 43 B AR 8 00 22505 . AT N B A B A

A0 kim

[l 153 ARGUS-IS RGLMILMIZBCR . (a) ARGUS-IS RGEHML; (b) RLGERH T 368 MMEUR FLIAR AU 55k, Horh 02 My —41, 3k
M—AEHk Bl 0B B AL RS A RN R, FEAR A2 A RS AR A BRSO, B b5, TREIE R PHE, REm A BRI AR AR
REER (o) WEHUR R GAE 6000 m 525 A BOE i 7.2 kmx7.2 km (19 1 7 X 3

Fig.153 ARGUS-IS system and its imaging effect. (a) ARGUS-IS system appearance; (b) The system uses 368 image sensors and four main lenses, of

which 92 sensors are a group and share a main lens. By skillfully setting the installation position of sensors, the images obtained by each group

of sensors are misaligned and complementary to each other, and then through image mosaic, better overall imaging results can be obtained;

(c) The imaging system effectively covers 7.2 km X 7.2 km ground area at an altitude of 6 km

(2) ZHPLPHE

AN T Z2 5000 &5 B2 rh b 0 5 R 5, Z2 AL
P 2R 1 224200 N7 1) AR B 48 A S I B E %) 28
[ St Ar it . W 2 G R B A e I — 2 i HE
A3 77 A EAHHLEES], LR B[R 7 6 i 545 8 -
AT 1 A 0 B AN [], AEAIL I3 8 HE A5 5 X n] LT
A AR BRI AE L RN R X R R AR
1 3 AR TE 1 5 PR 4 e 245 31 5 0037 1 o I 14
TG e T i A LA 235 4 3k A 1 SRR AL A 0 45 1
(i) S22 3R [F) T, (S SR <08 A AR B G ) A7 A — e ) AR
YiE . WAEGIHE Lytro 23w 6] A9 7K 4
Z 4t Immerge(W K] 154(a) 17K ), HJE i 2005 47 i iH

8K Wilburnden 55 A& —Fl il 96 A~ AHBLZ AL
KA UG FR G0 R S AT >k, WKl 154(b). (c) FiR o
KRG YL ATV, A 2 MR 2 8] P
HeAR 7 2 LR A AL 7T AR AT IR B — RGN
IR A R 1 TR, A B AH &R AR BIL I R 47 o 5 ] L) A
Hh 8 LA 1o 43 AR 3 S B S A 4 8 0 AR R
LU A S S R AR AL R T I HEAR O X, ARG HE
AR TT AR T 9280 = 4 5 (A0 1 154(d) T 19
F 3D HMH AR K CAMatrix PR AUMHLIE 5 R 45 5
eI TE e (AN 154(e) FT7m BT 16 K 27 3 B e -1
AL ) S SR A LR 51 R 4, n] LA T RAE 5
BB L IR AR ) 45
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154 ZMPPHERS . (2) Lytro 2 AT B #9675 5R 42 R 5¢ Immerge; (b) HrdH AR FRBUHHLIG I R G5 (o) WrdHARF- 1 BUAR AL 31 R 4
(d) Camatrix FREVHHLIETI R GE; (o) TR L AN RS
Fig.154 Multi camera splicing system. (a) Light field acquisition system Immerge developed by lytro company; (b) Stanford semi ring camera array

system; (c) Stanford planar camera array system; (d) Camatrix ring camera array system; (e) Tsinghua University birdcage camera array system

Q) Uik 2R A& ARG W EEA)EHAT TR ERE A< IR BOE AL
TR 25 <P T 2t mn . SRIALH B« idg” MR, RERE AT SR BRI . TEMIERL 2 B, X
e IR AT B RRL, O5 A 2 IR R E HIBAE—2E 0% T OMNI-R Z4i 1 Giga EYE R4,
T e e RIS IR T R N R . I IR T R G BER S E .k 155(b) s
I SR IKIR B T4 B¢ (EPFL) A RHIT P BA ST IR0 1 7 OMNI-R R4, % ARG M 44 FIREE AR, A
17 1 2 R 5% 5 45 Panoptic”), 48] 155(a) Bk . % ik B 6 mm, L3 F Oy 53°%43°, i i )5 1 P

Pl 155 (a) Fi k3% SRR LT % B (EPFL) B9 FHIF AT BABE i+ IF B i 1 75 25 52 IR i A3 15 % Panoptics (b) KL% i 20 BE 219 OMNI-R R 485 (¢)

Nicholas Law fifFfill i) 3L 3 EL b FLERIE 2 48 Evryscope
Fig.155 (a) The research team of the Federal Institute of Technology (EPFL) in Lausanne, Switzerland, designed and developed the bionic compound
eye imaging device Panoptic; (b) OMNI-R system with large field of view and high resolution; (c) Everyscope, avery ground-based telescope

system developed by Nicholas Law
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1079 AWARE-40"" % Z2 RUEE AT WO KA i 43 Bt
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2 5 AWARE-10 [ HT 23R F— > XU A0 BR B e
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Yo IS AT R G i A, IRGCR FH 262 A
RUFAMLLH B b 4k AR B9

K156 ZRENE RS (a) AWARE-2 Z54[; (b) AWARE-10 45#41%]; () AWARE-40 454 ]
Fig.156 Multiscale imaging system. (a) AWARE-2 structure drawing; (b) AWARE-10 structural drawing; (c) AWARE-40 structure drawing
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BRI BT 22 RO T 38008 7 B2 5 AR R e it
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RET T4,

(5) JoE B b e i O AR

AR 5 73 PR 0 F T TR A7 AR T8 98 R i3t
AR R G (N 157 fi7n). sk 2 Bz, HET3A
9 R 73 K ) B ) 2 R S BRI T T R R

(10 Megapixels), iX Fi A FR 1) 2 [A] 4 58 #2572 1%
RY—FF, HRIFE R 6 2 B AUSAR RGN B A
Bl (AN PLAR ) BF 98 B OG0, B AR R v %
Vs 45 & I PHE B R AT LA [R] B 55 B0 43 9 5 9 R
WP BLAG, 35 BB T2 [E) A SE AR H 0, BRI 5
R BFHE AR T R I R, Bl pUR &R S I 25
& 1 (Space-Time-Bandwith Product, STBP, B} 5. {3/ i
4] 9 4 SBP) BEAIK, DI TG Ay B 240 il 43 A $2 2L A
2 A= iy I 52 Bl A 2ok R 5 T T 0 o B I 3 R R
PRLIL, Gnfe] 47 25 2 A5 R 4 104 B 25 7 5 AR R o] S 2
e 38 I GO, 2 B TR R S ) — K
B7 1]

*2 AAH BRI T EHEER
Tab.2 Spatial bandwidth product of typical microscopic objectives

Objectives(Magnification/Numerical aperture/Field number)

Resolution/nm(Incident wavelength 532 nm)

SBP/Megapixel-MP™'

1.25%/0.04/26.5
2%/0.08/26.5

4x/0.16/26.5
10%/0.3/26.5
20%/0.5/26.5
40%/0.75/26.5
60%/0.9/26.5
100x/1.3/26.5

8113 215
4057 335
2028 335
1082 18.9
649 13.1
433 74
361 47
250 35

110X FOV ;
o] H e
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1 — = T
- | ISEENET
g o =N wss .
= 1 = q n=h 1
= 1 &S i )
specimen 1| gy WIS 2
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1
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157 (LG8 RAMBIAFTE T R L R/ I LA TR Il SHEB ) 2 Ji - AR BT AREEF O, (R RAG VI B i B 0 o B A5 LS T, WL A o

B TR g LA B

Fig.157 There is a tradeoff between the resolution and FOV in traditional microscopes: The FOV under low-magnification objective is large with the

low resolution; for high-magnification objective, the resolution is improved while the FOV is reduced dramatically
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microscopy)*> 77 (2) i B S 2 B UK AR R
(Fourier ptychography microscopy)!’ '8¢ ¥, (3) & i FL

Ba s 7 4 B B R (Synthetic aperture/FOV
holographic microscopy); (4) &7t 204 i A B9 I 30Uk
12 F; R (Flow cytometric microscopy). fEH I TCiE 5
B HSUGEEA H, ToTH W P& 5, KR & T 1%
A EHEAT AR . R SR TCE BE AR 43 B AR A ]
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Fig.158 Four types of possible solutions to overcome the limited spatial bandwidth area of conventional microscopes. (a) On-chip lens-free holographic

microscopy; (b) Fourier ptychography microscopy; (c) Synthetic aperture/FOV holographic microscopy; (d) Flow cytometric microscopy
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Fig.159 Sub-pixel super-resolution technology based on the lens-free holographic microscope. (a) Sub-pixel micro-scanning by moving illumination; (b)

Active sub-pixel micro-scanning scheme with inclined parallel plate proposed by our research group
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Fig.160 Propagation phasor approach improves the data efficiency of holographic imaging
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Fig.161 High throughput quantitative microscopic imaging based on single frame Fourier ptychographic microscopy
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Fig.164 Experimental results of two-dimension Fourier single-pixel imaging®®'*, the pixels of the reconstructed image are 256x256
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(c) An image cube, containing images at different depths, is obtained using the measured signals; (d) Each transverse location has an intensity
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and then be used to reconstruct; (g) A 3D image of the scene
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Fig.167 Experimental results of multi-modality Fourier single-pixel imaging™?. (a) Fourier transform with spatial, 3D, and color three modality

information of target object, where sampling ratio = 12%; (b) Image reconstructed from (a) with partial enlargement; (c)-(e) Top, perspective,

and side views of the three-dimensional reconstruction of the object
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Fig.172 3D tomographic reconstructions of lens-free on-chip microscope based on multi-angle illumination. (a) The recovered refractive index depth

sections of a slice of the uterus of Parascaris equorum; (b) The 3D renderings of the refractive index for the boxed area in (2)>; (c) A

tomogram for the entire worm corresponding to a plane that is 3 um above the center of the worm; (d1)-(d2) y-z ortho slices from the anterior

and posterior regions of the worm, respectively; (el)-(e2) x-z ortho slices along the direction of the solid and dashed arrow in (c),

respectively®**!
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ke, DATI S B BT 1) T B T, W IAT 174(b) s .

(b) Coin 2 in focus Coin 1 in focus

Coin 1 Coin 2 Coin 1 Coin 2

173 Tk T AR B AR . (a) Pif LEDs 1 (b) P51~ AR 15 mm A9 5 gEgh R
Fig.173 Incoherent lens-free imaging. (a) Two LEDs and (b) two one-dime coins separated by a distance of 15 mm by LI-COACH"™"!
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Fig.174 Lens-free imaging with FZP and incoherent illumination. (a) Real-time image capturing and reconstruction demonstration of a prototyped lens-

free camera®™); (b) the reconstructions for the binary, grayscale and color images using the FZP single-shot lens-free cameral

(a) Sne (b)
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assembly
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[856]

Reconstructed image
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175 FlatCam 544 . (a) —/ A 4 1 HERD B A EAE 5 — DSBS A B T BB A% 888 0.5 mm fHBT7, RESA AT, (b) — il i 12 s

) PR T A AR R — A B98RS4 T

Fig.175 FlatCam architecture. (a) A binary, coded mask is placed 0.5 mm away from an off-the-shelf digital image sensor; (b) An example of sensor

measurements and the image reconstructed by solving a computational inverse problem
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Fig.176 Imaging principle of the system based on adaptive optics
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Jis (o) M IE+FRR b 3
Fig.177 Low orbit satellite imaging by SOR telescope®”.

(a) Uncompensated; (b) Compensated; (c¢) Compensated +

image processing
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Fig.178 Basic layout of an adaptive optics system for imaging and

vision testing
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Fig.179 Layered high resolution images taken by the AO-CSLO system.
(a) Layer of human retina photoreceptors in vivo; (b) Layer of

blood capillaries; (¢) Layer of nerve fibers
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Fig.180 Application of adaptive optics in wide field fluorescence and confocal microscope
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Fig.181 Application of adaptive optics in confocal microscope and multiphoton microscope
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Fig.182 Application of adaptive optics in wide field fluorescence microscopy and super-resolution fluorescence microscopy. (a) Wide-field fluorescence

microscopy of tubulin stained HeLa cells before(left) and after(right) correction™?; (b) A cluster of fluorescent microspheres of nominal

diameter 121 nm, as imaged by conventional , confocal , and structured illumination microscopy®*; (c) By using DM and SLM to compensate

all of the three path aberrations in STED microscopy®”; (d) Comparison of Confocal(left) and 3D STED(right) images of Atto647N labelled

vesicular glutamate transporter in synaptic boutons in intact Drosophila brains!
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Fig.183 Principle and experimental results of feedback-based wavefront shaping'
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Fig.184 TM measurement principle based on scattering medium!**”!
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Fig.185 Optical phase conjugation based scattering imaging of biological tissue!
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Fig.186 Schematic of the apparatus for non-invasive imaging through

strongly scattering layers
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Fig.187 Single frame imaging based on speckle autocorrelation! (a) Experimental set-up; (b) Raw camera image; (c) The autocorrelation of the
seemingly information-less raw camera image; (d) The object’s image is obtained from the autocorrelation of by an iterative phase-retrieval
algorithm; (e) Photograph of the experiment; (f) Raw camera image; (g)-(k) Left column: calculated autocorrelation of the image in (b), Middle

column: reconstructed object from the image autocorrelation. Right column: image of the real hidden object
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Fig.188 Network schematic diagram of imaging through scattering medium based on deep learning
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Fig.189 Schematic diagram of typical non field of view imaging system
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Fig.190 (a) The capture process: capture a series of images by sequentially illuminating a single spot on the wall with a pulsed laser and recording an

image of the dashed line segment on the wall with a streak camera; (b) An example of streak images sequentially collected. Intensities are

normalized against a calibration signal. Red corresponds to the maximum, blue to the minimum intensities; (c) The 2D projected view of the 3D

shape of the hidden object, as recovered by the reconstruction algorithm
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Fig.191 Dual photography of indirect light transmission*., (a) System experimental device; (b) View of playing cards and books taken under indoor

lighting; (c) Sample image obtained when the projector scans the indicated points on the playing cards in (d)
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Fig.192 Proposed secured single-pixel broadcast imaging system***
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Fig.193 Diagram of confocal non-line-of-sight imaging
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Fig.194 Long-range NLOS imaging experiment. (a) An aerial schematic of the NLOS imaging experiment; (b) The optical setup of the NLOS imaging

system, which consists of two synchronized telescopes for transmitter and receiver; (c) Schematic of the hidden scene in a room with a
dimension size of 2 mx1 m; (d) An actual photograph of the NLOS imaging setup; (e)-(f) Zoomed-out and zoomed-in photographs of the

hidden scene taken at location 4, where only the visible wall can be seen; (g) Photograph of the hidden object, taken at the room located at B
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Fig.195 Comparison of the reconstructed results with different approaches. (a) The reconstructed results for the hidden scene of mannequin; (b) The

reconstructed results for the hidden scene of letter H
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Fig.196 Nonuniformity of the thermal imaging camera caused by temperature jump of approximately 1 °C'**"!
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Fig.197 Scene-based non-uniformity correction results
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Fig.200 Experimental comparison plots of non-uniformity correction for
various types of statistical constancy methods. (a) Uncorrected
image; (b) Multiscale constant statistics; (c) Global constant

statistics; (d) Local constant statistics
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Fig.201 Non-uniformity correction method based on neural network
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Fig.204 Non-uniformity correction method based on inter-frame registration require accurate estimation of the relative displacement of an image pair

imposed by strong non-uniformity
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Fig.205 In response to the problems of non-uniformity and low dynamic range of infrared detectors, Nanjing University of Science and Technology has

developed high-performance infrared image signal processing technology, designed an ASIC with customized core algorithms based on scene-

based non-uniformity correction and digital detail enhancement of infrared images, and developed a high-performance shutterless thermal

imaging camera
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Fig.206 High-end optical instruments and their core technologies are the "bottle-neck" technologies and products embargoed by the Western military

powers to China
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Fig.207 The Decree of the President of the People's Republic of China (No. 103) clearly states that under the condition that the function, quality and

other indicators can meet the demand, the procurement of domestic scientific research instruments is encouraged
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