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Abstract: Three-dimensional (3D) imaging and sensing technologies, as valuable information acquisition tools
for perceiving the real 3D world, provide data bases for the reconstruction of the geometric shape of objects and
subsequent 3D modeling, detection, and recognition. Recently the development of computer vision and

optoelectronic imaging technology, as well as the growing demand for 3D technologies in consumer electronics
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and personal authentication, have promoted the thriving growth of 3D imaging and sensing technologies. After the
imaging revolution from monochrome to color, low resolution to high resolution, and static image to dynamic
video, the transition of the camera from 2D to 3D will become the new "fourth imaging revolution." This issue of
"Infrared and Laser Engineering" organizes a special topic on "Optical 3D Imaging and Sensing", which contains
20 high-quality articles, including 15 review papers and 5 research papers. These papers systematically introduce
the research progress or trends of the cutting-edge research topics in the field of optical 3D imaging and sensing,
and their themes comprehensively cover the current hot research directions in the field of 3D optical imaging:
structured-light 3D imaging, fringe projection profilometry, interferometry, phase measuring deflectometry, 3D
display technologies (such as holographic display, and integral/light field display), and the interdisciplinary fields
of 3D sensing technologies and computational imaging technologies (such as 3D ghost imaging). As the preface
of this issue, this paper summarizes the typical 3D sensing technologies and focuses on the current status, key

technologies, and typical applications of the 3D structured-light sensor technologies, discusses its existing
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challenges, and looks forward to its future development directions.
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Fig.l Representative techniques for 3D optical sensing
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method. (a) Stanford rabbit model; (b) Normal map; (c)
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Fig.10 Nintendo Wii with motion sensing controller'®”’

2010 4, f K (Microsoft) & A 1 5 B A€ 4 A gk
TN £ Kinect"™, 40 & 11 fran . HEHT
PrimeSense 23 1] & FIH AR BT FEHAR L - Kinect #7
& YL RS IE B B I — &,
EGE T 35— 5 B PR IR A, BT 60 KN B B
#id 800 J1 5, HIFHUR T iPhone 1R <60 K P i
BT 2 B 00

11 f## Xbox360 5 3D 1A% s Kinect!!™

Fig.11 Microsoft Xbox360 with 3D motion sensor Kinect!'"”

Kinect G811 P 25 AT frp 4 il e, H o HIvE
HTF- A L Xbox360 JiE AL, J2& KA Ml LN
ELLAMEAG S | LMD R A . ZFL AR 1Y
WA EAE. AN ARG 30 TT N LAt AT
BHHE RIS 5 b, WE 12 fias . Z0AMB R Sk 3048k
| 33k 265 H R A R H 8 = IR S B o Kinect fE
A 12 Wi4EFD 1 280 pixelx960 pixel Y F {1 [ 4 5§
F LA 30 WA RN HE 640 pixelx480 pixel AY % 4 K%,

1, B8 95 7] B LA 30 Wi 45 D i 3 B il 32 640 pixelx
480 pixel (IR E B . AR T [F AR E Wii, P
AT EARM TR A LA T, HE e k0,
Kinect 5 BE R B4, JHG i A5 7 Hi W0 e
o BkEE. 23, 2w, B, OISR IR AR S
LI, FLIEFE AN & BURR A T Rk o TR —
TR PR AR, MBI R 149 0T

IR depth sensor
Tilt motor

Microphone array

12 Kinect FIZH A5G- ATHICRE P 58

Fig.12 Components of Kinect and the projected speckle pattern

2011 4F 6 H, WUK'E 7 & 1 Kinect for Windows
SDK Beta Jf % RS HEAT T IFIE, [ A SMIEFE LG FIARE
WA RS 4y LI R P & AT 58 FIF &, {f Kinect 1Y
RSNz, G APLAEE. . HLasiloe s . B,
SR Z ] R G T =40 # G IR B & 1751,
B NP RE R 1) RealSense, 3 S A (1) PrimeSense., LA
K A¥ WK AY Project Tango 4%, 2013 4F#, [H P —2L% 3D
SRR B 2 )L T I R S LR B, JF U
B Kinect #EHH T H C M Z5HOGIE AR B4

Kinect 75 %] 1 49 38 B0 AT 852 L G000, SR, 3X
R A HUR RS, A R Z B OGN BT8R
B S A 2 B . T IX A R Kinect B 3 5t
WeHER 7 Bt o SRR A0 — 32 94T HuIA O, Kinect
SR R 1) A Ok, L B AE AR E AL Xbox One &
if, 5817 #8356 F ToF 1Y Kinect 2.0 FI'E AR 7E — L &
B, BN L PERESR SN . 5 =7 i R 5 K PS4 Bt
1100 360, HE5 R Al AT AL, SRR B A
SEGAT A3 1 ORI L TF R ENTARK I 0B
KRB | FEZ OB R B R & H15E A X R
KT M FE DR AN T, 75 Kinect NI 1R KAk %2 2
Je A S BV . A Xbox One 5% 17 4R 45 84 £ 1
Kinect 2.0 5t 4 /2 [i {8 5 B¢ 19 fic Jmr — MRAF 5. 2017
A, TN AN B AT H AT XA T AL Xbox360 HE H: 1Y
IR IREE £ Kinect #5770, TE 3 CE A R IR AR A 445
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22 MEBEEE EI“ARER” R NG A, e AR T — A

JUAE AR ) A B AR s AR A B 5 Klinect 19 2R 1
245, {H 3D (B IRE AR KNI A HI A% . S2ks |
L Ji S <) FH 2T AMBAR Sk ok H Ws S BR IR B 45 B i AE
B 2 A Af Y iPhone X A A, Hexilig L Bk &
B IE & — & % K W AY Kinect, JL P 76 3 4K & 11
Kinect 5 7= (4 [R]BF, 2017 4 9 7, SRk A A 3D 45
Fa 6 A% S 2% B R 1Y iPhone X, @14l 13 ff 7R . iPhone
XOPhRE A X iR AR T R i T AR DA S B S A R
Vh % o 589N Face-ID 2014, Face-ID fZH (4
G T LUAMEAR L L IZO6KT | BB AL B | BB S
B T L 22 s UL TE TR AR Sk LT A s A
S 58 1 W PrimeSense 23 A Kinect A% {2445 /)N 5]
FHL L, 1M PrimeSense ¥ 28 5t J& Kinect % &% 4% il 1&
i, Has MR R 3R JE H Y Kinect & 25U, A5 J2 ff
FH 55 B4 25 0 500 A PR S AT UL B 21 AR 2 5 4%
SAE R P TS, AT = AT

Ambient light sensor Speaker
Microphone
Front camera
Dot projector

Proximity sensor
Flood illuminator
Infrared camera

& 13 £E1% 3D 5 IEAL AR AE iPhone X'
Fig.13 Apple iPhone X with 3D structured light sensor!'*!

iPhone X i E K B I bR 5 35 = 4B a2 A% s 4
TEAN T RKRBIIET, 1A B TR 5 5k 5% 00 175 8
Z—, 2017 W N AR TF R T =B RO AR
HUR G330 IR = 40 2 A8 SR BRI 12 IR U 1Y
NSRS R i B S RS DN N Y S W i
Face-ID(UH & 14 It 78 ) & X Touch-ID Jif, >4 iPhone i
PRI RS0 AR W% (Y Kinect 55 48 T % 3 1Y
iPhone BIFIE B T —F i i i BR, 39254 w1 i CEO
Steve Jobs ¥ 2 ¥ fil. Kinect i : “The problem with
Microsoft, is they just have no taste.” (f#l 4k fic K 114 [
RIS AT T LA VA S L)

NI TR 5 R 1Y R Iy s ] LGB i 31 20 42
1, 205 R A AR R — 4 AU EAR . [

RGB A5 3k i fie 52 9, G BE A Ji 3J2 38 o $ i — 2
R A B RRAE, B a0 LB R /0N L ARG B 43 [a] E
A, R 5 5008 PR B AR o R AT EE X B E , B IA
AP AN GOEE . 4 IR AR i KA
PR R A R (HE T HIR R A T
A5 BRI, P Te i AR A B 1k B 500 55 T
B, MELURIARS B ST I RR oK o AMEFEZEXT RS
R T 1Y) B i, LA ZE T 550 30 . AN 5] BRI
IAEE T UK B R B 2 TRk U, A A AR R %
2 Pa 8 . 1 iPhone X F 4T /Y Face ID A - & T
3D S5 AL RS 1 = AR, JE gk AR TR ) =
A N U 5% AR {8 A Face ID /E i FHL«% 15>,
AN ARG 5= B WL RB i 00 25 2 4 [ R

[%] 14 iPhone X fJ Face-ID =4i A\J iR S AL

Fig.14 Face-ID 3D face recognition technology of iPhone X!'”

iPhone X #fE i 2 J&, H: E 4T Face ID A iR
DIfe e ol 1% s FHURE R iR Hbr . AR
ZENT KR LT — PR, U AN
KA, 3 PR A 7E BLRT BT i L, s R TR
Al B = AL %8 . Horh, A655 MATE Al P 251 fd ]
)2 ToF J7 28, i/ 8 WIfdi A 245 i 5. —
LUK, /K 8 #R B A 2 B A LA — 4k A\ A 40 [
PP, A H =5 R R Sk B L %1 Mantis
Vision 247l . 17 & A B9 OPPO Find X 2R T [ P
Fb I = A A TR 4 B IR 19 31k 4k Mate
20 Pro |y = H4EZ5F R A AWTRYE . 3 2018
AR, Z4E AU LT T o R RE THLAYBRIC o
2.3 NRARR7E“TARE?

S L N D I ¥ (R /NS E 2 £ S N E N VS
P, JEIB B BRBE, = 2 A% R R 1 9 A T 0
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AN UIA BB 2 a0 B A . MR B
B AR F I SRR R AT, IR A S A )
e B Sk 5N i s M eE . R
Face ID 1% — K Fft, B = 2 A5 S H7 AR e 46 4k . K 40
b, ST EF AL AL, NSS4 = AL IR A1
SRR I R S

2018 4F- 4 A, #£ OPPO Fl Lt i yeA1E Find X (1)
NI A2 bR, B s 5 AT A4, or 1 g
BN AN A &, AT iR = AR
FE N S AT 4 S % 9% 3042100, 0 HLBLAE 2018 4F
12 7R T 55— W5l ;S A 285, FT 0 17 Rl i
TATEHLBO S —AE . 2019 4F 4, 85 A< kfigE &
i, BEHLE i A —RAR T 55%. fERMSIg,
1000 HALASAE 10 s NHHHEE, (U R Z )5, T8
BB T 1 AN PR L, AR TR TR AR
(4 - JE B8 L o, TR ST T 2014 4R I A AR L
Ko MAEFELRRAMMEEET —&, I F
2019 4F 3 &A1 77 Bk Wi B S A5 4¢3t o i F AR
B T RHJ: S A 2% g3 ek 5 << I O A R )R
X 2019 4F 5 H, 2= WRH B A 1E 20 & A7 — 2l
JK: S Ak 2% 35 72 B “CE-FP-E17U ) [6]4E 8 A, = MWF}
B W 34T Pad ME N A B K, Eid T E R AR HER:
T 35 7 A Ji R B N S A 7= a2 N
AL AR AR AEAL A ) R, IR 15 IR

K15 SO SSRGS A 2t @
Fig.15 Alipay and WeChat face payment terminals'

110]

ZIR RZBHE G Ly 45 A, R IEARPLAE F Ry 5
PR RICS, BOT RITH LS BB E L | 28R, X
JRCA R i = A B A S ) 2 T A AR Bk
S YEREPE RN T RIS Gy e T G T N S A, i
AN T R QN SR ¢ e N 1 s
HTEG SR IB ISR, LR SO T . R

ke, Gy, Tl R A L 0 BE R AR U B ok = 4k
P REE AT K E . HiBE ML B 5 B i S R, #
2022 AEABR AR5 T LI ik 75.95 12360t ¥
IR RRAFE 20% 1 e A, BT EELR RS TR Al A 2
PIARLUR) I NIMET . /. M55, of
A TN R AR 45 10 e T B AT . AE— BBk, Ak A
K32 2 T BN IS EE, 2019 4F 4 A B E 2T RS
Rl G S 5 I AL Ky el G 2% ity (4 A S, b, A AT
X BEY7 Ok A e PR 2 H S . R U #
B 2SR, B NS TN —Fit— LG, IA
il s S A AR Bk, TR P R RO R Y —
WHEM . % B A  SAAP BR AR <H >, H ]
AP EAACER TRR T Lo 78R g4
BB IR 20, L 9% 2 4. T > B sk
ZoRE AL VR, 2T anfar 3z P S S A, HE A9 7 4
FAGEARZAE N i = 2 A% B A R R A I 2
BARZm#fESTX VI,

TR UK FE = 4 A B A 1 Rl Ji: S A5k T 3 7 KL
1, 828 R FE R LR 7 e RE AT . el & T
S 4SR5 2R A7 B = 2 A4 8 FR 3 1 e e 4 ) A
FR PV ) o RO AE I L T TV HATY A — o I B R M
B, HArsEH 5. BB LERY . s
B MR O R AL TR S A SR B R, n
Bl 16 fin . SR, H KA AR 2 NNk = 4E A% &
PAEIRAL T R (WIS 2 AN W b 2% A R
T, H BN T AloT S 24N, A HEH K&
2. SHHEIREB AR AU B B — ARG T 5,
B AR R R R ) E AL A A, S AT R
B ERN TR AR, K00 2 AR AT, Bils B

16 JCALATE AR fi 3 A 240
Fig.16 Ubiquitous 3D face payment terminals
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e K A, 22 4 AL A 2o e, BRI it A R AU
A5, EiA BRI PO NS NS A
LU I, W TAEATE B — PR 5 T3

3 B = HE B AKX

31 EARFEHE

FICEE &5 F) Y = A A% B R 1) S AR S SR 8 £ R,
RIJEF A0 SR S AR 8 . F AR A, [l
M TR s IR A fr 22 R 0. KEHE
BRIFL A, A T EAE, EATRRIR K AR L
AN, PRI L LA ) R A R (kT e T e R
LR R AL (EEATA SRR 5¢ AN
B, FEMRRAT HR 4% 1 8% 2 AN [ 0 T ) o' i 38, PR i 3
S8 S WA R H LSE T AN B SRR . i R R
KB T, AT B0 SR 0 7 Sk 350 (4 i 7, SUAR
S LB A BT e, R U A I Pl PN A A 4 AR
il 1] s e L HIR T L S 7 AR B (R T SEAS O M A 2
). 24P FLHR R 43 % B 10 4 A 2 Ak il 224
SRR R LS, KL S e AT T 25 A T Ak
B, F0 A A A AR 1 T DA R s [ ) TR
R B A5 IR

A S WF S 0] S A2 b 25 P RS 4 g
RN b — IR — HHR SR W%, L RE%niE
MR~ P A B AT RS B TR AT BT ! AN R U B B
HAIALUL AT LAGRAR IR BE 7 A, A ad— FER thnl L
PAF—EREE R, RNk 155 HAo — 25 5 2
W B R 3R AE AR AE D B, AR B X A O T AL By B
JEARHE TR GEIR), X H F KN RS A 3
ASTHN, PRI AR B S Rz /I A YR S T LA HE BT
B R B FRATT A 3 s FLR, AR BRI E Y IR 1
A LS AR A A A ALY, XA Y F— A
S H AL, X 2R Tz sk &2 4544 (Structure from
Motion, STM) 9 J5T 19 B2 Sh i) 58 H AHALIE i L A
Zo i 2 S0 S0 T IS ENREE S B . (HARBLAS 2 AR,

B 17 R IR T B H AR HLAS BE BN TR 1T
SCEATLA IR . anEFR, 20045 1 =R FET
PR LR S PO RTE T ML C1_E % 72 &
1414 [7] — A2 B (P1=01=R1), A 5 H A HLIC B 43
PR AGRI (AR A a5 23T AR s, (R E AT 7R

— S WA HL C2 B L T UG = AR A A &
P2, Q2. R2, [H i 1k P A~ AHAIL B UL 8 AT LA E — fify o2
FI) 22 B H A R — A a5

e

Pl—Ql—.Ril Bl e ‘gzz
!?1 R2 cz‘-;.a
w L

P17 BE AR RLR B R

Fig.17 Schematic diagram of binocular stereo matching

T T RUH S AR Y B, T RE R A A 23],
IR AT 238 B PR BB A B e 7 AR B, AT ST
C 4R K, BT BITREE AR B, 26200 HUHR s AP
AT B R AR WL B ) — > FL R o A HROE A AR 4
RO RG, B RACTRHERETHIRETT, it n
—THT U, TSR AT OO b A AR AT A A A A 2 L B
RENG . MAHPLAIZ AN 2EEE T R
I AP AR — A E @S, P AL [ A9 £
FESAEE T AN 18 BTz B P LA, LR e
W 7 Pl R AR 8 A R R A R v T ) WA
YiUe

-—
-
\,.?
L]
B

£y
eee
C D Esai =

P 18 TC AL AP AR E LAEAT XX H PERL

Fig.18 Difficulty in binocular matching of texture-less objects

A THBEHI e A —HT . BT A
M BENLE RERS TR SR AR RHAE Y ME— 1, & s
(9 AF: o] — A~ 28 18] AR AT B T — A ME— B Axic,
K19 JroR o a3 e A A HLAY RICRE I {54 T JRy R T
HC, Wt RE S £ 7 2e A AR ALEOIR R —— X G &R, AT
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AU B AR R 22 0 A o e ARG L 25 03 A
S ARPLE LT R E 2 80 RE 05 3+ A 2 Wy M B 5
ENOEVACRIINANE X EFSHBAITE= K -t oy [

19 FBEAPIAR EREE— T BT h—JE ki

Fig.19 Speckle projection marks each point in space uniquely

3.2 XSG

WAL 3.1 TR S ELBE S A% 3D AR AR T
e 2L AN BOE BB 4% (IR projector) ¢ 5 HH 3T 21 4h
BORHOCTEEE, 2 Wik cn N3N AE) R & A
B2 5 (1 U R LD A R AR AR e, de 2% h Bk
THAB A E TR BAR BT AL TR B . R,
UL A6 3D 1) 2 /05 B LA BRI 5 H21
BeH, AERET ANLAE B A= & 1, 3D (B IRER b
7% i AR e TR A R, B4 B 3T
A NP RN S DIRE . K20 451 T — A&
Ui £1 AN B BE L A8 D' 3D A% A 1 P R 2 AL S BT,
F LR L B AR R LL A BB A% 9 2% (IR dot
projector), I B | %% (Distance detection), 72 Yt AT
(Flood LED), # G A1 #]l (Color camera), ZL #F #H#L (IR
camera), A HLECF A O 4R H B ZL 40/ AT LG A
PG AG I, L1 AMNBLBE B 4 2 B 7 FORE 25 44O 3D MR
B 14 R T H B )BT AL A A DR S AR AT, X e
15 5 v 9 3D S AL R — A T B A 3D %
I RE SE R

IR dot )
projector | | detection

P 20 LEAMBEBELSHL 3D Beff Az
Fig.20 A module of an infrared structured-light 3D sensor!''*)

321 #MABHHE
LT AN BB 43S 3D A& Es S8 3D & 1) &

s, 7 o HE AR (AT 2T AR ER, R 0 25 44
IR GEH O RCBE) 09 i Xl e 45 R RO 2. 45
FEH R AR IR 254 3D M H AR A R T8 4 v
32 3D MR AR M OCHTTE . IERA T 45ty
A, AL G 0 B T AL LD 1Y = 2 & 7 kAR AR
PRI B B REE 2 b, AN T A kg R AR
Poslie TEECERR A ML A, Rk gt K 22 R
FE 38 1ol FH S VR S A 38 B S B, 610 4 45
TAE R AT M SR fBUE 5% 43 A ) S B S
XRFS I AR T 45 B R R G B
BEFBOCEORN L, BB AT KRG 3
VLB R T8 3R 356 I 80T 1 R o SR M BC B2 AU
A B, R E R, AN IE T/ AL S

TEIH 9% 2 ise £ b, W] 2 B /N AL B 2T A4 S
w25 TR RO L . SRR
(LED) #H L, £L 42 SR 36 £% (Semiconductor laser)
BAGRHUA/N, SCRe L ek iy, Bda A% e s 40
AU 21 g T SRR DL AR GRS A A R
B, ARG 2 RO A8 R IR TR, AL
AP CBE B ST A% 4 A R T R I TS RO 2
(Vertical-Cavity Surface-Emitting Laser, VCSEL) fY
SARE (N 21(a) BTz ) FEE T34 & SO %% (Edge
Emitting Laser, EEL) B 4% 5 a5 £41*", Hrh EEL %
93 R oy A R AR AL R B Ot A% (Distributed Feedback
EEL, DFB EEL)(41 &l 21(b) flr 7 ) Fl i Aii HL — 31 % &1
K BTG %8 (Fabry—Pérot EEL)(UN & 21(c) i 7% )
Fiv, BT A RO A . 2050 VCSEL, £14h EEL =
PRI ZR i HHOC R R AT X b W] 22 s,
T EEL A9 550 A2 A 0 T 13 55, D6 o0 w5 2 406 (5

Ridge waveguide

Output . .

beam Wavelength Ridge waveguide Aciye |

grating
|

Cladding

Output
beam

|

layer
Cladding
Output

beam

Grating
mirrors layer

VCSELs DFB edge emitters Fabry-Pérot edge emitters
(2) (b) (c)

B 21 =l SARBOEEHEA (a)VCSEL; (b) 40 20U A & 4ot
A% (o) WA — P BB GHEOL
Fig.21 Three semiconductor lasers models (a) VCSEL; (b) DFB EEL;

(c) Fabry—Pérot EEL
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B3t R AH ez HOB R By 3 55 M A n VCSEL
A CEI % . T LED A9 & B R, R 6
BT RN R S ARG BESK . VCSEL & H i i H]
) — AL AR T ZTAMEBE R % B T OO
U5 AN, 38 4 46 E BB R OE AT T 48 1 (Diffractive
Optical Element, DOE). %t T EEL /iy F1 £ T- VCSEL
(R GT g, BR T ORI A R AR LLAE, 52
B ECBE R ) 19 7 S AS —FE Y . BEL #2545 19
%1 DOE | Z|h i) 81 2 T2 , 17 EEL A< B H 4 A
TOUUE . VCSEL 5t & 1 181 22 W J& 78 VCSEL Ot
ARy T AL . DOE My /EH &% VCSEL LA
PR AN BOBE S AT L DIE Y R i g B A
F EEL [ FI%ET VCSEL [P Rh 55 85

EEL 3 5 £ B3O ELAT B 47 i ek ) 4 11 5 28
AT R TeEAT S e, il LiE i DOE BAH

= w
2=
©
(@) E S, .
i ()
i Y Q‘r“ E‘
] 1 P . Far E.,:" 2
. ! . Diffracted beam gl o
Incident laser, =i ‘r { field a‘:.g
bam | 2 E ) rE3g
Z % DOE &
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< = N
Q {
)
g 2 i
& @ |
3 \ | N
Diffractive micro-structure

A S B b (5 EE IR ) 12, AnlAT 23(a) BT

- . -
Output
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Optical M ‘M -
chip
R i Y ik e
Wafer Ay i Gl 5
VCSEL LED EEL
-Surface - Surface emitting  -Edge emitting
emitting - Divergence: Full -Divergence:
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[#] 22 VCSEL. LED. EEL =HMOGH L GE R 1L

Fig.22 Emitted patterns comparison of VCSEL, LED, and EEL

(b) Pattern

_______

23 (a) DOE fif7n B [Kl; (b) BEL BB 2 n B
Fig.23 (a) Schematic diagram of DOE diffraction; (b) Schematic diagram of an EEL dot projector

—A> EEL & 4 25 i A8 4n 1&] 23(b) fr7R, EEL 1
G e G AU 25T R, DI IO B A
TR AT LA 55 5 T AT S e 1, FEEad v EoT i
W2 S5 B ER I AT O, B S 40t DOE £ 4%
SE I B B BT T 62 % . (R T EEL 2 &
S, B RS Uk 7= i s 1w il EEL $05
it 2 T VY (E OGBS A LR 0 5 1) DA IR AR 47
PHRE LR 8 IO B R e L o DR T
fiE. EEL BRZanhmdit s S ok A 276 T DOE
MR T 22 R0 T8 R (98 B 5 A%, DOE i@
WA BB S, T vk 90 B S R A 0 R
DOE P 5 (¥ 2 il By B08E 22, 737 55 11 8 o ol ey, {HL R
A MBEZ & . 5540, BT EEL R YGRS
FOL P AR I U TC 1 A6 o B B B 58 i, LA T U1 2
J& A Re A 0 G 5, A= 7 AR A X VCSEL #5

o H T EEL #5588 7678 v 7 i B0# B4 e &
ME TR R

VCSEL 5 EEL Fr A [m] i S HBO6 3 T T 56
th, HEA AR5, @it e VCSEL T2 4F
SEAE B TT AL, AT LA O IR 9 Dl 3 A 12
BT IR R AT DK T R RO P 5 0 A ) ik A
VCSEL M T2 o H T M0 A5 0 2 B AR KR I 5% i
3D M EAE B, R LA ECR R AT e B . SR b,
VCSEL b JF L 8 R[] f 52 21 9 5 1 i) il 2. — 7
T, JFFLZEJE 5 K LRI e i, $ETH BB . 5
— 7T, F 3 O S B AL T T S AR
Peo BXHEFE kK, BIF HAENS K VCSEL (14 1 AR LA 52 3
L2 S . SR VCSEL M LA B 52 VCSEL H
RSFBES4, 36 K VCSEL 1 1 A0 7 2 7E 92 b 1531
AP IR B AR o
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VCSEL % 5 #5 2545 55 22 1) HCBE s, H s ml DL
H & CHZ HIThfERY DOE k528l . fn &l 24(a) ff /R
(172 DOE (1 5 &2 il 7 2 16, 75 2 100 42 o 4 i v LA
i 1 45 E B9 DOE 457 523, VCSEL #5856 8 45 180 4
P 24(b) fif 7 . VCSEL T2 JF FL AL 1 1 5 56 ol e B
J& B3] DOE |, BfiJ5 DOE 117 51 5 A S 658 24
[F]fY, RER A B A B T4 TSk, A S BE
SOBCR RN . X — 7 ST B R AR T84 85
PR B A . Ak, VCSEL FI4L#5% LED [A] )&
F GaAs MEME R, (45 ] K 0] DL K IR 4 45 I & 4
W, BAERS Bk & b 3D MR IR IR & Uk R | &
T VCSEL %5 Fiifs =K . VCSEL i U 4 7 1 >R
(9 55 Hb— A T PRUTE T AP S A (BCa% S 45 [ 471 ) #66
Al LLAE & B R R 22w R AT ) R, ik R
VCSEL # [t EEL (1 75 — R AL #, B E i R M ] 4k

(@

DOE surface
relief profile

T 2 MR AR, B KA R A P AT

[ 21 /N AR I T3 — R T oK, A R 1435 s
T WSk TR Z AN . R S IR IR A 4% 5 g
MO A LT A T B i v Ak, E Bk
FIFH G R4 S D 3 IR R B (R A S5 PRI SR A T T 2R
SRS P R AT . WE BB S T LR F S TR
553k (Wafer Level Optics, WLO). FTif WLO 215 i
TR B HE R AR T2, A SR T2t &= 6l hn
THESk, 280k L B A 1E— 8, 285 U0 #1 i o
Bk, il 25 fos o HEA RS/ S AL, — Bk
UF SRR R, G 2EE BE R A A7 BRS A 2 nm 2, ok
AR O Em AL A IR B . AR L S
S5 WLO BYPEBEXS L, WLO BUAS TEAR A2 75K
B Sk B, S A T
gk,

(b) Patter& ~ /. -
DOE '/’ : :
VCSEL [ ens efiir --~- 1 ‘/{
Res Mapp
=P e L =
> sl

(e

Pl 24 (a) DOE & il /R B &l; (b) VCSEL HUEH /R B &
Fig.24 (a) Schematic diagram of DOE duplicator; (b) Schematic diagram of a VCSEL dot projector

P 25 ik AhoTHIRS IR 8T K

Fig.25 Lens wafer and a WLO lens
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(19 73 9 R 5 A 22 i Y AR B PR 014 0 B R 2 R A A —
E BIAR RO 28, 3D IR AT ) B 0l /N T IR 41
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Fig.26 Projected patterns based on the non-formal codification (a) slot

line constraint'*’!; (b) Gray constraint!'*”!
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Fig.27 Projected patterns based on De Bruijn sequences”'! (a) De Bruijn

sequences; (b) Projected patterns
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Fig.28 Projected patterns based on M-arrays®™ (a) M-array; (b)
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Fig.29 Projected patterns of commercial speckle-based structured light sensors. (a) Coding method based on global uniqueness; (b) Coding method

based on Sudoku; (c) Coding method based on M-array
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Fig.30 Image correlation method based on local window
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Tab.1 Matching function based on cross-correlation criteria

CC correlation criterion

Definition

Cross-correlation (CC)

M M
Cee= ) D UfGiyedy)]

i=—M j=—M
. . MU f(xz yz)g(x Y )
Normalized cross-correlation (NCC) Cncc = Z Z
i=—M j=—
M [f iy = fn] X |8, — &
Zero-normalized cross-correlation (ZNCC) Cznce = Z Z o mA A[ ] m]
i=—M j=—M fAg
3 2 BT SSD HH 5K/ M i T L oR 45
Tab.2 Matching function based on SSD-correlation criteria
SSD correlation criterion Definition
M
Sum of squared differences (SSD) Cssp= Z Z Lf (i, yi) — g(x; y])]
i=—M j=—M
Ly 8L
Normalized sum of squared differences (NSSD) Cnssp = Z Z [f(x,_,) D _ %}
8
i=—M j=—M
e ) 8
Zero-normalized sum of squared differences (ZNSSD) CzNsSD = Z Z [f(x, y,) I _ m]

i==M j=—M
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Fig.31 Principle and process of one-dimensional matching in binocular stereo vision system. (a) Basic principle; (b) Matching process
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Fig.32 Schematic diagram of matching algorithm based on reference
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Fig.33 Schematic diagram of cost aggregation algorithm!**. (a) Cross
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Fig.35 Effect of local windows with different sizes on the calculation

results of disparity maps
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Fig.36 Schematic diagram of triangulation measurement model based

on binocular vision system
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RS S AL bR 2R A —A> s p, HAE T S AR A
N AR s Y z) s FEAEAIBLABILAL B 28T 1) 22
PR (s yerze) o ARPEEHFLABIRAERY, 55 p7E CCD 1T 4
ST B B R P i R S B D 45 O Y i
ZLHR CCD RPN A 1 o sl P AEEHR R R bR R
FIEMR Y BAR AR 2 T B A AR 0w, v) « (xy) 0 EATTAF

TEUTFRR:
u Sy 0wy Irx
ERER |
1 o o 1 1

o s Fs, 0 G AR 2 AL bR 2R R 43 500 £ wiih Ay il o7
] b BR R % B, B R pixel/mme (ug, vo) I IEHH5
FHHL CCD -1 22 28 O'HI R 2R AL b R AR b, 3R A
AA TR FR Z (B I AR 7% B

FE R AR MR AHBILE, 25 F g L—A> =4k %8
] A T B AR BR R AR BR R Y X-Y P T A A
JRRAE G-, 3 BT AR AT T A 7 1] B i A AR &
N Z T m . R AR AR R AR R B A AL AL bR

(N

0303001-20



bk A2

% 3

www.irla.cn

% 49 %

FA T2 S I AP RS 1 2 B A R T, WA PR 57
MR R A AR (X, Y0 200) R AL AR AR 2R A AR (s e 20)
LIS P YNSF

X, Xy
Ye R T ]|yw

lzc _[ 0 1 ] Zw ®)
1 1

i85 B L BAGARARY BY HEA) 5C 2R ARG

X f 0 u O
ZC|:y:|=|: 0 f Vo 0
1 00 1 0

HRSL LA b = A3, ANHERS 1t 5 AL R R B R
R AR R Z AR e e 2R

X1 [ £ 0 u O it
R T ||yw

zc[y]=[0 £ 0} ‘ (10)
1 0 0 1 0 [0 l]zlw

K fo = fso £, = s, BEFHRE RFNV- B 50 [ 742 41
S H, B ARBLIY 2 )7 B AR A v B e SO
AR TR Z 142 (B 57 5 22 [R] A7 8 e o PRI, Sk
FXCH SRS R Ge, 24 B F LA AR E S 5O
P (B % R A DS fic % s, i T4 — DU fid
SNy 2 A A 2 ] — s, PRHRT DG e 24 =X
(10) KA th ik m =4E (5 5.

34 HEiEFE

T LA /N B X 4548 0 3D 4% B (9 4 56 i
L OCHEAS T ORI T TR ST S
e R BT A 0 BRI, Rk B IS AT
A1 R B S . X/ NSy
Jt 3D BRERTDT- B T B R G A T4

— A HiL Y 1) 3D 25 48O AR IR AR 1Y R G A 2R
Pl 38 B, AT LAAR 41 B A& Dy gl 43 o4 LR A~
WAy AL, LLAMEL, DM S B A
AOF 6 DSR4y SO B 2R B, ey X
BB HTNA,

AT £ S 10 TR R IO T 1] i A
FrEEAEAE B B R AT AR B L AR U S 3D YR
G HEZZEM =AY — RS AL, 20
HMEBL, LS LTINS R IEH TAE (3% & 38 Yk
G R )y IR EMOR (A HILRNZT S HE BB 2E 4T R
JEPMEAL B — IRt a ok i TR B Eictie i 11

H A1 5 A B shum 45 #4 3D 4 IR £ 3L T

Main board
RGB image
e processing
Projector
Flood Backup
P CETeeT IR camera

[ 38 3D SHDLILIRA RG2S

Fig.38 Architecture of 3D structured light sensor
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Fig.40 Hardware architecture of 3D sensor based on FPGA'*Y
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Fig.42 3D face recognition using infrared ray can solve the influence of ambient illumination
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Fig.43 Face recognition based on 3D data"**
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Fig.44 3D finger tracker Leap Motion
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Fig.45 Statistics of global VR/AR industry investment in 2013-2017
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Fig.48 Tradeoff between global uniqueness and spatial resolution of

speckle pattern
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6.1 SEATL (Real-time)
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Fig.54 Real-time 3D measurement system at 120 Hz for complex

dynamic scene!"*™
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55 JEF LM R IF R N H =AM 2 RS () REIMU;
(b) R ATREEHIIFHLIAL () REMR 5

Fig.55 Quad-camera 3D measurement system based on SPU. (a)
Appearance of the system; (b) Top view of the internal structure

of the system; (c) System measurement scenario
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Fig.56 Results of the David model after registration. (a) Point cloud results; (b) Triangulation results
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Captured pattern
Camera l

Proje

L=

57 FETFIIGE S 45 3D Sth il it R 50 B
Fig.57 Schematic diagram of a panoramic 3D structured light

measurement system based on plane mirror reflection

P 58 fRIRZEBIALEY 3D MEEER . (a) RRFEARI 2221 3D Wl
RS (b)~(d) =D ARFEART (a) HIXHREZS

Fig.58 3D measurement results of a Voltaire model. (a) Full-surface 3D
measurement results of a Voltaire model; (b)-(d) Corresponding

results of (a) from three different views

6.3 &M (Universality)
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Fig.59 Highlight intensity removal with polarizers®*®!
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6.4 EEE/L (Intelligent)
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Fig.60 Principle of fringe analysis method based on deep learning!*"!

6.5 #BSIE (Super-fast)
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Fig.61 Basic structure of a digital projector based on Digital Light

Processing (DLP) technology and its core component DMD
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Fig.62 3D measurement and tracking a bullet fired from a toy gun. (a) Camera images at different time points; (b) Corresponding 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.63 Systems and results of SD hyperspectral imaging and high speed thermal imaging®*****\. (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
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VER — I = AR IRECAR, WP R A5 1) = 4 5idh
ANEAG WS, IS ALEAR Z N H b =4 a2k T H
ARG S, IEANTE 3D AR e, R = A A
BOR H BB R4S N KL 1) %8 B A 2 A 6 ARG
WFBE, WA DA RokG B = 4 JU Al 5icdls o SE Rl 2k 1 7R
P& 05 B 0y B0 Uik, R 30 HL AR A% R U6k N BEFRAE
CEYE NN TR ORI B T R IE e
MR ARRA R 1 — KRBk k. 7255 5.2 5
5.3 1 C & vl X S B ) B, 8 AR IR 2
SWHE T -ENEEEE R ARAN RS
FaceScan, HJ& 3 T 2 Wil # A1 9 5 S0 30 I AR 4
AR it FPGA 5 il o g% 42 A AR 1 jg JH A
LT R SR B, B W 60 Hz, I Ha i X
P il B B S8 B T ARML S B AL Z A R 2L . AEBLR
LR FL B G, ¥ AR R A TR, THE L 0 3
X SR SR A BT R AR B A B L B I = 4R
O 0 2 B o AP sk RSN P = A B
HEAT LEXT R J5 45 iR UM S5 3R . R G AR Ll
B SR BUF BT 5 1240 744 o SR 4R JRE 174 ] B O
E TR RS, 153 AY = 4E AR EERT A E) 0.05 mm,
NS = NI R AL TR BRI BE . A, R
i BUN RN IN SR E N DO N Sl Y €1 B i )
KA, I ICP AR AT DR 4, AT RS2 B —

YN %y & R STNDSS Y R EE NSt YN A vl
PALT IR JH B . &l 64 /R T FaceScan f4#5:4E
R EANRARHEE R NPT LA,
FaceScan 48 394 tH R 19 A 40775 358 70 R e A5 R
SERE, b BB ST B T L

IE

64 PR =4t A\ IS4 &2 48 FaceScan

Fig.64 Fast 3D face scanning system FaceScan
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Fig.65 Feature points for 3D facial recognition
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