552 B 8 T % IR Vol.52 No.8
2023 4 8 H ACTA PHOTONICA SINICA August 2023

5] H#% 20 : FENG Qibin, ZHANG Xin, ZHENG Chen, et al. CNN-based Method for Dual-layer Liquid Crystal Displays[J].
Acta Photonica Sinica, 2023, 52(8):0823004
AT, SRR, ROER, A T AR R 28 T 2 1 U2 R T ik [T ] O, 2023, 52(8) : 0823004

LT A PR 258 I 295 18 002 VR i Y s 5 9

B3R, KA, FRIE, A, B B R
(BB Toll e (B8 RR: 55 TR B R GEBE , 4 8 230009)

H ERERALITERAA/ERL AR E I T, T RIS, 22 5 Bk & @R H 4
— R, EBMNANABAAFASE, B4R AG LR kR ERBT A S 27K
T, BERMEMEA T RERS LT LN ARAYZE RN KT AN BT SFHEK LR R
B AR RE . BN AREARES A E R ERGETEORERGEOR, RS Fm B MR
BERRAATEE, FRFANNFZFRF L LT Tk, HASREAN, ZH5kh4
THRM R L aAL, At AR 2w R LR TR 5 R TAAAME G SRR, £ RGE
BRREARERKBATHANE, ALFTEZEALARSGE TR EWRNRKREALT AR, £
LR

ERA . RERBI T A ERAVLZERNS; B RRE AW
FES %S TN27 XHkFRIZAD : A doi:10.3788/gzxb20235208.0823004
0 58

W i B (Liquid Crystal Display, LCD) 58 (5 M D #E AR AR 52 MRS 25 05, )32 BEH Tl 2l 7
ST A% Ml 4 o) T o 5% 4% S 4T L VAR T B B 3 I G R SR A BELRY Ok B SO B T o4, S B0
FOREAZ B . 8l 245 TR H R AR A S PR A P 25 060 75 6 50 B A SR R AT 3h A8 08 BB 5 A 0 6 L
. H RS S RDOEHE AR F 4R EDEE AR DR KRR RN B LR KA X
v AH T O 40 X B0 38 R I N T AR R AR, R EOZ AR LR B R RO, ME KO )
% (Light Emitting Diode, LED)# A iy % J& , Mini-LED 5 Y63 A 7 52 308 22 43 X L K 5 ofi #f 1) 1X 45
I RS X AR 2 | A 7 AR b

I3 — B w6 LR A R R RUZ M A R o U2 W 0 R A 1R G TR R TR 2 ) A — B
T AR T i A 0 R B AR AR ARG RE Ty o EOU)Z I s A A 2 TR T AR R FHOIG AF 0t
FW &, B AT 2 1R A7 AE P BRI B L 2 5 00 5 5 i 2 DR RS S B B4 7 A . N T HE i B W E i)
P S 78 JOT o, T O B A PRI AT A 3 L o 2k 8 T R I TR AR b o R R O R X O 0 Y T AR ) RS
AT AR b B, O XoF TS A AR A AR B A O R IR TR R A B HBH T R B4 o, S
FOR RSO . R A5 B 6 AR B TR B SCHR [ 15 4 T R A R I — A B R
B, e AR R B D, B S I A O TR B R AR B W R B, DAL R IEAS R A T 1% B A R S D AR Y iR
LR/ A BARARAS T R Y s TR (E Ak TS A R, AN BB I S PR S K

N T AEARIE R T Y ) S 45 2 Ak B E] g B R 4 W 4% (Convolutional Neural Network, CNN)/
HF B2 WA R o TR 2% 2] 08 2 A R Ak 3R I B R, vl a4y 2 45 AR BN A B AR R A B .
CNIN VB Ry B 2 2 1 —Fh 5 4, B 008 76 S B6F ) 9 11 3h b AT AE B B . AR S8 T CNIN X D s PR A b A7 A 3

EE TR LR FHLE KL I(No. 202203a05020028)
F—1EH LAk, lengqgibin@hfut.edu.cn
BIAESE - B E5E, guogianglv@hfut.edu.cn
Wis B 820221226, R A HH 20230313
http: // www. photon.ac.cn

0823004-1


https://dx.doi.org/10.3788/gzxb20235208.0823004
mailto:E-mail:fengqibin@hfut.edu.cn
mailto:E-mail:guoqianglv@hfut.edu.cn

T o AR

5 0 73 531 6 8L A JE R D P A5, LA R S Jo o [ e 4 e Ak B[R] 39 o 77 3k 9 552 s i
FE

1 WERRETRRESAERTZE

XUJZ W S 7S A 2 R =R M R, L 1 s, A3 R AR TV A TR AR S Y A TR, TS R 2
Y TR A =2 1818 FH D' 2% K (Optically Clear Adhesive, OCA) 4T 455 o 35 J6#E e (Backlight) & HY 46 28
A EE T A 1(LC Panel-1) , 4 )G A 1(Polarizer—1) ¥4 56 2 5 3 g i 9% 06 , I8 54 & 4% ( Thin Film Transistor,
TFET) XA LOTFT-1) 8 i 2 i 712 2 R 0 RN R I & 2 1(LC-1) B 1 38, 28 0 i o 0 s 1) O
PR o 37 55 FE e (Glass substrate) #4738 % , 15 2 6 A 2(Polarizer—2) #EAT M HT o b T 32 /& BUZ W i I
7N e 0 225 2k 2R T AR X T Ol B g A B 0 LR B I AR 1 R I A R R I R AR B . W B R gt
T T A L A YR TR AR 2, YR TET AR 2 A R € D e B R R B R R BRI
Polarizer-4
CF substrate
LC-2
TFT-2

Polarizer-3
OCA

Polarizer-2
Glass substrate

L A A — I / by
TFT-1
/ Polarizer-1

Al RERRBETHTE
Fig.1 Schematic of a dual-layer LCD

LC panel-1

LC panel-z{
&r—
{

Backlight

A 2, U A S 7S g AR S TR AR s TR B, T R i A RS 8 Ak B R R AT
0 TR A T 980 TR A 7 AR T A0 AR IR B 2 10, L.C Panel=1 #1 LC Panel-2 f X I R 3 & A 5
i, SR .

LC Panel-1

Initial image

H
/
. . ﬂ . . | LC Panel-2
1
II'

K2 BESMLIALR

Fig.2 Pixel mismatch

1.1 EMLEEE

N T DR B4 B AL B Wk 26 A LC Panel-1 B9 IR BEAT BRI AL B . dn i 3 B, Rl T
AN LA R 6] RUSE AN [) 43 39 238 %) TR , TV ot TR AR 1) 4 0 23 K s Vot TR A o 1B 2 10 Y ot TR A =2 i) 174 B
B0 0.11 em, 24 LC Panel-1 1% 2 R 5FJ& L.C Panel-2 i 2 £5 0, (BURNILE 19 B2 /N T 34°0E, 62k 196 #E 5
LC Panel-2 M %F B 942 2 b, S0 AHULE (09 f BE M 3470, 64k 2 7576 5 L.C Panel-2 A% I 4% Z 19 A1 4B 14

0823004-2



T RF R, A5 < R T AU 8 I 45 11 UUZ TR 7R T 1

Z bR R EE, 24 LC Panel-1 (918 % R P& LC Panel-2 (19 4 35 15 B4 B 19 £ 5 e KR 56°, 8 i
56 2 MBI 5E o 7 — & M EE N, ULEE 3 76 R S AR R I UL 8 38 194 3% o5 S /s o T — B0, 0 TR IS, B
PR S TR TS R AR T 0 0 R ORI R R R AR B T 3R A B AR A O B I R e AR A
KA TR B4 . (B Ab B B0 W T AR TR DG BE 1 T B, 25 5 o RGN 45 B, 52 ) 7R 5
i, PRy i DA U AR R i 2 TR R

B3 MyALELENANX R
Fig.3 Relationship between fuzzy processing and viewing angles

1.2 MAMEEE

KT VPR ERAS BRFEZRIN R, AFEE RS T AMMEEE . ZE AR C A B
WAHAR R B L 3 6 T SR W AR s A, 8 OB & B0 S R 2 Ak WA R R T AR B GA R L A 4Ca)
He4k 2 ad LC Panel-1 [ a5, gt LC Panel-2 Y 6 5 B8 AR o BRI IL i 5006 A S7 17 — A WS 0 1 ok
IC SR WAL B AE D, 38 0 D A B8 0 0 RS AR J2 0 M8 A V0 )23 00 A %o I 8 15 3% 3 ok 238, (AN [) R 1 T Y o
EIE 5 I R =2 1) 118 227 5 Rl /s o WA AMEE B BB AT A P a2 B, P LB LA 5 b s o i =2 [
YOG Z , AH TSR B ] AR X R FH T 52 B 19 323 308 S s 7 il o
LCPanel-l

WAVAVAVA
SORLY §

| | LC Panel-2

LC Panel-1
sa(n,.n,)
I T T panei-2
,/" b(”m’ ”hz)
y v v ‘ b |
® ® @ ® ®
(a) Position information of a ray on two LCD panels (b) Rays from different viewing angles

K4 bBaMETE
Fig.4 Schematic of ray position

2 ATFWERSBERE CNN

2.1 MK
ASCK CNN H T R824 s, A SRR PRIE s 0T i 0 [R] B 0/ 11 53 B ], DA T S BRI 4%
ZERUN A 5, A 5 FIAL B RRAE SR HOR T A =4y . X T 2D R Ay, de BRAR B9 Ab BEALCR R AEAT M A R B 2

0823004-3



T o AR

F P 5 S — A ), DR O 7 T Ak B0 0 i A P 5B JE N0 5 PR N I i 33 ke IO I 3 B N AN [
*ﬁﬁO

Residual block :
: LC Panel-1
1
1
1
— —_ —_— + h
| v
Input  Copy - : - T : 2 Reconstructlon /@
: LC Panel 2 . Angle
| l
Pre-processing Feature extraction Reconstruction

B5  PraRW 2 45 4

Fig.5 Proposed network structure

FRAE S BCER 43 (4% 8 M A2, Hrh 28 U AN A\ B B2 9 B B K/ R 1X 1, Hopl 45 A2 i 5 R R
/N 3K 3. TERAERRZ G A0S R, BT LA BRUR 5 A AR LR B0 pREUE 18 TE 2Pk BT R A
(Rectified Linear Unit, ReL.U), ReL. U REAS 4 5 W 45 (G AR L RE Ty , T AL I 2ot 72 . 5 — A& BRI i Al
AN, 433068 B I e R NSRRI A o R O B8 AR 0 P 2 R AR, I 28 7E Concat] J22 38 o P> PREE i 45 0k
XA =AU MR HEAT Bl G 5 8 T R BRICAR AR I Dt S8 8 B 28 DA S FRUZ R H 1< 1 46 B 04T
R e w7 E B R 2% i — 2 AE Concat2 23 8 S TREEZE FK 55 1A B2 B A B BUZ FIAE S A
ERZ B RESET RS S NS RUZERA DXL BRI TREE . S A DB % #2205k 2= B
DA I R e #2525 B9 A D, O K 4 BB R AR SR AT Rl S o X SU R G 0 R AR G T A5 O\ S B2 AT E
45,55 )\ 6 P2 5 H2 A Hard-Sigmoid bR FCR 5 3 29 1B O~1 Z 8], finp2z 2 ik S py sl B . SR A\ B2
P E T A 21, 3 R IR A B VALt T o TR R S VAR T AR P R AR

SRy T SN B W W5 S s OR A TS S K VAR T RS R SV TR ) TR TR A T A AR LR
A RE U AR RSO0 BE B PR R OIS A T R PRI %) 6 R R (B AR ofe , A5 B A B i B RS . SRR R[]
AT Y A RS A RO T B340 % pR B, 8 S ) % 46 TR S 0
22 MEKEH

A SC I 2 I 2k i) B R N R AR Y RS I R R 25 e o s I G Bl A R 22
(Mean Square Error, MSE ) #4 ¥ 451 J¢ o8 £, 38 1 W9 2% Il 2k e /MK Lo, 81 5P M 45 17 0 {8 {5 M [b (Peak
Signal to Noise Ratio, PSNR) %455 , i 2k sk R 5 X R

by SR ] o

K, K — AR P R AR B A REAR RS N B A B R, NS n M EERMR T,
R R
2.3 EMERE

V& PSNR F145 # #1 LPE™ (Structural Similarity, SSIM ) % 8 # J5 9 K44 5 B #E47 % WPEM . PSNR
ek =R

2

M
PSNR = 1o1g( A ) (2)

MSE
A Moo R EHR 0 IK BE G, B8 8L kil R i, M, 255, MSE 1177 1% 2 ,PSNRA K , %
%EEFE’J@%%EE/J
SSIM i 33 52 B 6] Eb B2 R0 45 48 = AT T8 R %) P R LS 0 A AU R A T 0P A, ik =0
(2u.p,+ C1)( 20, + C.)
(2t 4+ C) o+ 0,2+ C)
A o oy S B gk G, e e B SAE e 2 y B ME o s e T 22,008 y T 25,0, 08 2 Ml y 1)

SSIM =

(3)

0823004-4



O AT, 45 < T A Bl 28 ) 2% 1) L) WA S 7R ik

PRI7 25 o GO C o oK 4 35 A5 1 85, bt B BB B 5 B0 o SSTM A BUEL Y 181 2 [0, 1], K {E i
ML, Ul A A AR A A L A B PRAR R DL

3 TERERSW

7 H 52 5 90 328 1) B8 4 28 85 8 #5 28 Intel (R) Core (TM)19-9900K @ 3.60Ghz CPU ., NVIDIA GeForce
RTX 2070 GPU 128 GB WAF T FEHL, A 2554 6447 Windows 10#:4E R 48 \PytorchH#E42 . CDUA 10.2,
cuDNN 8.0.4 Fl Python 3.7.8. il 2k ARUCEL epoch 2y 20, 4t 5 K/ (batch size) g 15, 1 I N & 19 Adam 11k
0T 9 26 T 2% 2 B R R AT T, 4 20 %5 0,001,

31 HIE&EWE

X T X228 s i, R WL B 4 5 25 7 A O 52 IR AR R R U, B B 22 A Y BB T 5 A2 B 2
Me , Sy AR T — 3 T U2 WK s a9 B AR o BUR AR AL T S R g B A R i AN sh )
SRR A

AR SCUWCER T IR ER Y 2 760 1K B AE R IR AEA BB RE A G N 6., NI AT LUE i, T ik
W R EA FE Ty, Feda SR 2 I0RG R . o 115 8T A R0 EHRFRE , 32 m il R aioR | i —
X R AT A 3, W€ AT 1, I 3 A0 o [ 57 8 LA T BT Sl (0 A48 SRR O, % PRI 0 v ) 67 8 R A7 R BT,
E) — 3K > HER A 128 X 128 Iy 1E14, 3 37 i F an 41 7.

n,‘
Hl " ;
"”l

6 #HaomAERK
Fig.6  Some sample images

P £ I 25 B9 B J2 A5 3] — 20 I 4 45 0 2 H0f e o B0 R )9 A T B VR S R IRTR R 22 Fe /o X T 2D
R B B A A0 A BEAOCR =R AR AL AT LA T A B B0 RS R — R B, D T EORE B S 60 1R 5 A2 5y
EAT R ) PF AR S — 4, 23 i AR R 3 R 48 B LS AN W) R A R A R RIS SRy 1 s 0 26 1 i (]
10 2 J&1 45 s 1] B 4 il — K B dfe 4R IR 1R, IR S ad B AN 1K 8 28 B 1) BF 4 55 8 1] PR 4, 15 21 T 276 5K
FIZ B ALY 276 5K BRI 4055 13 8004~ & e o iy 97 78 Bl 4 |, 75 I 2% Il 2 =2 iy S X B4l 4R 2 17 Ak
B Bk PR A = A B 38 8 A O = 40 S A B KO AR B9 ORI 2 8 280, I L 9+ 1Y He 491 Rl 2 Il 2k
TG AIE 4

AR T T B R AT D 4 9 Bk P8, TRLR 0 B R0 500X 500, Ay i B 3 25 1 7 AR, X 4 3Lk
120 5K AN [R] 2 A PR AR AT I3, Fi 220 00 45 B0 5 T 40 1 - 24 Ak BRI [ o S 8 o PR AR 141 9

0823004-5



B7 RFARTE
Fig.7 Schematic of cutting process

AN

B e
=74
R

A

4

{ (171}

| ARLAAAAN
ﬂﬂ. Eﬂl u.k
HS H#GpAsadBRTE

Fig.8 Schematic of the image combination process

Ho MRX&EFRE
Fig.9 Schematic of the test set

32 (HEZERST
S8 IE CNN I F AUZ WA B 7 B9 8 S0P TR] A X AR A B B30k AL AR A2 Rk AT 0 H S g . AE A

0823004-6



T RF R, A5 < R T AU 8 I 45 11 UUZ TR 7R T 1

BT A B v VR TR AR 4 43 B R AR Bl 3 840 X 2 160, J WA THI AR Y 3 BRIl 960X 540, 78 4L FA b
P B A SC T 3 v T i YRR TR ) 43 9 R A B Ol 3 840X 2 160, LI #% T 0°.18°.34° \45° 1 64° 3L 11
AN BEAT 7 UV AR e 23 W T N AR v D ke A T) 2 7R g RS A 3 5 SR R AT 2 00 R 3 T B A3

102k 64 SR AN 7 ik 6 RGO AL B3 T 1 6 BT, A 1 5 355 WA il 08 8% S [y 3 22 ) 1 b B 25 R 2
Xof LA 4 4% o SO 35 0 X SRR AT TR, T 10 Ca) ~ (d) 430 A D BT L v 1RSSR Ak 3B 93 ) Ak 8 5 11 €L
B TJ7 vk 20 F A2 SR ) Ak 1L B MG RN 7k 3OAR SO vk ) Ak B85 Ay RIS

Image 1 |

Image 3

(a) Original images (b) Method1 (¢) Method2 (d) Method3

B10 Ak 2 R At

Fig.10 Comparison of image processing effects

A LLE BT IR L AR SO R E G e LR A AR AR T M AT 05 vk 2, AR SO ik b 3L 1 14
QAR NGB R 0 DX IR 2 AR AE R G B B, {0 TR A5 A 1 335 T B 5

Ry TS W VEAN AN 6] 5 v 0 R BOR AL R) L R L i T R 17 2 RS SOy AR A
ASTFEAE AR (00187, 34° (45°F1 64°) F Ab B J5 19 K15 59 PSNR F1 SSIM {H , £ 2 45 T = Fh 5 ik 59 - ¥ kb 28
1] o

A LLE AT 7 1 1, AR 3007 246 PSNR ., SSIM A2 i ] |- #6554 B AL A8 T orik 2,16
0°.18" 34" A T, Bk Image3 7€ 34° () PSNRAE/NF J7 % 2 4b, oAl EE /9 PSNR i AT SSIM i #B K+ #1 # #b
PR s B A A E I 3G K AR 45°9LA R, AR SO ¥R 1 PSNR (B A1 SSTM (B 5 7325 2 M1 24 5 78 64° ¥ F , Image?2
il Tmage4 A PSNR {8 F1 SSIM 18 kb J5 ¥ 2 W& 5 , Image 1 Fil Image3 A PSNR {8 F1 SSIM {8 W 4 FA% . fEiTE
BF 1] b AR S0 1 B TSR ] 2 0.08 s, BU A A b2 80 1 A TSR0 I (8] 4 8 1 707 13 4% , EU B Ak BRAR VA 1 3
BRI AR T 47545 o SEBRIE I, AR SCO ik G b B RS ) A 7 AR T R R VR .l ad FPGA B K B IR AT
LSRR TR E 0 AR AE BT UR A R T OBUZ R R 09 CNIN R A7 B 4 o 3, 5 B0 S ) A B

0823004-7



T o AR

x1 =#7FEAER PSNR{E SSIM (&
Table 1 PSNR and SSIM of three methods

Image Angel/(*) Method1 Method2 Method3
PSNR/dB SSIM PSNR/dB SSIM PSNR/dB SSIM
0 27.63 0.970 7 28.28 0.974 6 30.63 0.978 3
18 26.76 0.961 3 27.09 0.973 5 29.99 0.977 9
Imagel 34 26.60 0.956 2 26.73 0.963 2 28.08 0.969 6
45 25.26 0.948 0 26.49 0.962 1 25.94 0.954 2
64 22.90 0.9339 25.22 0.952 2 23.58 0.942 7
0 28.00 0.9557 29.88 0.9714 32.31 0.977 0
18 26.99 0.955 3 28.32 0.969 8 31.69 0.976 8
Image?2 34 25.94 0.942 1 27.93 0.959 4 29.39 0.967 7
45 23.91 0.918 8 27.62 0.9557 27.06 0.948 6
64 21.43 0.876 4 24.03 0.914 2 24.87 0.9319
0 30.91 0.958 2 32.73 0.977 0 34.42 0.978 7
18 30.10 0.954 9 31.76 0.967 5 33.65 0.977 2
Image3 34 30.16 0.955 8 31.61 0.964 5 31.40 0.966 5
45 27.93 0.9330 28.41 0.934 8 29.12 0.946 0
64 26.05 0.904 7 27.56 0.918 5 26.10 0.9114
0 24.86 0.953 6 26.48 0.9611 28.90 0.976 5
18 24.30 0.942 9 26.30 0.959 8 28.28 0.9756
Image4 34 23.11 0.934 4 25.11 0.946 7 25.93 0.964 9
45 21.99 0.9319 22.84 0.924 1 23.44 0.9416
64 19.98 0.887 3 20.28 0.896 0 20.54 0.907 6
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Table 2 Computation time of three methods
Method Method 1 Method 2 Method 3
Time/s 0.38 56.57 0.08
4 Hig
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CNN-based Method for Dual-layer Liquid Crystal Displays

FENG Qibin, ZHANG Xin, ZHENG Chen, WANG Zi, LV Guogiang
(Academy of Photoelectric Technology, School of Instrument Science and Opto—electronics Engineering , Hefei
University of Technology, Hefei 230009, China)

Abstract: Liquid crystal displays (LCDs) have been widely used in consumer electronics, industrial
control, medical equipment and other fields. However, the LC panel can not completely block the light
from the backlight unit when displaying a black field, resulting in a low Contrast Ratio (CR). There are
two techniques to improve CR, including dynamic dimming and dual-layer display. Dynamic dimming
technology dynamically adjusts the backlight brightness and pixel grayscales according to the displayed
image. At present, dynamic dimming technology is mainly divided into global dimming technology and
local dimming technology. CR is proportional to the number of backlight partitions, but the number of
backlight partitions is usually much smaller than the number of pixels on the LC panel, resulting in the
inability of this technology to achieve pixel-level dimming. The more partitions, the higher the production
cost. Another technology to improve CR is dual-layer display. Dual-layer display is to add a LC panel
between the backlight and the [.C panel, which can greatly reduce light leakage. However, as the two layer
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L.C panels are bonded together with Optically Clear Adhesive (OCA) , there is a physical gap between
them. When the double-layer LCD is working, both the front and rear panels need to display images. If the
input image is directly sent to the front and rear panels without processing, the corresponding pixels of the
front and rear panels will be offset when viewing the screen off-axis, resulting in a ghost image. To
improve the display quality when viewing off-axis, the input image needs to be split and modified. The
common method is to blur the image to the rear panel near the backlight unit and compensate for the pixels
of the front panel. It is quite simple to realize such a blurring solution, but the final display quality
deteriorates because the resolution of the image to the rear panel becomes lower. In order to balance the
relationship between viewing angle and display quality, researchers put forward an angle compensation
algorithm. The algorithm establishes a mapping matrix to record the position information of each ray, and
then obtains two images through an optimization algorithm. The algorithm can present a higher display
quality at larger viewing angles. But the processing time is quite long and no real application is possible.

Inspired by the successful applications of Convolutional Neural Networks (CNNs) in image
restoration, the paper proposes to adopt CNN to optimize the image for dual-panel display in order to
reduce processing time and improve high display quality. The network structure includes three parts:
preprocessing, feature extraction and reconstruction. For a dual-panel display, it is best that the images
viewed at various angles are as the same as the image viewed off-axis. Therefore, in the preprocessing
part, the input image is duplicated to create N copies corresponding to the N viewing angles before sending
the image to the network. The feature extraction part consists of 8 convolution layers, and the shortcut
connection is introduced to create the residual block that can fuse the features from the shallow network. In
the reconstruction part, a reconstructed image is constructed by corresponding multiplication of two images
with pixel offset at a certain angle. The purpose of network training is to minimize the errors between the
reconstructed images at different viewing angles and the original input image. Therefore, the mean square
error is used as a loss function, which is especially defined with the consideration of the total differences
between the reconstructed images at different viewing angles and the input image. For dual-panel display,
ghost may appear when viewing off-axis, which presents worse effects on the images consisting of many
textures. The paper therefore creates a dataset for a dual-layer display, which consists of many images such
as figures, animals, buildings, and scenery. All the images contain rich texture information.

In order to evaluate the proposed CNN for dual-layer display, some existing methods are applied for
comparisons, including fuzzy processing algorithm and viewing—angle—compensation algorithm. 5 viewing
angles of 0°, 8", 34", 45" and 64° are used for evaluation. To quantitatively evaluate the three methods, Peak
Signal-to—noise Ratio (PSNR) and Structural Similarity (SSIM ) are employed, and the computation time is
compared. Compared with fuzzy processing algorithm, the proposed method presents obvious advantages in
PSNR, SSIM and computation time. The PSNR and SSIM of the proposed method at the viewing angle of
0", 18", 34" and 45" are almost the same as the viewing—angle-compensation algorithm. The PSNR and
SSIM of the proposed method at the viewing angle of 64° are lower than viewing—angle—compensation
algorithm, but much higher than the fuzzing processing algorithm. When comparing the computation time,
the proposed method presents a great improvement over the other two methods. The computation time of the
proposed method is 707.13 times and 4.75 times that of the other two methods, which presents strong
practicability.

The paper proposes a CNN-based method for dual-layer display. The CNN is used to process the input
image, and residual blocks are constructed to improve the quality of the output image. The two output images
that correspond to the two layers of LC panels of the dual-layer LCD are reconstructed from different viewing
angles to compare with other methods in terms of computation time and display quality. The simulation
results show that the proposed method improves both computation time and display quality compared to the
fuzzy processing algorithm; compared with the viewing—angle-compensation algorithm, it can greatly reduce
the computation time. The proposed method for dual-layer display presents the merits of high display quality
and short computation time, which presents a good application prospect.

Key words: Dual-layer liquid crystal display; Ghost image; Convolutional neural networks; Display
quality ; Computation time
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