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Fig. 1 Light path diagram of polarizer-free liquid crystal lens DFD model

1415002-2



£ 435 F 14 H9/2023 £ 7 A/RFZH

R —Rvo(Pgll)o (9)
u Vo
2.3 RRBRRBELREMBHERKESE(UDE)E XN
RENH

AN B Y OL T AR R
I,=0.5,K,+ 0.5I,K,,,,=0.5I,K, + 0.5[,K,,, (10)

b L o R AERR A B AR ;1 L oA TE R
N [ — ML R 2 B (R B P A i U
FMESHO MR BCE T, R W& 5 R 6 4R
P SK R 5 K, 0 %O 9 PSE eR A i 3L i 7R
e Ko Ko PR B BAE S5 OE R PSTE R X0 i 1L
HAE

SCHKL 25145 T BEMDEREE AR A3 R XTI 74 11
TR

L 2K,
, UK K
a’;\]l(v)‘ 72K1* P IKZ
) r r (11)
OR ~—C 2K,
a’NZ(U)| K, KI*%KZ
ar ar

A KK PR ) PSE R 50 (8 L i AR
e, % 8B K, K, 7R N 2 AR ) X RR Y, ik B
PRI R v Ny () Rt In7e I, b i e 5 N, () A i fin
e b HME R 0K, /ar, (1=1,2) )} PSF pR & 4 Kk
e B A2 1 G 5 C = — " L(0)]. 0(v) Yy W 5
N(v) (i=1,2) 5K I,(v) B FIAL 2, A = B ek 5
R IR AR A X T e 6T -
K, = K,=exp(—n*v"R.")

K, Jar = — 25°0* R, K, » 1=1.2. {12)
HARJET
K,=0.5K,+ 0.5K,=0.5¢ """+ 0.5 "%
K, o . i=1, 2, (13)
?:*KZ‘UZRHKW-*7rZ"UZROKo
F(12) K13 A5 AKX(ID PR ARG
R, e 2K + 2K,
] Nl(y)]N\Io(v)\ w0’ ArK o Ko + Ar, Ko K, + (Ar — Ar,) Ko K, | "
R, 2K, + 2K, )
AN0)|  [1(0)| wo ArK Ko + Ar Ku K.+ (Ar — Ar) KoK, ]
et R DU 3 X6 Ak B8 1 52 i B /N A0t B0 5 RGBT A
R, &' 1 1 IR IR
a]NI(v)|N\IO(v)\ Ko u’Ar - S:C{abs 78’1\71("0)‘ + abs TN NZ(U)’)], (17)
0R, SR s, abs ) NI XHE RS, BPP=—1m ', P=

| N(o)|  [1(0)| Kur'uir
A Ar=Ro — Re, AMUUSLAR e JORUM 6 BE ) 2 12
AR5 Ar, = R — R, 24 o Y il e Ot B BRI L B 1) - 42
Z 2. ma(8) K (9) L3
Ar=R,v| P — P"], ar,= Ru, PP, (16)

3 A 311 mI R 52 i W SF A B0 5% 22 £ 1 1Yy IR
REEAWATTW : — D REGAS Wl C=
— " 1(v)]; 53—~ PSF B8

F AR BB B 401 3 93 A A 5 IR fIE B vy s O
1 14 R 4 A S HE L R | 1(0) |/, C ok,
JRI I 5 480 R 75 3 M 5 R | 1, () K, C e
[ S 49 M2 75 22 0 4 o B D £ 7 4% SR 4 O
FEE I o R AT AL i

T VAL PSE e R0 I8 7 5% 22 15 3 pR B B2 I
R DEN REGISIRE S IFAG s . S/

1.861m '\ P,=40m '.4,=1.8m.R,=1mm,r=
R.u=2.50x; vELO, U], V= 1/(207), Ax=
2.2 pm W E RN IHES,, /S, il o ARG 2, an 4]
2(a) s, W oB AT v=0.80,,. Re=
r&l[2.5Ax,15. 5Ax | N S, .S, Ml R, Z [ YA H.OC &
WE 2(b) s o

N AT DLUE Y 7E IR A BEAS 0 PR R %) g R B
TR AR T R AS B 1K R AONE , A I 2
A ] 5 7E v BN 0 i B% R X R G 3 oS U
AR PR R 2Z 5, 72 G0 % M 7S 6 T 5 L [R] E
TR F, 2 G000 08 6 5 3, HoAs e b ik — 25 42
i, REUE I SR R G A S ERA R . AP RT LB T
PRIIE L3 P TP v fe , BEORDGBE R /N B 4 . A
2(b) AT LAF R T ARIE HE 3R 8 B TR B A 45 21,
LA ASE R G B 4 5 AE H A /N B3 TR 5 S Sk
(25,27 109858 J& — B0 o R T B A0 6 B /N 25

1415002-3



F43%5 F 148/2023 £ 7 B/ RFFR

@10*f ()
100 _o Snp
10 109 —o— S,
100} 1010}
1090 L
1001 107}
10} 105}
109}
10720 L
1010 k
1030k . " . . . 10-10 . . . i i i " i
0 0.5 1.0 1.5 2.0 2.5 0 2 4 6 8 10 12 14 16 18
v /10° R/Ax

K2 BRIZEFRPR SEMEL I BT o (a) F ARG e S 22 488 AR 7E AU A B9 53 A5 X8 LE 5 (b) 0= 0. 8, HEWIEBE1 AR R BOA W] B9 (R , 18 22
T b AR Ot B A28 YOG 3

Fig. 2 Numerical analysis of error indicator S. (a) Comparison of S distributions for natural light and extraordinary light in frequency

domain; (b) relationship between error indicator S and fuzzy spot radius when v= 0. 8v,,, and R is different
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Fig. 3 Relationship between power of liquid crystal lens and voltage difference. (a) Interference image; (b) relationship between fitted

power of liquid crystal lens (negative values mean negative lens) and voltage difference
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Fig. 4 Relatively large errors in initial calculation results. (a) Near-focus image; (b) far-focus image; (c) estimated depth; (d) ground
truth

1415002-4



F43%5 F 14 H/2023 £ 7 B/ RFFR

— IR MR 7 7 RN () B TR T
2(3) 7 (4) S 2 S AR 8 1 p) O BY Y — B
F 4% 4 T 1, 52 B % BT A 20 AL A 4% 1
TRAE ST, 2 p) B R BE R K, 0 B R — SO 45 5L 1 B
Uy 3 R0 T, L4 B SR T S 1 R A B
SRR T, AN 5 R RN B % 5 O B AL
T b A 2 A B — B,

4 T 11 P VR R — B0 ) B, 6 2 (3) B Rl L
TS A o YN WS

W, el p.d
a(pa)= 3 P2 D),

207
qea(p) !
A, BUE W, o 15 6 B R 2 18] 9 A8 LR B
N
W(q,p)=

(18)

(19)
R p. g ) FAE p A @ 10T 6 1R 1 f A {2
B an oW ST 1S
~[1(p)—1()]
20}
9 T 00 B B T e
MG B0 5 T 58 () 645 0 3 0351 LR 2 A ) — A
S BT 11 T IR B TR of 0 5 435 T 0 K/ T
85T p 0 0 VR B A 45 ST 7 o T L O B TR
(i[a(p)].cfa(p)]] B p & ®w B

([ 2(p)] i @(p)] 77 e i o 3 e 2 T 0 22

w( p, g)oc exp o (20)

s, W Pla[e(p)] o[e(p)]id, =d, | ox
plila(p.)].i[@(p.))id, = d, | 004 %R
TE 2 304 po b B0 VR B A B A, =, HIXE po A TR 2
YA o, = d, #9815 BE 0 5 A8, — > 708 0 ) 7
BT A X8, i T E L Q(p, o) WAL
ARL/IN BB, B 05 8 20 0 85 O B8 90 A2 RO AT o A
A DX 3, T 4 5 B8k, e T 2 £ L I
VR A V(8 P PR AN MR B o D 1 BRI (55 9 5 —
FE Bk L1 A B PR % 5 (4) H547 5 1

Pr(i],z'2|dp—d>—ln[Q<p’d)}, (21)
25i21<p)

AP B IE T s (22) fros , EERAE T 4 M, 7R

Q(p) MR
I(q):% [050(q)+050(q)],  (22)
N gealy)

Ao N=|Q(p) |[RABBARE AR [N b
Z 8O X, th T A E B =, (f H DFD 55
A ST A R IR 22 o A SCRI 30 G A6 T 33 7 4G
0 3 G DX 38, SR 5 R 3 (20 1 A B o, 03 A
BARK £ e 6(d) . 6(e) ihAE ok (1 X 88, o7 LA
W #E A B IE 22 )5, 302 o) DUA F 47 R [
R AR5 T el 1 - (= O = O N TR U 97 N
MAGTHEE S o TR BR TR AT A 0O B S L T B AT R
A, BG4y 58 AR R B ORR R
BB AT AN e AT 2 (TGV)Y T4
8- 437 357 K P (Laplacian matting) " 3 F E /K 0] B AL
Gy RN TR B A R T SR . AR SCEE T SE B
F g AR S F: 51 B, R Laplacian matting X B &
HEAT RN 4 o AH EbH Al O Ak i, R S0 43 0 A R 4
T3 G X Wy R YR i S B B AT R i — BV T L E R
B9 A (8T BB AR AS 5 v 0 S8R, Jn 18] 7 B R .

(d)

5 TS TR AL THE R W SR A T 18 T R e S 7 XS B — A B B 4 (a) I AR NG (b) i £ R (o) T 5t 1 T B Al 5%
SR S DR AN (I S 11 63 < 63) 5 (d) B 1 sl 17 10 RUBEIE R (127 X< 127) , i 53 X 4 52 19 A B 52 0 ol
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Fig. 6 Confidence after correction. (a) Far-focus image; (b) near-focus image; (c) estimated depth; (d) according to original confidence,

retain 53% high-confidence data (dark data in image is excluded data); ( e) according to improved confidence, retain 53% high-

confidence data; (1) ground truth; (g) depth completion of (d); (h) depth completion of (e)
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Fig. 7 Effect comparison of depth completion methods. (a) Semantic segmentation + Laplacian matting; (b) Laplacian matting;
(c) Markov random field; (d) ground truth
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Table 1 Adjustment values of optical power of liquid crystal lens

Number P./m ! Number P./m ! Number P./m ! Number P./m™!
1 —2.00 5 —0.70 9 0. 64 13 1. 86
2 —1.65 6 —0.37 10 0.95
3 —1. 36 7 0 11 1.24
4 —1.00 8 0.31 12 1.56
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Fig. 8 Effect comparison of depth estimation without polarizer and with polarizer for slop scenes. First and second rows are slop scenes

with polarizer and without polarizer, respectively. First and second columns are images of liquid crystal lens with optical power

of —0.70 m " and 1. 86 m™', respectively. Third column is depth estimation result. Fourth column is ground truth
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Fig. 9 Effect comparison of depth estimation without polarizer and with polarizer for plane scenes. First and second rows are plane

scenes with polarizer and without polarizer, respectively. First and second columns are images of liquid crystal lens with optical
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Table 2 Optimal depth estimation parameters for slope and plane scenes (P means with polarizer and NP means without polarizer in

Type column)

Scene Type dog /M Py /m! P®/m™! RMSE /m AWT, . R., R,
Slop P 0.77 —0. 37 1.56 0.07 1.00 12.83 9.41
NP 0.77 —0. 37 1.56 0.05 1.00 12.83 9.41
Plane p 0.90 0.31 0. 64 0.02 1.00 2.78 1.03
NP 0. 90 0 0.95 0.02 1.00 6.35 4.60
3 AR AR
Table 3 Depth ranges for different objects
Object Depth /m
Doll 0. 38
Nesting doll 0.70
Plush toy 0.99
Zebra 1.27
Background 1. 96
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Fig. 10 Comparison of input images. From left to right are images formed by liquid crystal lens with optical power of —1, —0.7, and

1.86 m
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R, Fobh d Jm — AT W N 28 0 R S BR O 4D 42 2 A Y

X F A B/NOHEEZIH e 6T mILAHES
HO6H L9 B 6 B 42 Ry R 39/ T 6 MR IR

', respectively. First row are images with polarizer and second row are images without polarizer
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Fig. 11 Optimal depth estimation for different depth ranges. Depth ranges corresponding to first and second rows are doll, nesting

doll, plush toy, zebra, and background. Third and fourth rows correspond to true depth value, global optimal initial
estimation value, and depth estimation values after error elimination and depth completion. First and third rows are results

with polarizer. Second and fourth rows are results without polarizer
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B
Table 4 Effect comparison of optimal depth estimation for different depth ranges under extraordinary light and natural light. First sub-

row in each row represents extraordinary light, second sub-row in each row represents natural light, and bold indicates better effect

da/
Object N du/m dy/m dy/m (mi‘i m) P/m!' PP/m' R, R. R, RMSE AWT,,
1.56 1. 86 5.85 2.39 — 0.11 0.94
Doll 118214  0.20 0.49 0.38 4.5
0 1.86 23.82 2.39 23.82 0.24 0.62
) 0.64 0.95 2.59  0.99 — 0.03 1.00
Nesting doll 56919 0.49 0.78 0.70 7.4
0 1.56 9.96 8.02 9.96 0.08 0.96
0.31 0.64 1.69 2.12 — 0.05 1.00
Plushtoy 26077  0.78 1.06 0.99 8.9
0.31 0.64 1.69 2.12 5.26 0.05 1.00
0 0.31 2.65 0.92 — 0.08 1.00
Zebra 44870 1.06 1.35 1.27 39.8
—0. 37 0.95 6.91 8.30 2.65 0.07 1.00
—0. 37 0.31 3.74  4.10 — 0.11 0.99
Background 67370 1.93 2.21 1.96 10.4
—0.37 0.31 3.74  4.10 0.53 0.12 0.98
—0.70 1. 86 13.65 15.85  — 0.43 0.50
All 314818  0.20 2.50 0.96 608.0
—1.00 1. 86 17.11 15.85 5.59  0.32 0.69
—0.70 1.86 13.65 15.85 — 0.40 0.51
All 314818  0.20 2.50 0.96 608.0
—1.00 1.86 17.11 15.85 5.59 0.19 0.87
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Abstract

Objective

significance to three-dimensional (3D) reconstruction, semantic segmentation, navigation, etc.

Vision-based depth estimation is an important research direction of computer vision, which is of great
The monocular depth
estimation scheme has the advantages of low cost and easy installation, which cannot be realized by binocular stereo vision
and lidar, and it has received more and more attention in recent years. There is a strong correlation between the out-of-
focus image degradation and the location of the object being photographed, which can be used as a source of information for
monocular depth estimation. Traditional depth estimation algorithms based on depth from defocus (DFD) use mechanical
zoom, which results in misaligned images. In addition, mechanical zoom has certain disadvantages in terms of response
speed, accuracy, and service life. To avoid these problems, Ye et al. used the liquid crystal lens as the zoom device to
implement the DFD algorithm. Liquid crystal lens imaging requires the use of polarizers to filter ordinary light (o-light), so
as to reduce the incoming light by half. Ye et al. proposed a liquid crystal lens imaging technology without polarizers.
They collected two images: one with voltage applied to the liquid crystal lens, and the other without voltage. They used
the image without voltage to obtain the o-light component and subtracted the o-light component from the image taken under
voltage to obtain an extraordinary light (e-light) image. The non-polarizer liquid crystal lens imaging scheme requires the
collection of at least two images for a single focus setting. If this scheme is employed for DFD, at least four images need to
be collected. However, the use of image enhancement techniques such as image filtering to suppress noise can result in the
loss of valuable image information. In this work, we propose a polarizer-free scheme that is well-suited for DFD. This
scheme eliminates the need for collecting additional images and requires only the capture of two out-of-focus images by
using a polarizer-free liquid crystal lens. We demonstrate that the scheme could further improve the accuracy of depth

estimation while simplifying system components.

Method We first established a blur degradation model for liquid crystal lens imaging without polarizers. To simulate the
blur degradation under o-light and e-light, we utilized a Gaussian model. Considering that o-light and e-light accounted for
nearly 50% of natural light, we simply summed half of the blur degradation models of o-light and e-light to obtain the blur
degradation model of natural light. We improved the defocus equalization algorithm by incorporating a weighted deviation

function that accounted for depth inconsistency within the local window. In order to obtain the confidence of depth
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estimation in the spatial domain, we introduced a brightness correction factor to remove the brightness inconsistency. In

addition, we introduced semantic segmentation as a guide template and employed the Laplacian matting algorithm to carry
out the depth completion. Moreover, we conducted a theoretical analysis of the error associated with the depth estimation
algorithm using polarizer-free imaging. Our analysis showed that the effective depth of field of this algorithm was larger

than that of the scheme using a polarizer.

Results and Discussions We compared the effect of initial depth estimation (without error rejection and depth
completion) of liquid crystal imaging systems without polarizers and with polarizers on slope and plane scenes, and the
depth of the slope ranges from 0. 61 to 1. 00 m. For the slope scene, the captured images and the depth estimation results
are shown in Fig. 8. For the plane scene, the captured images and depth estimation results are shown in Fig. 9. It can be
seen that for a plane scene, the accuracy of depth estimation with and without a polarizer is similar. As for the slope scene,
it can be seen from the framed area that the effect of depth estimation without a polarizer is better than that with a polarizer.
The numerical comparison results are shown in Table 2. The comparison data of the slope and the plane scenes show that
for a certain fixed depth, the effect of depth estimation with and without a polarizer is close. For scenes with depth changes
(slope scenes), the range of defocus spot radius is relatively large. According to the analysis of the error model in this
study, it can be known that the polarizer-free system can tolerate a larger range of changes in spot size, and it can achieve
better results under large spots. At the same time, it exhibits stronger stability against noise disturbance. It can be seen
from the experimental data that in the scene of depth changes, the polarizer-free system has a better performance [its root
mean square error (RMSE) is reduced by 25%]. We also verified the proposed depth estimation scheme for liquid crystal
lenses without polarizers in complex scenes by placing different targets at different depths. The depth ranges of different
targets are shown in Table 3. We first compared the difference between the input images with and without polarizers, As
shown in Fig. 10, adding a polarizer reduces the amount of light entering the image, which requires increasing the
exposure time or adjusting the exposure gain to maintain the same brightness as the image without a polarizer. However,
this results in an increase in image noise. At the same time, the depth of field of the image taken without a polarizer is
greater, and it can ensure that the radius of the equivalent blurred spot is maintained at a smaller value and that the DFD
algorithm can achieve better results in a relatively large depth range. The image results are shown in Fig. 11, and the
numerical results are shown in Table 4. In addition, by comparing the sixth and seventh rows of Table 4 with the sixth and
seventh columns of Fig. 11, it can be seen that after adding instance segmentation, the RMSE decreases by 42% , and

AWT ., increases by 26%. Therefore, estimation accuracy has been significantly improved.

Conclusions In this study, we proposed a depth estimation scheme for liquid crystal lenses without polarizers. The
theoretical error analysis and experimental results show that the depth estimation scheme of liquid crystal lenses without a
polarizer has more advantages than that with a polarizer. Compared with the traditional polarizer-free solution, the depth
estimation scheme for the polarizer-free liquid crystal lens proposed does not simply subtract the component of o-light but
uses the blur caused by the o-light in the depth estimation to further improve the accuracy of depth estimation. Removing
the polarizer reduces the complexity of the optical system. This is of great significance for the use of liquid crystal lens
imaging (especially small aperture) in actual scenes. We improved the unbiased defocus-equalization filter (UDE)
algorithm, introduced a weighted energy function and light intensity correction factor, and used instance segmentation to

complete the image. The results show that our improvement can effectively enhance the accuracy of the algorithm.

Key words machine vision; polarizer-free; liquid crystal lens; out of focus depth estimation; unbiased filters; instance

segmentation
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