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Fig. 1 Schematic diagram of double helix phase encoding

imaging system. (a) No defocus; (b) negative defocus;

(¢) positive defocus
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Table 1 Optical parameters for different numbers of rings

Number Pupil Focusing
) ] ) . F number
of rings diameter /mm  position /m
5 11.2 3.4 1.3084 14.7
7 17.6 4.2 1.3084 11.9
9 25.5 5.1 1.3084 9.8
11 33.0 5.8 1.3084 8.6
13 43.0 6.6 1.3084 7.6
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Table 2 Evaluation of depth estimation results for different numbers of rings

Error Accuracy
Parameter
RMS REL (V... Vi) Logl0(V,.., V.)  Thresholdis 1.25 Threshold is 1.25° Threshold is 1.25°
PhaseCam3D'""  0.382 0.093 0.050 0.932 0.989 0.997
DeepOptics™ 0.433 0.087 0.052 0.930 0.990 0.999
N=5 0.392  0.083(0.075, 0.084) 0.047 (0.035, 0.047) 0.947 0.995 0.999
N=7 0.398  0.091(0.078, 0.091) 0.050 (0.037, 0.050) 0.944 0.994 0.998
N=9 0.403  0.093(0.084, 0.092) 0.051 (0.039, 0.050) 0.943 0.993 0.998
N=11 0.428  0.098 (0.084, 0.097) 0.054 (0.040, 0.053) 0.933 0.992 0.997
N=13 0.421  0.100(0.083, 0.099) 0.056 (0.041, 0.054) 0.937 0.991 0.997
@

reconstruction coded image

defocus

depth

®)

defocus reconstruction  coded image

depth

P11 A [ SR BRI E AT AL FE NYU Depth V2 IR S5 5 o () H5% 15 (b) 5t 2
Fig. 11 Test results of double helix phase masks with different ring numbers on NYU Depth V2 dataset. (a) Scene 1; (b) scene 2
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Table 3 Image reconstruction results for different numbers of

rings
Method PSNR /dB SSIM
N=5 35.254 0.960
N=7 34.508 0.956
N=9 33.239 0.943
N=11 33.560 0.949
N=13 33.346 0.947
a=60 34.497 0.954
a=380 35.565 0.955

PR IR, LN =5y = 0.7 By AH AL AR K 1] 3
AR, 03 45 S 55 5 0h TR B S 1R % Ak RS B B %o e
e A FFR . £ 4Ry 5 A TE BN R a 4 Bk
6.66% .15.07% .24.48% .27.58% F1 34.88% , i LA &
W B 2Rk R 4R T X A N A R 2 R T 4
VT, AR R S 2 A RS B Bt > B T . AR I e
RMS & REEMCH M IE IR, TEPRE L. 26 T

0.71~9.99 m.0.71~2.20 m M1 10.71~19.99 m = 4>
Fil I DH-PSF 4 i€ 5% #f FE RN IR BE 22 18] 1) ¢ R i £, an
& 12 e, Al DL Hh B R Y 98 % fiff DH-PSF Jig %
£ BE FE X I B AR TR P A 2 P B AR B A R T . X
M, ML 13 Rl DL R R T ROk G kb
PSF 26 A RS BN KAG TR 2215 8] 17 B 581 ek
e, K UE B 48 /N TR B S 1B o 3 K 4 B T R RO A
1P S4KG B

FA TR B R B A T RE A 5

Table 4 Influence of different ranges on depth estimation performance

Error Accuracy

a/% Range /m Threshold is  Threshold is  Threshold is

RMS REL (near, far) Logl0 (near, far) 1 25 1 252 1 25°
6.66 0.71-9.99 0.392 0.083 (0.075, 0.084) 0.047 (0.035, 0.047) 0.947 0.995 0.999
15.07 0.71-4.00 0.138 0.049 (0.049, 0.052) 0.031(0.027, 0.032) 0.986 0.998 0.999
24.48 0.71-2.20 0.045 0.028 (0.027, 0.031) 0.018 (0.016, 0.018) 0.997 0.999 1.000
27.58 5.71-14.99 0.298 0.025 (0.024, 0.028) 0.016 (0.015, 0.016) 0.997 0.999 1.000
34.88 10.71-19.99 0.330 0.018 (0.017, 0.018) 0.011 (0.010, 0.010) 0.998 1.000 1.000

4.1.5 B FRPES M

AR ST ¥ T T AR PG R A R AT R
JE LR BIS I RGE T A S 5. aniEl 10
AL, X F 55 SCBE Y) 37 5, 6 BRI 28 N 2% b 3%
PR LG RE ), AR, SR, Al 14 Frow
T W S PR 3R 3 A SO o8 4 B R S R EUR SO R TR
TAE

4.2 EXHE=THITHEIE
421 R4

R B 7 L 2 2 X6 S R P B R AR o AR S L
A BE SOA ST AR LS s R B AT AT A 6 TR L
SRR Tl Ak D A v e i L AL 1.1, 1.32] m
RN AT RS Bk R K 50 mm F1.8
AF & 553k, Il ol X £ F 0.45 m &b 85k 4549 0 5
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Fig. 12 Relationship between rotational angle of DH-PSF and depth in different ranges. (a) 0.71-9.99 m; (b) 0.71-2.20 m; (c) 10.71~
19.99 m
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Fig. 13 Influence of different ranges on depth estimation performance. (a) 0.71-9.99 m; (b) 0.71-2.20 m; (c) 10.71-19.99 m
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Fig. 14 Influence of overexposure on depth estimation performance. (a) Clean image; (b) depth ground truth; (c) predicted depth map
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Fig. 15 Phase mask and imaging system diagram. (a) Yongnuo YN50 mm F1.8 standard prime lens; (b) processed ring-type double

helix phase mask; (c¢) double helix encoded imaging system
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Fig. 16 Comparison of simulated DH-PSF and actually acquired DH-PSF. (a) DH-PSF simulated at different depths; (b) actually
captured DH-PSF at different depths
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Fig. 17 Performance of the double helix encoded imaging system in real scenes. (a) Scene 1; (b) scene 2; (¢) scene 3
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Fig. 18 Difference between estimated values measured by the

system and true values at different depths
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Table 5 Influence of noise on depth estimation and image reconstruction results
Depth estimation Reconstruction

Noise Threshold is Threshold 1s Threshold 1s

RMS REL Logl0 ) s PSNR /dB SSIM
1.25 1.25 1.25

=0 0.392 0.083 0.047 0.947 0.995 0.999 35.254 0.960
o=0.005 0.433 0.092 0.053 0.927 0.992 0.999 32.632 0.860
c=0.01 0.498 0.132 0.071 0.854 0.980 0.995 29.597 0.758
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Fig. 19 Visual results of depth estimation and image reconstruction under different noise levels
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Fig. 20 System depth resolution test images. (a) Encoded
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(c) column average value within the dashed box in

Fig. 20(b)
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Abstract

Objective As information technology develops rapidly, cameras are used not only as photography tools to meet users’
artistic creation needs but also as hardware devices for visual sensing, serving as the “eyes” of machines. They are now
widely applied in 2D computer vision tasks such as image classification, semantic segmentation, and object recognition.
However, traditional cameras have two inherent limitations. Firstly, to meet the resolution requirements, the depth of
field range needs to be sacrificed. Beyond the depth of field range, image blurring caused by defocus can affect the normal
operation of subsequent algorithms. Secondly, as traditional cameras map the 3D world onto a 2D plane, they lose the
depth information of the scene, making it difficult to apply to rapidly developing 3D computer vision tasks. Existing
methods for depth acquisition, such as structured light, time-of-flight, and multi-view geometry, are inferior to single-lens
cameras in terms of power consumption, cost, and size. Therefore, we propose a single-camera 3D imaging method based
on a double helix phase mask, which can achieve depth estimation and depth-of-field extension imaging simultaneously

with simple hardware modifications.

Methods We propose an imaging method based on a double helix phase mask that can simultaneously acquire scene
depth information and achieve depth-of-field extension. By inserting a designed double helix phase mask at the aperture
stop of the camera, the imaging beam is modulated into a double helix shape. On the one hand, the depth information is
encoded in the image using the sensitive rotation characteristics of the double helix point spread function with defocus. On
the other hand, utilizing the longer depth of focus characteristic of the double helix beam, the object points are encoded
in the form of a double helix point spread function in a larger depth of field range. The depth information of object points
is encoded in the image in the form of local ghosting. We combine convolutional neural networks to decode and
reconstruct the encoded image end-to-end, thereby obtaining depth maps and depth of field extended images of the scene
and jointly optimizing individual phase mask parameters. We analyze the influence of phase mask parameters and object
distance on imaging performance and discuss the method of selecting phase mask parameters reasonably within a given

depth range.

Results and Discussions To validate our method, we train it on the FlyingThings3D dataset, and the trained model is
tested on the NYU Depth V2 dataset. The relative error of depth estimation on the NYU Depth V2 dataset can reach as
low as 0.083 (Table 2). The depth of field extended images can achieve the highest PSNR of 35.254 dB and SSIM of 0.960
(Table 3). Compared to traditional optical systems, the depth of field can be extended by several tens of times. Using a
phase mask with more rings can result in a higher depth of field extension imaging, but it may cause a slight decrease in
depth estimation accuracy and quality of the depth of field extended images due to increased side lobes of the double-helix
point spread function. Nevertheless, the overall performance remains within an acceptable range. The depth estimation
accuracy of our method is related to the depth range to be measured. Reducing the detection range or increasing the object
distance can improve the average depth estimation accuracy (Fig. 13). For potential application scenes such as gate face
recognition, a physical system is built within the test range of 1.1-1.32 m. The relative depth estimation error in real
scenes is 2.2% , and the depth of field is extended by about 10 times (Fig. 17), proving the effectiveness and practicality of

the proposed method in real scenes.

Conclusions We introduce a three-dimensional imaging method based on a double helix phase, which only requires the
addition of a phase mask to the existing lens to simultaneously estimate the depth of the scene from captured single
frame images and achieve depth of field extension imaging. This method does not rely on built-in light sources and
additional lenses, allowing for further reduction in size and power consumption. Compared to depth estimation
algorithms solely based on deep learning, our method has excellent generalization because it identifies optically

introduced features to estimate depth without relying on high-level semantic information about the scene. Overall, the
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method shows potential applications in low-cost 3D imaging and detection fields. However, there are limitations to the

proposed method. It relies on texture and can effectively work in scenes with weak texture, but it may fail in cases
where texture is severely missing due to overexposure and other factors (Fig. 14). In addition, being affected by noise in
real scenes can lead to errors in some depth values, decreased accuracy of system average depth estimation, and slight
artifacts in reconstructed images. Subsequent research could consider incorporating noise suppression into the algorithm

to solve this problem.

Key words 1maging systems; computational imaging; monocular depth estimation; depth of field extension; double helix

phase mask; point spread function
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