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Table 2 The RMSE and consumption time of the reconstruction results of the four methods vary with various
SPPP at SBR=0.04

Methods SPPP=0.1 SPPP=0.5 SPPP=1 SPPP=2 SPPP=5

Shin 5.722 5.693 5.693 5.690 5.694

Unmixing 0.372 0.463 0.338 0.081 0.029
RMSE/m o

PP-Unmixing 0.161 0.094 0.083 0.041 0.031

Proposed 0.067 0.090 0.084 0.033 0.028

Shin 20.8 20.3 37.6 37.6 40.7

i Unmixing 94.5 148.7 215.2 313.9 632.3
Time/s o

PP-Unmixing 71.0 87.6 85.7 106.8 136.6

Proposed 44.0 27.3 23.6 23.8 23.1
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BPF: band pass filter; OBJ: objective lens (Nikkor AF-S 24~85 mm)
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Fig. 8 Experimental system and target scene
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Fig. 9 When SBR=0.09, the reconstruction results of the three methods for street view data with SPPP of 0.47, 0.94, 1.88,
and 2.81
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Table 3 The RMSE and consumption time of the reconstruction results of the three methods vary with various
SPPP at SBR=0.09

Methods SPPP=0.47 SPPP=0.94 SPPP=1.88 SPPP=2.81
Shin 0.974 0.362 0.159 0.153
RMSE/m Unmixing 0.168 0.086 0.058 0.046
Proposed 0.032 0.027 0.023 0.022
Shin 10.3 10.0 8.5 8.8
Time/s Unmixing 107.3 81.0 129.7 133.5
Proposed 37.2 25.3 20.3 17.8
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(b) Reconstruction results of three methods for different SPPP experimental data
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Fig. 10 Target scene, depth reference ground truth and reconstruction results of time-of-flight data with SPPP of 0.7, 2.3, 4.4,
10.7, 21.6 and 108.0 by three methods
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Table 4 The RMSE and consumption time of the reconstruction results of the three methods vary with various SPPP
Methods SPPP=0.7 SPPP=2.3 SPPP=4.4 SPPP=10.7 SPPP=21.6 SPPP=108.0
Shin 0.372 0.120 0.034 0.031 0.031 0.031
RMSE/m Unmixing 0.059 0.041 0.019 0.017 0.015 0.014
Proposed 0.050 0.030 0.022 0.018 0.016 0.012
Shin 1.6 1.6 1.5 1.5 1.6 1.9
Time/s Unmixing 6.3 6.0 5.8 5.1 5.0 5.4
Proposed 8.0 3.9 3.5 3.2 3.0 3.0
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High Photon Efficiency Image Reconstruction Algorithm Based on
Depth Range Selection for Single Photon Counting LiDAR

MENG Fanxing'?, ZHANG Tongyi'?, KANG Yan', XUE Ruikai"’, WANG Xiaofang'”,
LI Weiwei"?, LI Lifei’
(1 State key Laboratory of Transient Optics and Photonics, Xi'an Institute of Optics and Precision Mechanics of CAS,
Xi'an 710119, China)
(2 University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: Photon counting imaging technology is a new type of active imaging technology, which obtains
depth information of the target by accumulating histograms of echo photons. It can be combined with Time-
correlated Single—photon Counting (TCSPC) to achieve high temporal resolution. Compared with passive
imaging systems, it has stronger robustness and is widely used in fields such as biomedicine, target
recognition and remote sensing imaging. But it takes a long time to accumulate thousands of echo photons.
In some environments with low Signal-to—background Ratio (SBR) and very few echo photons, such as
military reconnaissance and other fields, long—term data collection can not be satisfied, and the ability to
reconstruct 3D scenes is affected by noise photons and vacant pixels. This paper proposes a high photon
efficiency image reconstruction algorithm based on depth range selection. The algorithm achieves strong
resistance to noise and fully improves photon utilization efficiency through two steps: selection of target
depth range, adaptive supplementation and TV regularization. Specifically, the selection of the target depth
range allows us to gain depth range at the initial stage of the reconstruction process, paving the way for
subsequent processing. This process is divided into five steps: merging all data into histogram, peak
searching for the histogram, potential signal range determination, signal range review and select signal
range. These five processes can ensure that the depth range we obtain is more accurate than setting
threshold gating to the histogram. The photon screening process can remove all the noise outside the depth
range, thereby reducing the error we introduce when we fill in the vacant pixels. Compared with relying on
fixed neighborhood data to supplement vacancies, supplementation using adaptive neighborhood data has a
higher photon utilization efficiency and will be more suitable for environments with very few echo photons.
Finally, TV regularization is used to smooth the residual noise in the depth range. The simulation and
experimental process have verified that even in the case of low SBR and very few echo photons, our
algorithm can still effectively reconstruct the 3D image of the scene. We reconstructed the simulation data
of different degrees of echo photons when SBR=0.04 and compared it with the high photon efficiency
algorithm and the Unmixing method. We also input the data preprocessed by the proposed method into the
Unmixing method for processing (Preprocess—unmixing, PP-Unmixing) to verify the contribution of
accurately selecting the target depth range. The preprocessing here only includes the selection of target
depth range. The results show that our method can distinguish scene edges in any case, and the
reconstruction effect and RMSE are better than the other three methods. Our proposed method is also a fast
reconstruction method. In addition, a comparison between the PP-Unmixing method and the Unmixing
method proves the necessity of accurately selecting the target depth range. In addition to the simulated
data, two experimental scenarios further verify the feasibility of the proposed algorithm. In experimental
scenario 1, SHIN D's method can not accurately estimate the depth range, resulting in a large deviation in
the reconstructed depth map. And as the number of echo photons decreases, the image becomes
increasingly blurred and the scene cannot be resolved, even though it has a fast reconstruction speed. The
Unmixing method is better than SHIN D's method in terms of reconstruction effect, but it still can not
completely reconstruct the scene in the case of fewer echo photons, the filtering for noise is not thorough
enough, and its running speed is still the slowest. The method proposed in this paper can clearly distinguish
the scene in any case. Even in the extreme environment with SPPP=0.47, the time-consuming and
RMSE of results are only 0.032 m and 37.2 s. In experimental scenario 2, our method can retain more
detailed information than the other two methods, especially in the extreme case when the SPPP=0.7, and
the other two methods can hardly detect the house information. Further, in terms of RMSE and time
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consumption, SHIN D's method is the fastest, but its RMSE is the largest, and the RMSE of the
Unmixing method is comparable to our method, but the reconstruction speed is still the slowest.
Therefore, our method has more advantages in comprehensive ability and is more suitable for an
environment with few echo photons and low SBR. In summary, our method has a significant reconstruction
effect on both simulation data and experimental data, which proves that this method is more suitable for the
situation of extremely low SBR and a very small number of echo photons. In terms of computing speed, it is
also a fast reconstruction method. In addition, the proposed method has better applicability to the situation
where there are multiple depth targets in the scene, and further research and verification will be carried out
in the future.

Key words: Depth range selection; High photon efficiency; Three—dimensional reconstruction; Low
signal-to—background ratio; Few photons
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