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Fig. 2 Integral sampling circuit
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Fig. 4 Timing and output simulation of sampling circuit
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Fig. 5 Correlation double sampling detection prototype module
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Table 1 Sampling results of laser spot in high reflection area

Ambient photocurrent /pA
20 100 200 600 1000 1400 1800

Measure

Measure 1 /V  0.23 0.24 0.23 0.23 0.23 0.23 0.21
Measure 2 /V 0.23  0.24 0.23 0.23 0.23 0.24 0.21
Measure 3/V 0.25 0.24 0.23 0.23 0.23 0.24 0.21

K2 WOULRELE RS S DORFESS

Table 2 Sampling results of laser spot in low reflection area

Ambient photocurrent /pA
20 100 200 500 1000 1400 1800

Measure

Measure 1 /V  0.02 0.0l 0.01 0.01 0.00 0.01 0.01
Measure 2 /V  0.01 0.00 0.00 0.01 0.00 0.01 0.00
Measure 3/V 0.0l 0.00 0.01 0.00 0.01 0.00 0.01
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Fig. 8 Scanning results of avalanche photodiodes under different ambient light intensities. (a) Ambient light generated current is

100 pA; (b) ambient light generated current is 600 pA ; (c) ambient light generated current is 1000 p.A
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Fig. 9 Correlation double sampling detection module
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Fig. 10 Scanning process. (a) Scanning diagram; (b) scan
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Fig. 12 Discontinuous scanning path based on bisection principle
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Fig. 15 Laser scanning projection system
PEAT A, WAL 16 B s, A O A A AR R 0 AR

He PR 2 SRR AR S5 5% 100 X 100 By H L
PE 32 W5 B 2 5 0 I 7 G mT kA R P ocs R

16 MIFAR R 41 i B A2
Fig. 16 Grid scanning path

fifi i} Matlab %432 17 Canny & 1 A & =5 5>
RECAAE H bR iy R0 5, an & 17 Fros |, 1538 2o 5 /)
TR EBLE B, AN E] 18 Fr s, Hr kT S B AR ey
PR AR ZR O e 40 A5 380 0T 7 %) WUl 41 5 79 O 5% #7140
L3R

17 fdi FH Canny 3 1 UEA7 31 B4R HL

Fig. 17 Boundary extraction using Canny operator
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Fig. 18 Gray-scale maps of raster scanning results
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Table 3 Measurement results of raster scanning method

X-coordinate of the pixel point at

Cooperative target
P & the center of the target

Y-coordinate of the pixel point at

Angle of the galvanometer

the center of the target (H,, V) /()

N, 43.712
N, 58.935
50.960

51.761 (20.0284, 20.5458)
55.722 (20.0627, 26.3487)
57.254 (28.2339, 26.2807)

il P A SCT5 4 %0 5 A B AR Ny~ N 3135 33 4
AL HE AR rh O BT RSB IR B e L A 4 s o F
b 75 3 B A 4 e e B R — (R R A R i A 19 B,
Horpres" g MR TE SRR A rhol T AR SO EE A
S ECENOPUES SEE LRy g
4 ARSOTNE YN 45 R
Table 4 Single measurement results of proposed method

unit: (%)
Vertical edge Horizontal edge Target center
Taget points points (H,,V,)

(20.0064, 20.5135) (19.9872, 20.5472)

N, (20.0263, 20.5472)
(20.0064, 20.5808) (20.0655, 20.5472)
(20.0311, 26.3249) (20.0236, 26.3493)

N, (20.0641, 26.3493)
(20.0311, 26.3737) (20.1053, 26.3493)

(28.2446, 26.2416) (28.1924, 26.2811)
N, (28.2331, 26.2806)
(28.2446, 26.3206) (28.2737, 26.2811)
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Fig. 19 Results of the two methods for the centering of these targets
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Table 5 Five measurement results of proposed method unit: (°)
Measurement result Al Al N
H, Vi Vi H, Vi
Measure 1 20.0263 20.5472 20.0641 26.3493(reject) 28.2333 26.2803
Measure 2 20.0270 20.5462 20.0631 26.3480 28.2329 26.2800
Measure 3 20.0277 20.5453 20.0626 26.3479 28.2336 26.2798
Measure 4 20.0279 20.5447 20.0624 26.3483 28.2331 26.2806
Measure 5 20.0274 20.5440 20.0633 26.3482 28.2331 26.2805
Average 20.0273 20.5455 20.0631 26.3481 28.2332 26.2802

& 20
Fig. 20 Measurement points obtained by proposod method

K6 ARSI I A 22

Table 6 Measurement deviations of proposed method

Deviation N, N, N;
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Abstract

Objective A laser scanning projector can deflect a laser beam quickly and accurately, and the path of the laser spot can be shaped
into a pattern, thereby facilitating processing and assembly. To ensure the precise calibration of the projection system, several
cooperative targets should be scanned to solve the coordinate transformation equations between the world and projector frames.
Typically, two calibration methods are employed: One involves manipulation of the laser to scan the cooperative target area, identify
points on the edge of the target, and determine the center of the circle through least-squares fitting. This approach requires numerous
scanning points, leading to an ineffective calibration process. The alternative approach utilizes binocular cameras for simultaneous
multipoint positioning, which results in a reduced calibration time. However, identifying cooperative targets requires significant
arithmetic resources. In addition, limited by the performance of the camera, this method is restricted to the calibration distance, and
its ability to adapt to ambient light is poor. The correlated double-sampling (CDS) technique can be adopted to enhance the anti-
interference ability of the system. Furthermore, a discontinuous scanning method based on the bisection principle is proposed. This
technique can precisely identify the boundaries of cooperative targets as well as considerably reduce the number of scanning points,

thereby guaranteeing the precision of cooperative target localization.

Methods CDS was investigated to realize band-pass filtering and enhance the adaptability of the detection system to ambient light.
Subsequently, an integral sampling circuit was designed to reduce the effects of high-frequency noise. The silicon photodiode operates
in a zero-bias state and can produce an output signal proportional to the incident light intensity. According to the abovementioned
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features, a change in the signal light can be detected under different lighting conditions. TINA-TI was used for circuit simulation
(Fig. 3), and a circuit prototype (Fig. 5) was constructed to verify the performance of the detection module. The control program is
written to a 32 bit microcontroller to realize integrated functions, such as the output of control signals, signal acquisition, and
information transmission. The designed printed circuit board was placed in the light-exit window of a laser scanning projector (Fig. 9).
When the scanning point is within the high-reflection area of the target, the CDS module can stably detect the reflected signal.
According to this feature, a scanning method based on the bisection principle was proposed (Fig. 13). This can improve the
positioning speed and accuracy of the scanning projection systems for target detection. The theoretical error of this scanning method
was analyzed, and a comparison experiment between the grid-scanning method and the proposed method was conducted. The grid-
scanning method can be used to obtain detailed point-cloud data for cooperative targets. The Canny operator and triangulation
algorithm were implemented in MATLAB to extract the edges of the targets. These measurement results were adopted as
benchmarks, and the same cooperative targets were measured using the proposed method under the same conditions. Finally, the

number of scanned points and positioning deviations of the two methods were compared.

Results and Discussions The sampling circuit designed for this study is capable of withstanding the power ripple influence of
60 mV,, (Fig. 4). Furthermore, although the signal-to-interference ratio (Ry,) of —29.5 dB was calculated (Tables 1, 2), the CDS
detection module can stably output the signal. In this study, the scanning positioning error resulting from the perspective projection
relation was determined as less than 1/10 of the galvanometer resolution. This suggests that the theoretical accuracy of laser scanning
positioning is sufficiently high. Compared with the 10000 scanning points of the grid scanning method (Fig. 18), the number of
scanning points in the proposed approach is decreased by 97.4%. Moreover, the positioning deviation of the cooperative target is less
than 0.06 mm (Tables 5,6). The new scanning method minimizes the irrelevant scanning regions and eliminates the image calculation

process, thereby reducing the need for computational resources.

Conclusions In this study, a novel method for detecting cooperative targets using CDS is proposed, which can achieve reliable
detection even in the presence of ambient light interference (Ry=—29.5 dB). In addition, a discontinuous scanning method based on
the bisection principle is introduced and verified. The results show that with the reduction of 97.4% in the number of scanning points,
the deviation of the proposed method is better than 0.06 mm and simplifies the arithmetic process. Applying this technique to the
developed laser scan projection system can improve the anti-interference performance during calibration. In addition, the proposed

method can reduce time consumption and ensure position accuracy.

Key words laser scanning projection; correlated double sampling; bisection principle; cooperative target
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