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Fusion System of Time-of-Flight Sensor and Stereo
Cameras Considering Single Photon Avalanche Diode
and Convolutional Neural Network
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Dong Yeop Kim', Jae Min Lee!, Sewoong Jun®

Abstract: 3D depth perception has played an important role in robotics, and many sensory methods
have also proposed for it. As a photodetector for 3D sensing, single photon avalanche diode (SPAD) is
suggested due to sensitivity and accuracy. We have researched for applying a SPAD chip in our fusion
system of time-of-fight (ToF) sensor and stereo camera. Our goal is to upsample of SPAD resolution
using RGB stereo camera. Currently, we have 64 x 32 resolution SPAD ToF Sensor, even though there
are higher resolution depth sensors such as Kinect V2 and Cube-Eye. This may be a weak point of our
system, however we exploit this gap using a transition of idea. A convolution neural network (CNN) is
designed to upsample our low resolution depth map using the data of the higher resolution depth as
label data. Then, the upsampled depth data using CNN and stereo camera depth data are fused using
semi-global matching (SGM) algorithm. We proposed simplified fusion method created for the
embedded system.

Keuwords: Sensor Fusion, Time-of-Flight, Stereo camera, Single Photon Avalanche Diodes,
Convolution Neural Network
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S -85} 176 x 144 FdE2] ToFAIA(MESA SR4000)E
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(a) KETI-WAV-1A (b) KETI-WAV-2A (c) KETI-WAV-3A

(d) (¢) KETI-WAV-4A

[Fig. 1] Fusion module of ToF sensor and stereo camera
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[Fig. 2] (a) Calibration jig (b) Calibration GUI (c) Reference

camera image (d) ToF depth image (e) Calibration jig suggested
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[Fig. 3] Convolution Neural Network for upsampling of Single
Photon Avalanche Diodes data
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[Fig. 4] Flow chart for fusion of ToF sensor and stereo camera
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o] *7depth & sF}9] #ho.= §x]7] 918t ofef) 23} 22
e 2 72| 7l(weight sum)S- 2+ I ADE 2 e sl

Zoutput (153) = a2, (i55) + Bz 1, p(4,5) (1)

Zoutpu (1) = 19, jEE] depth HSAT oIt 2, (i,j) =
SGM9] A}z 715 7|2} 23 A|(reference camera coordiante)
2 5 Q)= depth aholTh. 24, ,:(i,5) = PR 2 7] 71
2 F A 2 =] )= ToF depth BloJE] o]t o 9} = 742+
deptholl S Fal= 715X (weight) & the-3} -8 darg]so
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[Algorithm 1]2] 2191 1-2 3 2 49| depth7} ToF 7} fr &
SHH IS 23N, range max) 3191 7] WOl 2~ H| 2 2 7|

2} depths &-8-8h= 7495 oJnlsh, W= 2l 4= U+

[Algorithm 1] Weight calculation for fusion of ToF sensor
and stereo camera

Algorithm 1 Weight Calculation

Lif 2 5, 0 (i,5) > 2"y then

2: a =1 //use only stereo camera depth
3: 8=0

4eelseif z5,p(i,5) < zl}lw;r} then

S a=0

6: B=1 //use only ToF depth

7:else if 24, (i,7) is not available then

8: a =1 //use only stereo camera depth
9: 5=0

10: else

11: a=0.15

12: £5=0.85

10: end if
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CNN 855 28l =013 Bl E dlo] & A(test set) ©] 7] A] &
Shpol T [Fig. 5121 (a)t= CNNEHFol| A 2 o] Elabel) 2 A&
3= 128 x 64 ©|u|A| o]t} [Fig. 512 (b): SPADS} HL 3t
=91 64 x 32 o]w] =] 0] 11, ©] & bicubic interpolation$t ©|

1) %] 7} [Fig. 519] (c)olth.

r o snaa:

|
(a) (b) (©)

[Fig. 5] (a) label image (128 < 64). (b) 64 < 32 image.
(c) CNN input image upsampled with bicubic interpolation
(128 X 64)

[

[Table 1] Evaluation result of PSNR (dB)

L. Epoch Epoch Epoch Epoch

Bicubic fso 1},)000 2?000 31,3000

Min. | 68.0073 | 64.8614 | 64.8877 | 64.8790 | 64.8601
Med. | 70.1132 | 663620 | 664878 | 66.5230 | 66.4929
Avg, | 704750 | 66.9537 | 67.0514 | 67.0728 | 67.0446
Max. | 75.0917 | 713673 | 71.6846 | 71.8192 | 71.7972
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Anaconda 5.2 for Windows, Python 3.6, CUDA 9.0,
TensorFlow 1.10, NVIDIA GTX1080 (dual SLI) 3+l 274
ol A ZFeE CNN& 73813tk S<5(Training)= 918 92t
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2,800°42] 85 H|o]E] A(training set) 2= 150 epoch, 1,000
epoch, 2,000 epoch 3,000 epoch& =8+ A3}7} [Table 1]°]
o A Hl S 915te] (717 S5 PSNRS Sk

Label image

Bicubic
mterpolation

CNN output
(Epoch 150)

CNN output
(Epoch 1,000)

CNN output
(Epoch 2,000)

CNN output
(Epoch 3,000)

Label image

Bicubic
interpolation

CNN output
(Epoch 150)

[Fig. 7] A comparison of plausibility with neighbor depth pixel.
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(a2)

(b2)

[Fig. 9] Input images for SSIM comparison.
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