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Abstract: Aiming to remedy the degradation of underwater images owing to turbidity of mud and sand in
the natural river water, and the change of light caused by underwater refraction, an underwater vision mea-
surement method based on radial multi-line structured light is proposed in this study. First, an underwater
visual measurement model based on refraction is constructed. When the projector axis is perpendicular to
the refracted plane and the light-plane passes through the projected axis, landed light plane is coplanar with
underwater ones, which can avoid the underwater calibration processes. The Monte Carlo simulation meth-
od is used to analyze the influence of the imaging point errors on the underwater 3D vision measurement
model. Next, an interlaced central rotation radial multi-line light mode is designed. Black and white stripes

are used as the projection modes to reduce the dependence on the image quality. Measurement stripes are
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increased, and measurement resolution is improved through central rotations. Finally, 3D topography mea-
surement experiments on the surface of underwater objects are made, in which the influence of turbid wa-
ter on the edge extraction accuracy, coded light decoding, and 3D vision measurement are analyzed. In the
experiment, sediments with different weights are added in a water volume of 1 m>X1.2 m<0.8 m, which
simulates the natural water environment. The experiment shows that at a measurement distance of 1500
mm, the surface of a bottle is measured in clean water, with a plane residual error of 0.95 mm; the plane
residual errors are respectively 1.93 mm, 5.43 mm, 21.43 mm in muddy water with 40 g, 60 g, 90 g of
sediment. When the amount of sediment exceeds a certain value (such as 60 g sediment in this experi-
ment), the accuracy of fringe extraction deteriorates sharply. The residual error of measurement plane fit-
ting in muddy water with 40 g and 90 g of sediment increases from 1.93 mm to 21.43 mm.

Key words: 3D vision measurement; underwater vision measurement of river; structured light system;

radial multi-stripe model
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Tab.1 Camera calibration parameters

Parameters Calibration results

Focal length f 40. 347 1 mm

Distortion coefficient £ —1.47714x10°*

0.8195 0.0066  0.5730
e (X, Y,) o TEAZAEFR AT 30 o 3R M R 1E 55T Rotation matrix R~ |0.0254 —0.9994 —0.0248
TEAL A 128 RG4S0 A0 3004 2% 10 52 2, 75 5 R
~ - . Translati tor T —156.3 135.21 1208.
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Hrr k2 BEXTESY
g =(X X ) (X — Xu) Tab.2 Parameters of light-plane
g, =(X X ) X0 —X.5) Number Parameters of light plane
(Yo — Y ) (Yo Yoy (11) s1 [—0.21 0.14 0.02 —2230.23]
o —(Y )(YLI Y. $2 [0.21 —0.44 0.60 —947.08]
$3 [0.34 0.08 0.86 —1390.66]
sd [0.18 0.45 0.39 —1266.22]
! > Proector $5 [0.02 0.03 0.09 —1283.23]
éamera . $6 [0.16 —0.47 0.48 —1325.53]
) image plane i 7 [0.34 —0.03 0.87 —1407.2]
™ $8 [0.23 0.44 0.53 —1258.42]
: $9 [0.03 0.19 0.04 —1313.53]
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(a) Projector and camera

(b) bRE BT A

(b) Calibration template and translation stage
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(c) Water tank and object fixed under water
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Fig.8 Components of underwater structured light system
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Fig.9 Underwater image acquisition sequence (a)~(e) Measurement images of projection period with five fields
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Fig. 10 Underwater measurement process of bottle
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(al)

Av grad=2.15 Av grad=2.18

Residual error of line fitting(pixel):
0.41 0.77

(a2)

424 17.3

PIL ASTR] KA o i PSR A SUER IS R 53 BT (a0) ~ (a3) AN TR K 44 H SR 5 19 TETR 5 (00) ~ (b3) AN [R] 7K A o 18145 —AH Ak
S5 5 (c0)~(e3) AN RIK A v UG ) S5 BCER IEE R 5 (dO) ~ (d3) AN R K A4 Hh 25 S04 Al 15 45

Fig. 11 Analysis of image and stripe extraction results in different turbid water (a0) ~ (a3) Images of different turbid water;

(b0)~(b3) Binary images of different turbid water; (c0)~(c3) Stripe extraction in different turbid water; (d0)~(d3) Detail

of stripe extraction
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Tab. 3 Stripe decoding results of four different water with silt

Standard Clear water

Muddy water 1 Muddy water 2 Muddy water 3
(40 g) (60 g) (90 g)

Field Stripe polaran-  Decoding rules

Fitting Decoding Fitting Decoding Fitting Decoding Fitting Decod-

gled angled  result angle ¢ result angled result  angle @ ing result
sl 0°  0e(—22.5°,22.5°] 0.85° sl —5.15° sl —4.14° sl —24.59°  Error
Field s6 45° 0e(22.5°,67.5°] 53.61° s6 55.46° s6 53.83° s6 50.78° s6
1 sl 90° 0e(67.5°,112.5°] 98.11° s11 95° s11 97.13° sl 87.05° s11
s16 135°  9e(112.5°,157.5°] 136.78°  sl6 138.44° 516 137.86°  s16 121.87°  s16
s2 9° 9c(—13.5°,31.5°] 11.28° S2 12.03° s2 11.03° s2 —22.35° Error

Field s7 54° 0e(31.5°,76.5°]  63.52° s7
2 s12 99° 0e(76.5°,121.5°] 105.68° 12
s17 144°  9e(121.5°,166.5°] 144.68°  s17

s3 18° 0e(—4.5°,40.5°] 21.72° s3

Field s8 63° 0€(40.5°,85.5°]  73.16° s8
3 s13 108°  0e(85.5°,130.5°] 113.13° 13
s18 153°  9€(130.5°,175.5°] 153.28° 518

s4 27° 0e(4.5°,49.5°]  32.76° s4

Field s9 72° 0€(49.5°,94.5°]  81.83° s9
4 sl4 1170 0€(94.5°,139.5°] 121.01°  sl4
s19 162°  0€(139.5°,84.5°] 161.74° 19

s5 36° 0e(13.5°,58.5°]  43.49° s5

Field s10 81° 0e(58.5°,103.5°]  90. 31° s10
5 s15 126°  6€(103.5°,148.5°] 128.64° 15
520 171°  6€(148.5°,193.5°] 171.4° s20

67.75° s7 66.08° s7 72.42° s7
100. 54° s12 102.84°  s12 113.69° s12
148.4° s17 146.42° s17 150. 4° s17
13.34° s3 20. 35° s3 30. 83° s3
78.69° s8 73.62° s8 80. 96° s8
104. 37° s13 112.37° s13 125.81° s13
162.42° s18 154.65° s18 162. 2° s18
30. 37° s4 31.91° s4 45.5° s4
86.69° s9 85.18° s9 90. 54° s9
116. 34° sl4 117. 21° s14 119.59° sl4
163.98° s19 161.9° s19 170. 69° s19
40. 85° $5 42.51° s5 50. 81° s5
94.43° s10 92.93° s10 97.58° s10
125.07° s15 126.09° s15 140.78° s15
173.11° 520 172.05° s20 195.47°  Error
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Fig. 12 3D results of planar object under different turbid water(a0)~(a3) Measurement surfaces under clear water and three dif-

ferent turbid water; (b0)~(b3) Results of plane fitting residuals under clear water and three different turbid water
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Tab.4 Influence of turbid water on 3D vision measure-

ment
Relative
Error of Error of 3D
] measure-
Water type  stripe extrac- measurement
on(pixel) ( ) ment error
tion( pixe mm
. (%)
Clear water 0.41 0.95 0.06
Muddy waterl 0.77 1.93 0.13
Muddy water2 4.24 5.43 0.36
Muddy water3 27.09 21.43 1.43
6 % &

TR AR AN B EOR B AR Tl
3 g AR R R TR A R A5 AR I S5 O T A
BT AR AR B R AR
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