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 Abstract – Obtaining the depth information of a large area is 
indispensable for some specific applications. In the 
circumstances, a vision measurement algorithm based on 
divergent facula structured light is proposed. It is implemented 
on an embedded image processing board which contains an 
FPGA and a DSP. A laser beam with a certain divergence angle 
is projected onto the plane to be measured, and a camera 
captures the facula image. Then the major and minor axes of the 
facula ellipse in the image are calculated by ellipse fitting so as to 
obtain the depth information of the plane. Measurement results 
of different ranges validate the effectiveness of the proposed 
method. 
 
 Index Terms – Distance measurement, Divergent facula, 
Structured light, Ellipse fitting. 
 

I.  INTRODUCTION 

 Vision measurement is used in many applications. 
Although the distance of an object can be measured accurately 
by using structured light vision measurement methods, the 
light sources used in present systems are mostly composed of 
dot laser [1, 2, 3] or line laser [4, 5], which can only get the 
depth information on a point or a line at a time. When the 
object is far away, the image of the light in the whole image is 
too small to be extracted from the background, so there is no 
effective measurement result. Besides, there is another kind of 
method using coded structured light [6-11], which is used to 
deal with the static object, so it cannot be applied in 
applications where the real-time performance is critical. 
 This paper presents a vision measurement algorithm based 
on divergent facula structured light, which can acquire the 
depth information of a large area. The measurement system 
projects a laser beam with a certain divergence angle to form a 
circular facula on the plane to be measured, and the camera 
captures the image. Then the distance between the plane and 
the system can be calculated according to the size of the facula 
in the image. Apparently, the facula on the plane grows with 
the increase of the distance. However, since the camera’s 
angle of view is much larger than the divergence angle of the 
laser beam, the facula in the image still shrinks with the 
increase of the distance. As a result, the desired measurement 
range and precision can be obtained by choosing appropriate 
divergence angle of the laser beam. 
 Our paper is organized as follows. Section 2 briefly 
introduces our physical system. Section 3 particularly explains 
the principles of the measurement algorithm. And the whole 

measurement algorithm is introduced in detail in Section 4. 
Section 5 provides some experimental results. Finally, we 
conclude this paper in Section 6. 

II.  SYSTEM SUMMARY 

 The experimental system shown in the left plane of Fig. 1 
consists of a CCD camera and a laser beam expander. The 
wavelength of the laser beam is 650nm. The expander projects 
a laser beam with a certain divergence angle onto the plane to 
be measured and an elliptical facula is formed in the image 
captured by the camera. 
 The whole algorithm is implemented on an embedded 
system. The right plane of Fig. 1 shows the image processing 
board which includes FPGA, DSP, SRAM, FLASH and two 
video inputs, one video output, and various interfaces to 
upper-computer. The FPGA is responsible for collecting 
images, thresholding the captured image and outputting the 
compressed binary image data to the DSP. Then the DSP 
processes the binary image with morphological operating, fits 
the lines and the ellipses in the facula image and calculates the 
depth information. 
 

 
Fig. 1 Left: experimental system of the proposed method. Right: the 

embedded image processing board. 
 

III.  MEASUREMENT PRINCIPLE 

 A laser can be modulated to a laser beam with certain 
divergence angle by an expander. The laser beam will form 
different faculae in different distances so the images of the 
faculae captured by the camera are different. We can calculate 
the distance according to the relationship between the 
geometry information of the facula in the image and the 
distance of the plane. In practice, the expander and the camera 
cannot be installed in the same center, so the image of the 
facula will be an ellipse instead of a circle. Therefore, we can 
use the major axis and the minor axis of the ellipse to 
calculate the distance.  



 
Fig. 2 The schematic of the measurement principle. 

 
 Fig. 2 illustrates the schematic of the measurement 
principle. In the figure, there is a facula ABCD in the plane to 
be measured formed by the expander, and an ellipse abcd is 
obtained on the camera image plane. A, C and B, D are 
endpoints of the diameter along the Y axis and X axis 
respectively, and the corresponding image points are a, c and 
b, d. According to the pin-hole imaging model of a camera, 
we have: 
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where 00 ,,, vuff yx  are the intrinsic parameters of the camera; 

( )vu,  are the pixel image coordinates of the image; and 
( )ZYX ,,  are the Euclidean coordinates of a space point in the 
camera coordinate system. 
 The images of diameter AC and BD are along the u, v 
axes in the image coordinate system, and the lengths are: 
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where xD  and yD  are lengths of the facula image in the u, v 

direction respectively; bu , du , av  and cv  are the pixel image 
coordinates of the point b, d, a and c; BX , DX , AY , CY  are 
the Euclidean coordinates of space point B, D, A, C; and Z  is 
the distance between the plane and the origin of the camera 
coordinate system. Since the origin O is unknown, the real 

value of Z  cannot be obtained. Thus, a reference plane 
parallel to the camera plane is introduced. Let cZcZ += , 
where Zc  represents the distance between the reference plane 
and the plane to be measured, c  is a constant. 
 As shown in Fig. 3, the diameter of the facula in the plane 
to be measured is: 
 

 
Fig. 3 The profile of the laser beam. 

 
 

βctg2ZcYYXXD ACDB −Φ=−=−=                (4) 
 

where Φ  is the outgoing diameter of the expander; D  is the 
diameter of the facula on the plane; and β  is the divergence 
angle of the laser beam. Thus, from (3) and (4), we have: 
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Let Φ= xx fa , βctg2 xx fb = , Φ= yy fa  and 

βctg2 yy fb = , we have: 
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The value of cbaa yyxx ,,,b,  can be obtained with calibration, 
and the measurement result can be derived from the average 
of xZc  and yZc , that is: 
 

2)( yx ZcZcZc +=                                (8) 
 

IV.  ALGORITHM REALISATION 



 The most important process of the algorithm is to find the 
elliptic facula region in the image and get its major and minor 
axes. The flowchart of the proposed method is shown in Fig. 
4. The whole algorithm is realized on the embedded image 
processing board, and the average execution time is 10.49μs 
by using the STS module in DSP/BIOS. 
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Fig. 4 The flowchart of the algorithm. 
 

A. Image Preprocessing 
 Before searching for the elliptic region in the image, the 
image needs to be preprocessed to remove the effect of the 
noise. The preprocessing includes image binaryzation, 
morphological opening operation and component labeling. 
 Firstly, an adaptive threshold method is adopted to 
implement binaryzation, and the process is realized on the 
FPGA. Every pixel in the image after binaryzation can be 
represented by 0 or 1, so a compressed data format is 
introduced to reduce the data volume. As shown in Fig. 5, 
each single bit represents a pixel, and every 16 pixels 
compose a 16-bit word. Using the compressed format not only 
reduces the memory needed by the image but also makes the 
following process on the DSP more convenient, thus 
improving the processing speed. 
 

 
Fig. 5 The compressed data format for binary image. 

 
 Fig. 6 shows the original image and the binary image.  
The existence of isolated point noise, small regions and burrs 

around the facula in the binary image will affect the ellipse 
fitting result. So the binary image must be further smoothed 
by using morphological opening operation. 
 

 
Fig. 6 Left: the original image. Right: the binary image. 

 
 A 7×7 morphological opening operation is employed to 
smooth the binary image. In order to improve the processing 
speed, the two-dimension morphological filter is divided into 
two one-dimension filters: a 1×7 row filter and a 7×1 column 
filter. By virtue of the compressed format, the row filter can 
be easily realized by ANDing and ORing the image data bit-
by-bit, while the column filter can be realized more easily by 
ANDing and ORing the image data row-by-row. The speed is 
significantly improved as the process is greatly simplified. 
The smoothed image is shown in Fig. 7. 
 

 
Fig. 7 The smoothed binary image. 

 
 It is impossible to find out the facula region directly from 
many different independent regions in the image, so each 
region must be labeled and processed to see whether it is an 
elliptical region. A contour tracing technique is used to label 
the image component [12]. During the labeling process, the 
area of each region and the pixel set of the region contour can 
be obtained, which provide the ellipse fitting process with the 
information of the contour pixels’ coordinates. Furthermore, 
the processing time of this technique is linear. 

B. Line Fitting 
 If the facula is projected on an object with discontinuous 
surface, the image of the facula will be divided into several 
partial elliptic regions. The contours of these regions contain 
some pixels which are not on the elliptic curve, so the fitting 
result will be inaccurate if we use the whole contour pixels to 
fit the ellipse directly. Fig. 8 illustrates the erroneous fitting 
results with a simple example. In the figure, the facula image 
is divided into two parts, the blue points represent the contour 



of each region, and the red curves are the fitting results. 
Obviously, the results are incorrect.  
 

 
Fig. 8 The incorrect fitting result. 

 
 In order to eliminate the effect of the non-elliptic contour 
and improve the fitting accuracy, we first fit lines in the 
contour by using least square method and remove these pixels 
from the contour. Then, the remaining pixels are used to fit 
the ellipse. Fig. 9 shows the fitting results after removing line 
pixels. It is clearly observed that the red curves can 
excellently fit the two parts. 
 

 
Fig. 9 The fitting results after removing lines. 

 
C. Ellipse Fitting 
 Least square method is used to fit the ellipse directly [13]. 
The general equation of the obtained ellipse is: 
 

022 =+++++ FEyDxCyBxyAx                    (9) 
 

where 042 <− ACB . From the general equation of the ellipse, 
the central point ( )00 , yx , major and minor axes a, b and the 
angle between the major axis and the X axis (denoted as α ), 
can be obtained as follows: 
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If ba > , the angle is: 

)2arctan( AB−=α                            (12) 
 

otherwise, the angle is: 
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 According to the angleα , we can uniquely determine the 
correspondence relationship between axes of the ellipse and 

yx DD ,  in (7). Fig. 10 shows the fitting result with a simple 
example. 
 

 
Fig. 10 The fitting result of an ellipse. 

 

V.  EXPERIMENT RESULTS 

A. Parameters Calibration 
 Before the system is put into use, the parameters 

cbaa yyxx ,,,b,  must be calibrated. Axes of the facula image 
are calculated every other 10 mm in the range of 530 mm to 
1110 mm. Every location will be calculated 10 times and the 
average value is taken as the result. The above parameters can 
be calculated by using least square method. Some of 
calibration data is shown in Table I. 
 

TABLE I 
SOME OF THE CALIBRATION DATA 

Measurement 
Distance(mm) 

Dy 
(Pixel) 

Dx 
(Pixel) 

1110 100.7035 90.79592 
1100 101.2665 91.3108 
1090 101.7006 92.21891 
1080 102.694 92.1665 
1070 102.9617 93.49528 

…… 
570 172.7115 155.9805 
560 174.9812 158.665 
550 178.2945 161.5539 
540 181.9584 163.4498 
530 185.0917 167.3506 

  
 The calibrated parameters are: 
 

55.61983=xa                                     
6009.29−=xb                                     



55.68050=ya                                    

2169.33−=yb                                    
218.66−=c                                       

 

B. Small Range Measurement 
 The measurement experiment is conducted with the 
calibrated parameters. The first experiment is to measure the 
distance between the reference plane and the plane to be 
measured every other 5 mm in the range of 530 mm to 1120 
mm. Every location will be calculated 10 times, and the 
average value is taken as the result. Some of the measurement 
results are shown in Table II. 
 

TABLE II 
SOME OF THE MEASUREMENT RESULTS 

Real 
Distance 

(mm) 

Measureme
nt 

Result(mm) 

Absolut 
Error 
(mm) 

Relative 
Error 

530 530.2765 0.276544 0.052% 
535 536.4537 1.453681 0.272% 
540 541.621 1.621008 0.300% 
545 545.2619 0.261932 0.048% 
550 550.4726 0.472613 0.086% 

…… 
1100 1100.925 0.924841 0.084% 
1105 1106.698 1.698169 0.154% 
1110 1112.101 2.101318 0.189% 
1115 1114.683 0.317322 0.028% 
1120 1123.391 3.391037 0.303% 

  
 The maximum measurement error is 3.592419 mm, and 
the average error is 0.973547 mm. The measurement data and 
the absolute error curves are shown in Fig. 11. 
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Fig. 11 Measurement results and absolute error curves. 

 
C. Large Range Measurement 
 In addition, an experiment of large range measurement is 
conducted. The distances between the reference plane and the 
plane to be measured are acquired every other 300 mm in the 
range of 600mm to 5700mm. Every location will be calculated 

10 times and the average value is taken as the final result. Part 
of the measurement results are shown in Table III. 
 

TABLE III 
SOME OF THE MEASUREMENT RESULTS 

Real 
Distance 

(mm) 

Measureme
nt 

Result(mm) 

Absolut 
Error 
(mm) 

Relative 
Error 

600 596.6084 3.391557 0.565% 
900 900.3002 0.300202 0.033% 

1200 1210.761 10.76125 0.897% 
1500 1517.209 17.20873 1.147% 
1800 1816.782 16.78194 0.932% 

…… 
4500 4485.207 14.79287 0.329% 
4800 4786.312 13.68771 0.285% 
5100 5145.131 45.13109 0.885% 
5400 5449.296 49.29598 0.913% 
5700 5739.601 39.60106 0.695% 

  
 The maximum error is 49.29598 mm, and the average 
error is 19.65495 mm. The measurement results and the 
absolute error curves are shown in Fig. 12. 
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Fig. 12 Measurement results and absolute error curves. 

 
D. Results Analysis 
 Since a camera acts as the measurement sensor in the 
measurement system, the facula ellipse will be out of the 
image when the camera is too close to the plane. Therefore, 
the proposed algorithm has a range limitation. 
 A number of planes in different ranges are measured, and 
experimental results show that the relative error is small 
enough. It is no more than 0.4% in a small range and 1.2% in 
a large range. Therefore, the precision of this method can 
satisfy the depth extraction for practical applications. 

VI.  CONCLUSION 

 A vision measurement method based on divergent facula 
is proposed, which can acquire the distance of a large area at a 
time. The algorithm is realized on an embedded image 
processing board and the system has the advantages of small 



size, light weight and low power consumption. The average 
execution time is 10.49μs. The relative error of measurement 
is less than 0.4% in a small range and 1.2% in a large range. 
Therefore, the real-time performance and measurement 
precision can meet the need of many practical applications. 
 In practice, the intensity of the divergent laser beam will 
attenuate with the increase of the propagation distance and it 
is difficult to determine the threshold adaptively to extract the 
facula regions in the images captured in different distances. 
These facts will affect the accuracy of the calculation of axes 
of the facula ellipse, and consequently affect the measurement 
results. However, the precision of the measurement system 
can be guaranteed by choosing appropriate power of the laser 
according to the practical application. 
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