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Abstract 

3-D shape measurement with projector defocusing can eliminate projector nonlinearity in 

real-time three-dimensional shape measurement, improve the effect of the high frequency 

harmonics and accuracy of measurement, but different filters and scanning methods have different 

effects on the accuracy. In this paper, using different filters and scanning methods generating 

binary dithered fringe patterns based on projector defocusing, combined with phase shift 

algorithm, measure performance of measurement in phase measuring error and root mean square 

error as an index. As a result, the precision using Sierra dithering filter is the best; spiral scanning 

can improve the accuracy than horizontal scanning and Hibert scanning, especially for large 

period fringe measurement. Simulations and experiments are carried out to verify the proposed 

method. The results provide the basis for 3-D shape measurement using projector defocusing. 
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1  Introduction 

3-D measurement technique with fringe projection is widely used in machine vision systems, 

manufacturing industry, reverse engineering and medical diagnosis etc, as it has the advantage of 

non-contact, high speed and precision [1-3]. Traditional fringe projection technology is to use a 

projector to sinusoidal grating projection on the reference plane and the object being measured 

respectively. The image modulated under the camera is sent to the computer for processing 

through the image acquisition card, and then calculating the corresponding relationship between 

the phase and the surface height. 3-D information of objects can be known by the calibration 

parameters of the system. However, the traditional sinusoidal fringe need 8 bits and the measuring 

speed will also be restricted because of the biggest frame for the projector. 

Also, most of the projector has its nonlinear, leading to the projected sinusoidal grating no 

longer meets the standard sine distribution. And it directly affects the quality of the phase and the 

accuracy of measurement. Realizing the fringe projection through the binarization of sinusoidal 

fringe can avoid the problem of the projector’s nonlinear response, and is advantageous to the 

refresh rate of the projector image at the same time. The price of the binarization of sinusoidal 

fringe is the appearance of the high harmonics in projection light field, which is unfavorable for 

measurement. However, using the appropriate binary diagram for defocusing can get a better 
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measurement accuracy, and improve the utilization rate of light energy. People have done a lot of 

research in binary image. S.Y. Lei and Zhang.S put forward projecting 1 bit binary grating, 

proving that the binary defocusing technology of sinusoidal fringe projection can be overcome by 

the nonlinear effect of gamma. And it is not necessary that the CCD camera and the projector keep 

synchronized accurately. And the CCD exposure time also do not need precise control. To 

generate binary stripe [4-6]. Ayubi put forward using the pulse width modulation technology [7]. 

Eliminating harmonic power electronic system, Wang and Zhang put forward the optimization 

method of pulse modulation [8-12]. This method can eliminate the specific order harmonic of 

specific order. Getting sine fringes of high quality by defocusing, it has got great improvement in 

terms of accuracy of measurement. But this kind of modulation was on the direction of one 

dimensional optimization and it has poor effect when the grating period is larger.  

Image dithering technique is a research technique in the field of image processing, which is 

widely used in printing field, using two gray scale 0 and 255 to approximately show image gray 

scale with more gray. Image dithering algorithm commonly used has random dither [13], ordered 

dither [14] and error diffusion dither [15], etc. Wang.Y and Zhang.S produce binary grating using 

orderly Bayer dither [16], later Lohry.S and Zhang.S use error diffusion dither to generate binary 

grating [17], and put forward the optimization method [18]. But it turned out that the actual 

measuring only applies to the period of grating, does not apply to small cycle of the grating. And 

its optimization algorithm has large computation, and it has limit to improve the precision. This 

paper analysis different filter and scanning path, getting better sine grating through defocusing, 

thus improving the accuracy of measurement. Simulation and experiments show that the Sierra 

filter is superior to other filter, and the spiral scanning method is superior to other scanning 

method. A combination of these two to make actual measurement, not only suitable for a large 

grating, but also applied to a small grating. 

2  Principle of three-dimensional measurement system of raster projection based 

on defocusing technique 

The method of defocused grating projection is to use a projector to make 1 bit binary grating 

through appropriate defocusing, into a sinusoidal grating projection on the reference plane and the 

object being measured respectively. The image modulated grating under the camera, is sent to the 

computer for processing through the image acquisition card, and then calculating the 

corresponding relationship between the phase and the surface height. 3-D information of objects 

can be known by the calibration parameters of the system. 

Phase shift method is a more mature algorithm for solving the main value of phase and has 

advantages of higher precision and operation speed. This article uses four step phase-shift method 

to solve the main phase. For four step phase-shift method, adjacent grating phase shift is / 2 , 

and four phase shift raster images can be expressed as: 

       ' ''

1 , , , cos ,I x y I x y I x y x y     (1) 

       ' ''

2 , , , cos , + / 2I x y I x y I x y x y                 (2) 

       ' ''

3 , , , cos ,I x y I x y I x y x y            (3) 
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       ' ''

4 , , , cos , 3 / 2I x y I x y I x y x y                  (4) 

Where n is 0,1,2,3.  ,nI x y  is the gray value of the n image,  ' ,I x y  is the background value 

of stripe light intensity,  ' ,I x y  is the intensity of modulation,  ,x y is the unknown phase

field. According to the equation 1 to 4, we can get the phase principal value: 

  4 2

1 3

, arctan
I I

x y
I I


 

  
 

      (5) 

The domain of  ,x y  is [ , )   through the formula (5). The continuous and complete 

phase value  ,x y  is: 

     , , 2 ,x y x y k x y    (6) 

Where  ,k x y is integer, representing the grating order on the point (x, y). Phase unwrapping 

method has time domain method and the airspace method. Generally, time-domain method has 

high precision than the airspace method. This article uses the gray scale code law to expand phase. 

3  Dithering algorithm 

3.1  Bayer dithering algorithm principle 

Bayer dithering technique is to compare each original pixel values of the original map with the 

corresponding elements in Bayer dither matrix. According to Bayer nucleus to quantify the 

corresponding pixel of the original map. If the gray value is larger than the nuclear, this pixel 

value becomes 1, otherwise become 0. Different nuclei will form a completely different jitter 

effect. We found that when using 2N (N is an integer) dimension of Bayer nuclear, it is best to 

solve high-order harmonics. We can conclude it as: 

1

0 2

3 1
M

 
  
 

    (7) 

Greater Bayer nuclear can be defined as: 1

4 4 2

4 3 4

n n n

n

n n n n

M M U
M

M U M U


 
  

  
                (8) 

Where Un is the matrix of n*n. 

3.2  Principle of error diffusion dithering algorithm 

Comparing the raw gray scale image of the current pixel value with a fixed value (generally, the 

half of the maximum gradation value is selected as a threshold. Such as for an 8bit gray image, the 

maximum pixel value is 255, and we selected 128 as the threshold value), we can obtain a binary 

output, then calculate the pixel difference between the input and the output, and the difference is 

in a certain way into the diffusion region untreated. Diffusion process is as follows: 
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The formal (9) represents the principle of error diffusion: 

       
,

, , , ,
m n S

u i j g i j h m n e i k j l


     (9) 

Where  ,g i j is the original image,  ,u i j  is the gray scale value of the original image and the 

surrounding pixels after the quantized error diffusion. The quantized error  ,e i j  of the pixel at 

the point  ,i j  spread to a plurality of adjacent pixels by a 2-D weight function h(m, n). And h 

(m, n) is also known as error diffusion kernel. 

Next, the (x, y) at the pixel was binarized by the threshold, obtaining the image pixel jitter of 

the final output. That is: 

 
 

 

255, ,
,

0, ,

u i j T
b i j

u i j T


 



(10) 

Where the threshold is generally taken 128. 

While the quantization error  ,e i j  in the equation (9) is the difference of gray values 

between  ,u i j  and the output pixel  ,b i j : 

     , , ,e i j u i j b i j                             (11) 

Repeating these steps and processing in a certain way, we ultimately get the binary dithering 

image. Kernel function is the most critical parameter in error diffusion. It corresponds to a 

different error diffusion dithering algorithm when selecting a different kernel function. 

From the principle of the error diffusion algorithm, the key factor is the choice of the filter h 

(m, n) and a scan order of selection. 

This paper selects filter kernel: 

Floyd-Steinberg filter:  
71

,
3 5 116

x
h m n

 
  

 
       (12) 

Sierra filter:  
21

,
1 14

x
h m n

 
  

 
       (13) 

Burkers filter:  
1

,
32

h m n
  

  
 

　　　x　8　4

２　4　8　4　2
              (14) 

Here, ”-’indicates the treated pixels, and x represents the pixel currently being processed. 

Scanning method has horizontal scanning method i.e. scanning from left to right for each row 

(FIG. 1 (a)), the helical scanning method i.e. odd-numbered rows from left to right scan, the even 

scan lines from right to left (as shown in Figure 1 (b) ), Hilbert curve scanning method (Figure 1 

(c))). 

1.Horizontal scanning is that each line scan from left to right.

2.Helical scanning is that scanning the first row from left to right, and scanning the next line

from right to left. 
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3.Hilbert curve scanning.

  (a)                        (b)                          (c)   

Fig.1  diagram of different scanning paths. (a)horizontal scanning; (b)spiral scanning; (c)Hilbert 

scanning 

4  Simulation and Analysis 

4.1  Different filters generating sinusoidal gratings and error analysis 

Observing different filters jitter grating intuitively, as shown in Figure 2. It is Bayer ordered 

dithering in figure 2 (a), where the asymmetry of the grating is very serious and the grating quality 

is poor. Figure 2 (b) - (d) are conventional (such as, horizontal scanning) Floyd-Steinberg 

dithering, Sierra jitter, Burkers dither, where the distribution of stripes is relatively uniform, and 

no obvious distortion occurs. 

In order to quantitatively describe the sinusoidal grating generated from the jitter above, 

using a Gaussian low-pass filter to simulate the effect of the projector defocusing, then taking a 

line of focused bulk grating to draw its gray curve, and making comparison with a standard 

sinusoidal, FIG.2 (e) ~ (h). As the figure shows, the sinusoidal generated by Bayer dither is 

obvious poor, and the sinusoidal generated by Burkers dither has obvious bias with standard sine, 

and the sinusoidal generated by Floyd-Steinberg and Sierra dither is better, and of higher quality. 

(a) (b) (c) (d) 
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Fig.2 Sinusoidal comparison of dithered fringe patterns. (a)Bayer dithering; (b)Floyd-Steinberg 

dithering; (c)Sierra dithering; (d)Burkers dithering; (e)~(h)Sinusoidality of dithered fringe patterns 

after defocusing(with filter size 5 and fringe period 25) 

To further demonstrate the dither method to improve the accuracy and the applicable 

conditions of different dithering algorithms, taking the Gaussian filter 
sf  5,7,9,11,13,15 in order. 

And its standard deviation is 
3

sf , to simulate defocusing degree of different projectors. 

Using a four-step phase shift method and gray code method to expand phase, and then 

calculating the phase of relative error obtained from the grating under different conditions. Figure 

3 (a) and 3 (b) respectively show, when the fringe cycles are 25 and 100, the change of the phase 

error because of the increasing of the degree of defocusing. Therefore, the precision of Burkers 

dither method is worst, while Sierra dithering method is best. It is not very stable for small cycle 

fringe to use dither method, but for the great cycle fringe its phase error increases with the degree 

of defocusing, showing a decreasing trend. 
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Fig.3 Comparison between different dithering methods for T=25 and T=100. (a)T=25; 

(b)T=100 

4.2  sinusoidal gratings generated from different scanning path and error analysis 

In an example of Floyd-Steinberg dithering generating gratings in different scanning path. As is 

shown in Figure 4.Figure 4 (a) is the horizontal scanning and figure 4 (b) is the helical scanning. 

These fringes are more evenly distributed and no obvious distortion textures appear. Figure 4 (c) is 

Hibert curve scanning. The texture of asymmetric grating is very serious and there is a lot of detail 

lost, seriously reducing the grating quality. Figure 4 (d) ~ (f), respectively, corresponding to the 

comparison of the standard sine taking a line, with the sine defocused appropriately of Fig. 4 (a) ~ 

(c). It is visible that the gratings generated from Hilbert curve scanning have obvious difference 

with sinusoidal, and this scanning method is worst. The gratings generated from Helical scanning 
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consistent with the standard gratings, and this scanning method is best. 

(a) (b) (c) 

   (d)                          (e)                        (f)   

Fig.4 Sinusoidal comparison of dithered fringe patterns.(a)Floyd-Steinberg dithering on horizontal 

sweep; (b)Floyd-Steinberg dithering on helical sweep; (c)Floyd-Steinberg dithering on Hilbert 

sweep; (d)~(f)Sinusoidality of dithered fringe patterns after defocusing(with filter size 5 and 

fringe period 25) 

Due to the poor quality of the gratings generated from Hilbert scanning and the calculation is 

large, greatly reducing the speed of the experiment, so we directly analysis the horizontal scanning 

method and the helical scanning method. Taking the Gaussian filter fs 5,7,9,11,13,15 in order, and 

its standard deviation is 3/fs ,to simulate defocusing degree of different projectors. Combined 

with the four-step phase shift method and gray code method unwrapped phase, to analyze the 

relative error of phase obtained in large and small periodic grating period when using the 

horizontal scanning and helical scanning for different filters. Figure 3 (a) ~ (c) and figure 3 (d) ~ (f) 

are respectively the effects of different filters when the fringe cycles are 25 and 100. It is seen in a 

small cycle stripes, Floyd-Steinberg filter and Sierra filters have similar results. While the helical 

scanning method has significantly improved in the increasing with the degree of defocusing after 

proper defocusing, for various filters of macro cycle stripes and Burkers filter of small stripes. 
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Fig.5 Effects of different filters for different scanning paths on T=25 and T=100. (a)~(c)T=25; 

(d)~(f)T=100 

5  Experiments 

Make a vertical whiteboard as a reference plane to measure the phase and calculate the relative 

phase error. The camera used in the experiment(Basler acA2000-340km)is in a focused state, and 

the DLP projector (PHYLINA PD-L800) is at a low degree of defocusing state. Figure 6 (a) is the 

error diffusion dithering defocused raster image collected by the camera at intervals of 25, Figure 

6 (b) is the main value of the phase of the four-step method for solving the phase shift, FIG.6 (c) is 

one of the line of the main value of the phase, FIG.6(d) is the phase expanded by the use of gray 

code method. It can be seen that the quality of defocused Sierra Lite jitter grating is higher, and 

the phase solved is relatively smooth. 

(a)  (b) 

(c)the cross-section of the main value of the phase (d)unwrapping phase 

Fig.6 Measurement with dithered fringe pattern 
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When the simulation results are on the condition that the Sierra filters and the helical 

scanning measurement have the best precision and the projector has a lower degree of defocusing, 

measuring and calculating the phase error used in the experiment of different dithering algorithm 

to combine with the grating in different period generated from helical scanning. As is shown in 

FIG. 7. 

Floyd-Steinberg dithering and Sierra dithering algorithm combined with helical scanning 

method can not only get a phase of high quality in a small fringe period, but also maintain a low 

phase error when the period is large. It states that they have strong adaptability. The experiment 

results are consistent with the simulation results. 
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Fig.7 Relative phase error of different filters on helical sweep 

To test its actual feasibility, we use the jitter grating of Sierra filter in helical scanning method 

to measure the actual object. Using the grating of the fringe period at 25, and the measurement 

object is a white plastic plate with holes, which is as shown in FIG.8 (a). Figure 8 (b) is one of the 

four-step phase shift raster image. Figure 8 (c) is the main value of the phase solved by the method 

of the four-step phase shift. Figure 8 (d) is the phase map expanded by the gray scale code method. 

The phase finally obtained is as shown in FIG.8 (e) and the final phase for recovering the 

three-dimensional shape of the object is correct and smooth. Therefore, the phase obtained in the 

actual measurement by the error diffusion dithering grating is of relatively high quality and meets 

the measurement requirements. 

(a) (b) 
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(c) (d) 

(e) 

Fig.8 Measurement of an object with Sierra dithered fringe pattern on helical sweep. (a) object to 

be measured; (b) one of four-step phase-shifting fringe pattern; (c) wrapped phase; (d) unwrapped 

phase; (e) final phase of the object 

6  Conclusions 

Projector defocusing technique is increasingly used in high-speed, real-time three-dimensional 

measurement systems, and image dithering technique is proven to solve a series of defocusing 

problems, such as reducing the impact of higher harmonics and overcoming nonlinear problems of 

projectors. In this paper, a combination of different jitter filters with different scanning generating 

the projection grating, significantly improves the quality of the jitter grating and the sinusoidal is 

ideal. Sierra jitter filter is superior to other filter, and helical scanning method is superior to other 

scanning methods. These two are combined at a lower degree of defocusing. Compared to the 

binary defocusing method, dithering algorithm can significantly improve the quality of dithering 

grating and reduce the phase error, and it can improve the accuracy of the overall system. 

Simulation and experiment results demonstrate the advantages of dithering algorithm. 
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