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ABSTRACT

Phase-shifting fringe projection methods have been developed for three-dimensional 
scanning (Zuo et al., 2018). However, the 3-Dimensional (3D) scanning of objects with a 
high dynamic reflectivity range based on structured light is a challenging task to achieve 
(Feng et al., 2018). The incorrect intensities captured will cause phase and measurement 
errors. Thus, this paper proposes a method that improves the current High Dynamic 
Range (HDR) (Jiang et al., 2016)) method to increase the dynamic range. The camera 
and projector have 3 channels, red, green, and blue, which can absorb and project these 
lights independently. This paper proposes a method that makes use of this by controlling 
the intensity of each projected for the camera. Each image can be split into 3 channels and 
provide 3 images which contain different intensities, then it will be used to compute the 
3D information. In general, this is done by controlling the projection of red, green and blue 
(RGB) channel and apply the Jiang’s algorithm (Jiang et al., 2016). The results are compared 
and analysed with current HDR (Jiang’s method) and the regular three-step phase-shifting 
methods. From the experimental results, it has shown that our proposed method outperforms 

the current HDR and the regular three-step 
phase-shifting methods. Specifically, the 
proposed method manages to increase the 
dynamic range of the reflective property of 
objects. Additionally, our proposed method 
has also significantly reduced the times of 
3D object measurements.
Keywords: 3D scanning, fringe profilometry, phase-
shifting profilometry
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INTRODUCTION

Machine vision is a popular technology used in industry for automatic inspection and 
analysis. This method is widely applied in various fields, such as automatic inspection 
in manufacturing, process control, robot guidance, medical field and entertainment. The 
main reason for the wide application of this technology in various industries is due to 
its non-contact property that allows inspection or measurement on material that are soft 
or easily deformable objects which are usually not suitable for contact inspection (Zuo 
et al., 2018). It improves the productivity and the quality of the product and provides 
a competitive advantage to industries (Malamas et al., 2003). The rapidly evolving of 
computers and image capturing device has allowed this technology to be used in real-time 
optical inspection system with high accuracy (Huang & Pan, 2015).

Currently, due to the rapid evolution of technology, non-contact 3D shape measurement 
can acquire fast and precise data. There are many approaches for the 3D shape measurement 
methods, such as optical interferometry (Pavlicek & Mikeska, 2018), time-of-flight 
technique (Achar et al., 2017), stereo vision (Zhang, 2018), laser triangulation (Faes et al., 
2016), and structured light (Aboali et al., 2017). One of the popular methods is the structured 
light method and it has been extensively researched and applied in the industries due to its 
easy hardware setup, high accuracy of measurement, high-density level, high speed and 
inexpensive (Zhang & Huang, 2006b; Zuo et al., 2018). Fringe projection profilometry 
(FPP) is the method that projects light with known patterns and applies the triangulation 
method to obtain the 3D information of the object (Liu et al., 2010). 

However, measuring the 3D information of an object’s surface with a wide variety of 
reflective properties and contrast can prove to be a difficult task to perform, especially to 
achieve consistent high-quality measurement across the entire object (Jiang et al., 2016). 
For the darker surfaces, lower exposure or low light intensity is used, and higher exposure 
or high light intensity is used for the brighter surfaces. The specular reflection which is 
caused by the object with a shiny surface will be acquired as white pixels because of the high 
reflection of light (Feng et al., 2018). This problem can be solved by spraying a thin layer 
of diffused powder but this method is not suitable for all objects and some measurements 
require high precision where the thin layer of spray cannot be ignored (Feng et al., 2018). 
Therefore, there is a great need for HDR techniques which can overcome this shortcoming.

HDR techniques refer to methods that are used to calculate the surface with a wide 
variety of surface reflectivity properties (Jiang et al., 2016). Currently, a few HDR 
techniques have been studied and developed to overcome this problem, such as applying a 
polarizing filter (Salahieh et al., 2014; Wolff, 1989), capturing images at multiple exposures 
(Babaie et al., 2015; Song et al., 2017; Zhang & Yau, 2009),  capturing images at different 
light projection intensities (Waddington & Kofman, 2014), and applying algorithm (Chen 
et al., 2018; Jiang et al., 2016; Wang et al., 2017). The method proposed in Babaie et al. 
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(2015), Song et al. (2017), Waddington & Kofman (2014), and Zhang & Yau (2009) requires 
many images which are time-consuming. In the year 2016, Jiang et al. (2016) developed 
an algorithm that did not rely on the change of camera exposure or the intensity of the 
projector. By using the three-step phase-shifting fringe (3PSP) and inverse three-step phase 
fringe, the inverted fringe can be used to complement the saturated pixels. However, it 
is unable to reconstruct object with surface reflectivity that has a higher dynamic range. 

Inspired by Jiang et al. (2016), this paper proposes to enhance the HDR method by 
projecting controlled red, green and blue (RGB) channel intensity to increase the dynamic 
range of surface measurement t is done by projecting the fringe at different RGB channel 
intensity. The fringe is then split to their respective channel and is used for the phase 
calculation. Therefore, by controlling the RGB intensity that project brightness that is 
suitable for the surface reflectivity, Jiang’s HDR method can be enhanced.

METHOD

Three-Step Phase-Shifting

The fringe is first generated using the computer. In this experiment, 3PSP is used. 3PSP 
needs 3 images of fringe pattern with phase-shifts at -120°, 0° and 120° to obtain the 3-D 
data (Zhang, 2016; Zhang & Huang, 2006a). The fringe pattern is generated using Equation 
1, 2, and 3:

  [1]

   [2]

  [3]

where, I1, I2, and I3 are images with phase-shift at -120°, 0°, and 120°, I’ is the mean 
intensity, I” is the peak-to-valley intensity modulation, Ø (x,y) is the wave front phase, 
and α is phase shift at 120°. The phase, Ø(x,y) as shown in Equation 4, can be obtained 
by using Equation 1, 2, and 3. 

  [4]

This method is not suitable for scanning objects with a high surface reflectivity because 
the dark region of the sample captured will be under-exposed while the highly reflective 
surface is over-exposed. Hence, this cause difficulty in capturing the desired result when 
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both kinds of surfaces are present (Feng et al., 2018). To overcome this problem, Jiang 
proposed a HDR method (Jiang et al., 2016) that used the inverted 3PSP to complement 
the regular 3PSP shown in Current HDR Method.

Current HDR Method

Another 3 inverse fringes are generated, which serve to increase the contrast of the 3D 
surface to be measured, using Equation 5, 6, and 7.

 [5]

 [6]

 [7]

Two sets of fringes are generated, where one of it contain fringe with 6-pixel width 
and 120-pixel width fringe (Zhang, 2016; Zhang & Huang, 2006a). Each set of fringes 
contain 6 images. 

The phase will be computed using Jiang’s method (Jiang et al., 2016). When  is 
saturated, it is replaced with  and using Equation 8. When  is saturated, it 
is replaced with  and using Equation 9. When  is saturated, it is replaced 
with  and using Equation 10. When  and  are saturated, it is 
replaced with  and , and using Equation 11. When  and  
are saturated, it is replaced with  and  and using Equation 12. When 

 and  are saturated, it is replaced with  and , and using 
Equation 13. If ,  and , then Equation 14. 

        [8]

        [9]

        [10]
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        [11]

        [12]

        [13]

        [14]

w h e r e  ,  ,  a n d 
.

Enhanced HDR Method

Even though the current method is faster and does not require multiple exposures of images, 
however, it tends to fail during measurement of wide ranges of reflectivity due to only a 
single exposure (Feng et al., 2018). Thus, our enhanced HDR method is proposed. 

With the aim of increasing the dynamic range of the surface from the current HDR 
method, the image is captured by controlling the RGB intensity. The projector will project 
the red channel that is set to the lowest intensity, the blue channel that is set to the highest 
intensity and green channel that is set to the mid-intensity. With this, 3 intensities can be 
obtained from a single set of images. Each set of images from these 3 images can be used 
independently to compute the 3D coordinates. 

The overall flow chart for this method is as shown in Figure 1. It will start from 
the channel with the highest intensity, which is the blue channel, and check if all three 
non-inverse fringes are over-exposed. If it is not over-exposed, it will be used for 3D 
coordinates computation; and if it is over-exposed, it will proceed to check the second 
highest intensity channel which is the green channel. Green channel will be checked if all 
three non-inverse fringes are over-exposed. If it is not over-exposed, it will be used for 3D 
coordinates computation; and if it is over-exposed, it will proceed to the lowest intensity 
channel, which is the red channel. If all three non-inverse fringes are still over-exposed, 
computation will be done using Equation 14.
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Experiment Setup

The camera used was Basler axA2040-55uc USB 3.0 with Sony IMX265 Complementary 
Metal-Oxide-Semiconductor (CMOS) sensor. The lens used was TCSM024: 3D bi-
telecentric lens with Scheimpflug adjustment. The projector used was a digital light 
projection (DLP). LightCrafter 4500 was a software used to flash the projector’s memory 
and control the projector. pylonViewer was used to view and capture the image from the 
camera. The captured image was then processed using the proposed method. Figure 2 
demonstrates the setup of the experiment.

RESULTS AND DISCUSSION 

The experiment was done using a sample with high dynamic reflective surfaces. The sample 
used was a circuit board as shown in Figure 3(a). From Figure 3(a), there are four main 

Figure 1. The flowchart of the proposed method
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classes of components, as labelled using 1, 2, 3 and 4.  Component class 1 and component 
class 2 consist of a middle Integrated Circuit (IC) and the biggest Integrated Circuit (IC), 
respectively.  Component class 3 consists of three smallest Integrated Circuits (ICs), and 
the component class 4 consists of ten resistors. For all the Integrated Circuits (ICs), the 
low reflective property is at the semiconductor wafers (black colour) part, and the high 
reflective property is at the soldered part. Figure 3(d) shows the current HDR method’s 
result which is better compared to Figure 3(b), and Figure 3(c). These experimental results 
show that the proposed HDR method has a great improvement in the accuracy to measure 
objects with high-contrast surfaces.

Figure 4 shows the result of the experiment using a different light setting and luminance. 
The experiment done by capturing the data in five different intensities, where 1 is the 
lowest level for light intensity and 5 is the highest light intensity. The data is converted 
into a heat map for easier visualization. The different light intensities are controlled by 
using the projector. 

The dark blue region in Figure 4 indicates that it is either over-exposed or under-
exposed and they are set to 0 mm. At the light intensity 1, the three-step phase-shifting 
method (Figure 4(a)) shows a better result compared to Jiang’s method (current HDR 
method) and proposed HDR method, Figure 4(b) and Figure 4(c). This is because the current 
HDR method is developed for the shiny surface which may not be able to include a broad 
range of reflectivity (Feng et al., 2018). As the light intensity increases, the component 
class 4 with a white rectangle line surrounding it, as shown in Figure 4(a), starts to fail 
and become over-exposed when undergoing the regular 3PSP method, as shown in the 
indicator at light intensity 2 under 3PSP method. This is because the white rectangular 
line surrounding it has a high reflective property and caused it to be over-exposed. The 
pinhole of the circuit board from the three-step phase-shifting method is producing error 
as in Figure 4(d). The shiny surface of the sample cannot be seen when the reflectivity 

Figure 2. Diagram of the experimental setup
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increases as in Figure 4(d). The proposed HDR method, shown in Figure 4(f), and current 
HDR method, shown in Figure 4(e) are clearly much better comparing with the regular 
three-step phase-shifting method at light intensity 2. On the other hand, the current HDR 
method shows improvement as the intensity increases but error starts to appear on the high 
reflective surface on component class 4 at light intensity 3 under current HDR method 
(Figure 4(h)), whereas, the proposed method is still able to give good results (Figure 4(i)). 

At intensity 4, from the three-step phase-shifting (Figure 4(j)), the black IC is starting 
to become over-exposed and it is starting to produce error as shown in the indicator. The 
pinhole of the circuit board from the current method is also starting to get worse as the light 
intensity is increased (Figure 4(k)). However, the proposed method is still able to produce 
a satisfying result (Figure 4(l)). At intensity 5 of the three-step phase-shifting, the white 
part and the shiny part of the circuit board is over-exposed (Figure 4(m)). The result is as 
expected because the three-step phase-shifting algorithm cannot compute samples with 
surfaces that have high dynamic range of reflectivity. The current HDR method, however, 
shows better results, but the white part and the shiny part of the circuit board shows noise 
and some cannot be computed (Figure 4(n)). The proposed algorithm can compute the 3D 
data even at a high light intensity on the surface of the sample with a high dynamic range 
of reflectivity (Figure 4(o)).

Figure 3. (a) Original image (b) Three-step phase-shifting (c) Current HDR method (d) Proposed HDR 
Method of the circuit board image

(a) (b)

(c) (d)
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Figure 4. Comparison between the 3 step phase-shifting method, current HDR method and proposed 
HDR method at different light intensities
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Figure 6 displays the reconstruction of the solder ball grid from Figure 5. Solder 
ball grid shown in Figure 5 has both the highly reflective surface and low reflective 
surface. The result in Figure 6(a) indicates that the three-step phase shifting is not able 
to reconstruct the background of the image perfectly as it is brighter and more reflective. 
Not only that, but the tip of the solder balls is also not well reconstructed. Next, Jiang’s 
HDR method in Figure 6(b) shows better result in the reconstruction of the solder ball tip, 

Figure 5. Solder ball grid

Figure 6. 3D reconstruction of solder ball grid (a) Three-step phase shifting (b) Jiang’s HDR method (c) 
Proposed HDR method

however, the background acquired is worse 
compared to the three-step phase-shifting 
method. The proposed method in Figure 6(c) 
shows a better reconstruction of the overall 
image compared to the two method. The 
background can be reconstructed even when 
it is highly exposed. Through the action 
of controlling the intensity of each RGB 
channel, we can reconstruct both the over-
exposed region and under-exposed region at 
a greater range which shows the robustness 
of the proposed HDR method.

(a) (b) (c)

CONCLUSION

This paper has shown an enhancement of the current HDR method. The proposed method 
can increase the dynamic range of the 3D shape measurement by controlling different 
channels of colour projected and isolating each channel. 

To increase the dynamic range of the surface reflectivity, the RGB channels are used to 
control the intensity projected. Not only that, each RGB channels can compute the 3D data 
by itself. The experiment demonstrates that the 3D shape measurement can be successfully 
measured even at higher intensity while the current method had already overexposed. 
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The current development of the HDR method that uses multiple camera exposures 
or multiple projector intensity requires many sets of images to be taken. This causes the 
process to be slow. Our proposed method can capture only one set of images and compute 
the HDR image. Consequently, our proposed method significantly reduces the 3D objects 
measurement times. However, our proposed method has the limitations of being unable to 
compute the 3D data at low exposure and there is no quality checking of the fringe captured. 
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